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Abstract in English 

Recent studies have shown that in addition to the transformation of epithelial cells, 

dysfunction of stroma is crucial in oral carcinogenesis, and cancer-associated stroma 

can regulate the phenotype of cancer cells and influence the clinical outcome. The aim 

of this study was to investigate the role of micro RNAs (miRNAs) dysregulation in 

cancer-associated fibroblasts (CAF) in oral squamous cell carcinoma (OSCC). CAF 

and normal oral fibroblasts (NOF) were isolated from biopsies of OSCC patients and 

healthy individuals after informed consent. Global miRNA expression was first 

profiled using Illumina version 2 panels. Unsupervised clustering of global miRNA 

expression showed two separate clusters for CAF and NOF, and SAM analysis revealed 

significant differential expression of 12 miRNAs between CAF and NOF. Functional 

impact of two significantly Differentially expressed miRNAs between CAF and NOF, 

miR-204 and miR138, was assessed in 2D and 3D-organotypic co-cultures using 

miRNA mimic and inhibitors. Modulation of miR-204 expression in CAF resulted in 

alteration of their motility with effect on suprajacent OSCC cell invasion in 3D-

organotypic co-culture models. Furthermore, 3´UTR miRNA target reporter assay 

showed ITGA11 as a direct target of miR-204 in CAF.  In conclusion, these results 

showed that miR-204 has a tumor suppressive function through inhibition of fibroblast 

migration by modulating the expression of several different molecules and by directly 

targeting ITGA11. Moreover, stromal miR-204 was identified as an independent 

prognostic biomarker for OSCC patient survival. On the other hand, expression of miR-

138 showed marked heterogeneity both in OSCC tissues and cultured fibroblasts. 

Ectopic miR-138 expression altered fibroblasts’ morphology, reduced their motility 

and collagen contraction ability, and suppressed invasion of suprajacent OSCC cells in 

3D models. Inhibition of miR-138 resulted in the opposite outcome. Transcript and 

protein examination showed that the anti-tumour effect of miR-138 in CAFs was 

associated to changes in CAF phenotype-specific molecules, focal adhesion kinase 

axis, and TGFβ1 signaling pathway. Taken together, results of this thesis demonstrate 

significant alteration of miRNAs in the stromal compartment of OSCC and identify 

miR-204 and miR-138 with a tumour suppressive function when expressed in CAF.  
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Abstract in Norwegian 

Nyere studier har vist at forandringer i bindevevscellene som omgir kreftsvulsten er 

viktige for utviklingen av munnhulekreft. Kreft stroma kan regulere fenotypen av 

kreftcellene, og på den måten kan påvirke klinisk forløpet av kreftsykdommen. Målet 

med denne studien var å undersøke dereguleringen av mikro-RNA (miRNAs) i kreft 

assosierte fibroblaster (KAF) i oralt plateepitelkarsinom (OPK). KAF og normale 

orale fibroblaster (NOF) ble isolert fra biopsier av pasienter med OPK og friske 

individer etter informert samtykke. Globalt miR-uttrykk ble profilert ved bruk av 

Illumina versjon 2-paneler. Uovervåket gruppering av KAF og NOF etter globalt 

miR-uttrykk viste separate klynger for KAF og NOF, og SAM analysen påviste 12 

miRNAs som uttrykes ulikt i KAF og NOF. Den funksjonelle rollen av to ulikt 

uttrykte miRNA-er, miR-204 og miR138, ble vurdert i 2D- og 3D-organotypiske ko-

kulturer ved bruk av miRNA-mimik og hemmere. Ved å modulere miR-204-

ekspresjon i KAF ble deres morfologi og motilitet endret, og dette påvirket 

invasjonen av kreftcellene i 3D-organotypiske ko-kulturmodeller. Videre, viste 

3'UTR miRNA-målreporteranalyse at ITGA11 var et direkte mål for miR-204. Disse 

funnene påviste at miR-204 har en tumorundertrykkende funksjon ved å hemme 

migrasjonen av fibroblaster gjennom modulering av uttrykket av flere forskjellige 

molekyler og ved direkte målretting av ITGA11. I tillegg, ble miR-204 i bindevevet 

identifisert som en uavhengig prognostisk biomarkør for OPK. Uttrykk av miR-138 

viste markert heterogenitet både i OPK vev fra pasienter og i dyrkete fibroblaster. 

Ektopisk utrykk av miR-138 reduserte fibroblastenes motilitet og sine evner til å 

kontrahere kollagen, og undertrykket invasjonen av nærliggende OPK celler. 

Hemming av miR-138 resulterte i motsatt resultat. Transkripsjon og 

proteinundersøkelsene viste at antitumor effekten av miR-138 i KAF var assosiert 

med endringer av KAF-fenotypespesifikke molekyler, fokal adhesjonskinaseakse og 

TGFβ1-signalveien. Samlet, viser resultatene av denne avhandlingen betydelige 

endringer av miRNA utrykk i bindevevet av OPK samenlignet med fibroblaster fra 

normal munnslimhinne og identifiserer miR-204 og miR-138 som har 

tumorundertrykkende funksjon ved å endre KAF sin fenotype og motilitet.  
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Abbreviations 

BCIP  5-Bromo-4-chloro-3-indolyl phosphate 

CAF  Cancer associated fibroblasts 

DOI  Depth of invasion 

ECM  Extra cellular matrix 

EGFR  Epidermal growth factor receptor 

EMT  Epithelial mesenchymal transition 

ENE  Extra-nodal extensions  

FAP  Fibroblast associated protein 

FFPE  Formalin-fixed paraffin-embedded 

FOXP3 Forkhead box P3 

FSP-1  Fibroblast-specific protein 1 

HDI  Human development index  

HGF  Hepatocyte growth factor 

HNSCC Head and neck squamous cell carcinoma 

HPV  Human papilloma virus 

IHC  Immunohistochemistry 

ISH  In-situ hybridization 

LN  Lymph node 

MMP  Matrix metalloproteases 
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1. Introduction 

1.1 Oral cancer: epidemiology and risk factors 

Oral cancer comprises malignancies arising in the mobile tongue, floor of the mouth, 

gingiva, palate, buccal mucosa, and mucosal part of the lips. Oral cavity is a 

relatively common site for cancer, accounting 377 713 new cases and 177 757 deaths 

worldwide in 2020 and is estimated to increase by 41.7% and 47% respectively by 

2040 [1, 2]. There is a large geographical variation in oral cancer incidences (Figure 

1), which has been associated to region-specific risk factors [3].  

Smoking, including smokeless tobacco and excessive alcohol consumption are the 

major risk factors, accounting up to 90% of oral cancer [4]. Exposure to carcinogenic 

substances from tobacco, such as benzo-(a)-pyrene and nitrosamines [5], and from 

alcohol and its metabolite acetaldehyde [6] have been implicated in progressive 

genetic insults. Acetaldehyde can damage the genome by crosslinking opposing DNA 

strands [7]. In addition, alcohol association to cancer is linked to abducted or reduced 

activity of an enzyme acetaldehyde dehydrogenase that detoxify acetaldehyde to 

acetate [8]. As per global cancer observatory, of the new cases of oral cancer in 2020, 

75 000 cases have been attributed to alcohol drinking (International Agency for 

Research on Cancer, WHO). The high incidences of oral cancer observed in Eastern 

Europe and Australia/New Zealand [9] have been linked to tobacco smoking and 

alcohol consumption.  

Oral cancer is highly frequent in South Central Asia and Melanesia [9], and there it 

has been linked to use of betel quid and smokeless tobacco. Meanwhile, highly 

prevalent in Australia, North America, Europe and Oceania, the cancer of the lip has 

been linked to exposure to ultraviolet radiation from the Sun [10].  
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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Figure 1. Age-standardized incidence and mortality rates, and five-year prevalence of oral 
and oropharynx cancer in the world in 2020 (per 100,000). Data source: GLOBOCAN 2020, 
IARC, World Health Organization. 
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The global distribution of oral cancers seems to be also affected by other factors such 

as human development index (HDI) status and gender status, with higher incidences 

of oral cancer in countries ranked with lower HDI (overall cancer incidence is higher 

with higher HDI), and in male group [9]. 

The human papillomavirus (HPV)-associated head and neck cancers, especially 

oropharyngeal tumors in developed countries are on rise [11]. Compared to 

oropharyngeal cancer where there is a high incidence of high-risk HPV infection (up 

to 87.5%) [12], the contribution of HPV to the etiology of oral cancer is much lower 

(up to 12.5%) [13, 14]. 

Among oral cancers, oral squamous cell carcinomas (OSCC) which arise from oral 

squamous cell epithelium are the most common type and represent 90% of oral 

cancer [1]. 

1.2 Pathogenesis of OSCC 

It is widely accepted that tumor pathogenesis is a multistep evolutionary process [15]. 

During this process, the cells acquire abilities to sustain proliferation, evade growth 

suppression, resist cell death, replicative immortality, activate invasion and 

metastasis, evade immune attack, form new blood vessels, and change cellular 

metabolism. Underlying these acquired hallmarks is the genomic instability [16]. In 

cancer, genomic instability involves complex genetic alterations including copy 

number alterations (amplifications and deletions), chromosomal fusions, germline 

and somatic mutations, and epigenetic changes (DNA methylation and histone 

modification) resulting in oncogenic or tumor suppressive gene functions [17, 18]. A 

recent review investigating the evidence of the contribution of these hallmarks to 

OSCC has revealed that extensive research efforts are needed since some hallmarks 

completely lack evidence from OSCC or the evidence is very scarce [19]. 

Clinical observations have suggested for long that OSCC can progress from lesions 

such as oral leukoplakia, oral lichen planus and oral submucous fibrosis. These 

conditions are called oral potentially malignant disorders (OPMDs) as they can 
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16 

progress to invasive carcinoma with occurrence of additional genetic alterations [20, 

21].  

A genetic multistep progression model of oral carcinogenesis has been proposed and 

demonstrated by studies showing how sequential genetic events lead to the formation 

of mutated ‘patches’ first, then extensive cancerized fields that later develop in 

invasive lesions [22].  

This model clarifies how cases of OSCC can clinically occur after the presence of 

oral leukoplakia or other OPMDs. This is part of the concept of "field cancerization" 

which was initially proposed by Slaughter et al. in 1953 to illustrate the histological 

alterations (i.e., dysplasia and/or hyperplasia) present throughout the entire mucosa of 

the upper aerodigestive tract in patients with head and neck cancer [23]. These 

changes arise due to persistent exposure to carcinogens, particularly tobacco, and 

molecular studies have corroborated the clinical and micromorphological changes 

first described by Slaughter to molecular alterations [24]. This concept explains 

occurrence of second primary tumors and the high rates of local recurrence in OSCC, 

which can be attributed to changes in the normal tissue adjacent to the primary tumor 

[25].  

There is now evidence showing abnormal DNA content and molecular alterations 

already from the OPMD stage, the most investigated being alterations of p53 (TP53), 

Cyclin D1 (CCND1), and podoplanin (PDPN). [26]. There are also studies showing 

alterations of miRNA already in OPMDs compared to normal mucosa, indicating a 

complex biology of oral cancer progression and that miRNA play a role in oral cancer 

development [27, 28]. Nevertheless, OSCC can develop without formation of 

premalignant lesions.  
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Figure 2. Schematic view of genetic alterations in OPMD and their association with 
progression to OSCC. From [26] under Creative Commons Attribution Licence CC BY-NC 
3.  

The genetic landscape has been characterized in head and neck squamous cell 

carcinoma (HNSCC), including subsets of OSCC by several studies on cohorts with 

different demographic characteristics [17, 29-34]. In average, HNSCC seems to be 

characterized by 141 copy number alterations, and 62 chromosomal fusions per 

tumor. A comprehensive genomic characterization of 279 head and neck squamous 

cell carcinoma (HNSCC, 172 oral cavity, 33 oropharynx and 72 laryngeal) showed 

near universal loss-of-function TP53 mutation and CDKN2A inactivation in smoking 

related HNSCC group (86% of cases). HPV-associated tumors were dominated by 

activating mutation of PIK3CA. Among others, common somatic mutations and copy 

number alterations in HNSCC included FAT1, CASP8, NOTCH1, AJUBA, KMT2D 

and NSD1 [17].   
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GENE TCGA COSMIC Dongre et al 

TP53 72 41 43 

CDKN2A 22 16 19 

FAT1 23 5 22 

PIK3CA 21 8  

NOTCH1 19 10  

KMT2D 18 5 4 

NSD1 10 4 6 

CASP8 9 5 4 

HRAS 4 8  

FBXW7 5 3  

AJUBA  6 0  

NFE2L2 6 5  

TGFBR2 4 1  

CUL3 4 2  

FLG   19 

FGFR3   7 

KMT2C   6 

SMAD4   4 

TRAF3 1 0 4 

NOTCH2   4 

Table 1. Most frequent somatic mutations and copy number alterations in HNSCC in % of 
total cases [17, 35].  
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1.3 OSCC histology, staging, and clinicopathological 
characteristics 

The normal oral mucosa consists of the outermost layer - the epithelium, the middle 

layer called the lamina propria or connective tissue, and the innermost layer known as 

the submucosa. The epithelium of the normal oral mucosa is a stratified squamous 

epithelium which presents variations between different sites of the oral cavity in 

terms of keratinisaton and extensibility (Figure 3). Irrespective of the anatomical sub-

location, the oral epithelium has an extremely well-regulated structure with a basal 

cell layer where the stem cell resides and the cell proliferation takes place, a 

squamous (middle) and a superficial cell layer where the cells differentiate and 

desquamate respectively [36]. The homeostasis of the normal oral epithelium is 

maintained by a continuous cell proliferation that replaces the cells lost at the 

superficial cell layer by desquamation [37]. The lamina propria or connective tissue is 

a dense layer that provides support and nourishment to epithelium. It contains various 

types of cells, including fibroblasts, blood vessels, and immune cells. The submucosa 

is the deepest layer of the normal oral mucosa. It consists of loose connective tissue 

and serves as a transition between the oral mucosa and the underlying structures, such 

as muscle or bone. 

Figure 3. Tissue sections (hematoxylin-eosin staining, 5x magnification) of normal oral 
mucosa from gingiva (left panel) and OSCC (right panel). Own pictures. 
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location, the oral epithelium has an extremely well-regulated structure with a basal 

cell layer where the stem cell resides and the cell proliferation takes place, a 

squamous (middle) and a superficial cell layer where the cells differentiate and 

desquamate respectively [36]. The homeostasis of the normal oral epithelium is 

maintained by a continuous cell proliferation that replaces the cells lost at the 

superficial cell layer by desquamation [37]. The lamina propria or connective tissue is 

a dense layer that provides support and nourishment to epithelium. It contains various 

types of cells, including fibroblasts, blood vessels, and immune cells. The submucosa 

is the deepest layer of the normal oral mucosa. It consists of loose connective tissue 

and serves as a transition between the oral mucosa and the underlying structures, such 
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OSCC is characterized by the uncontrolled growth of squamous cells within the 

epithelium and an altered morphology and structure in which the normal architecture 

of the oral mucosa is disrupted, as exemplified in Figure 3. The epithelium exhibits 

cytological (cellular) changes such as atypia, hyperchromatism and pleomorphism, 

and tissue changes which involve abnormal cell proliferation and disorganization. 

The essential characteristic of OSCC is, as for any other epithelial malignancy, the 

invasion of the abnormal epithelium deeper into the underlying connective tissue 

[15]. As the tumor progresses, OSCC may invade surrounding tissues, such as muscle 

or bone. It can also spread to nearby lymph nodes and, in advanced stages, to distant 

organs through a process called metastasis [38]. 

OSCC, which is detected via clinical examination of oral cavity and further 

confirmed with a histological examination of a biopsy, is often diagnosed at advanced 

stages leading to severely reduced patient survival. With the current diagnostic and 

treatment modalities (surgery, radiation and chemotherapy), the 5 years survival is 

less than 50% [1, 39]. Late diagnosis, regional lymph node metastasis and 

recurrences are the main reasons for poor prognosis and reduced survival [40]. In 

addition, for those who survive the disease, possible disfigurement due to surgery is a 

huge psychological and functional burden.  

1.4 Prognostic indicators of OSCC 

There are many factors that influence the outcome of OSCC. They can be patient, 

tumour or treatment related [41]. The main patient-related factors which are known to 

influence the disease outcome are age, overall health status, and smoking and alcohol 

history of the patient. Treatment-related factors (Figure 4) can also influence the 

prognosis.  

Essential for management of OSCC is to have a classification for evaluation of 

prognosis and guidance to treatment decisions that is robust and feasible for the 

clinical settings. The classification system currently used in clinics as treatment 

guidance to OSCC is known as the TNM classification established in 1987 by Union 
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for International Cancer Control and The American Joint Committee on Cancer 

(AJCC). This is based on the size of the tumor (T), the presence of lymph node 

involvement (N), and the presence of distant metastasis (M) [42]. Several 

modifications have been made to the TNM staging system since it emerged. In the 8th 

edition of the AJCC staging system published in 2017, additional variables such as 

the depth of primary tumor invasion (DOI) and extranodal extensions (ENE) were 

recommended to be included in cancer staging [43].  
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DOI is defined as the measurement from the basement membrane of the surrounding 

normal mucosa to the deepest point of tumor invasion [44]. As per several studies, a 

depth of invasion ranging from 3 to 5 mm significantly increases the risk of nodal 

metastasis, thereby indicating a worse prognosis [45, 46]. According to the updated 

AJCC guidelines, the T category increases with every 5 mm interval of depth of 

invasion, significantly affecting the T stage [43, 47].  

The presence of lymph node metastasis is one of the most critical prognostic factors 

in OSCC. ENE is defined as the "extension of metastatic carcinoma from within a 

lymph node through the fibrous capsule and into the surrounding connective tissue, 

regardless of the presence of stromal reaction. Growing body of evidence suggest that 

not only the presence of lymph node metastasis but also ENE, along with the number 

and size of metastatic lymph nodes, influence the prognosis of OSCC [47-50]. Based 

on this accumulating evidence in the literature that ENE is a predictor of a worse 

prognosis for OSCC, AJCC has incorporated ENE into pN staging [43]. 

Other histopathological parameters that have been reported to have prognostic value 

for OSCC are pattern of invasion, perineural invasion (PNI), lymphovascular 

invasion, tumor budding (TB), tumor-stroma ratio (TSR) and involvement of the 

surgical margins [51, 52]. With the recent inclusion of DOI and ENE in the current 

guidelines by AJCC, it is expected that more histopathological parameters will be 

further adopted [48]. In this respect, the invasive tumor front (ITF), TB and PNI and 

TSR are the most promising ones, with a clinical significance showed in metaanalysis 

of the existent studies in OSCC [51, 52].  However, there are controversial findings 

from different cohorts that raise skepticism about their universal applicability in 

clinical settings [53].  

ITF is defined as the tumour-stromal interface including up to six tumour cell layers 

or isolated single tumour cells or small islands at the outmost border of a cancer 

lesion [54]. For several decades many studies have reported that the most active part 

of an OSCC lesion is located at ITF and assessment of this active area might contain 

prognostic information [55, 56]. The cells at ITF exhibit characteristics of epithelial-
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mesenchymal transition (EMT), which might explain their high mobility and deep 

invasive properties. Histopathologically, the invasion pattern can manifest as pushing 

borders of cohesive cell groups, finger-like projections, small tumor islands, or tumor 

satellites [57]. This histopathological parameter holds predictive and prognostic 

value, allowing the stratification of patients into high-risk and low-risk groups [57, 

58]. 

TB are composed of malignant cells that exhibit loss of cellular cohesion and display 

active invasive movement. TB is defined as the presence of a single cancer cell or a 

cluster of fewer than five cells within the stroma at the ITF [58]. TB has been 

identified as an independent prognostic marker in early-stages OSCC [59] and has 

been associated with a poor prognosis particularly in tongue carcinoma [58, 60, 61]. 

PNI refers to the invasion and dissemination of cancer cells along nerve bundles in 

the surrounding stroma. PNI is defined by the presence of tumor cells within any of 

the three layers of a nerve sheath or encirclement of at least 33% of a nerve's 

circumference [62]. This type of invasion can result in neuropathic pain, numbness, 

sensory nerve dysfunction, paralysis, disfigurement, and motor nerve dysfunction. 

The prevalence of PNI in OSCC ranges from 12% to 50%. Its occurrence in OSCC 

has been associated with higher rates of locoregional recurrence, nodal metastasis, 

poor prognosis, and the need for aggressive treatment approaches [63, 64].  

A newer histopathological parameter is TSR that has been shown by several studies 

to be able to classify tumors into low- and high-risk cases. A meta-analysis showed 

that TSR was significantly associated with both cancer-related mortality and disease-

free survival in OSCC patients [52]. 

The lymphocytic infiltrate and various types of inflammatory cells have been also 

indicated by several studies to predict the outcome of disease [54, 65]. However, the 

results from different studies are still controversial and a recent meta-analysis on 

HNSCC studies indicates great variation with tumor subsite and the need for more 

investigation before clinical implementation [66].  
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Molecular biomarkers can be used for determining cancer prognosis, predicting its 

recurrence, assessment of its progression and response to therapy. Numerous 

molecular markers have been investigated and presented as useful prognostic 

indicators in OSCC and tongue SCC [67]. These include TP53 mutations, Ki-67 

proliferation index, and expression status of cyclin D1, p16, EGFR (epidermal growth 

factor receptor) and VEGF (vascular endothelial growth factor).  

In a meta-analysis on oral tongue SCC, cyclin D1 and VEGF were found to have the 

most promising prognostic power [68]. Due to limitations in the quality of the 

published studies, most being performed on small cohorts, and/or not following the 

REMARK criteria, no sufficient evidence was found for other molecular markers in 

oral tongue SCC.  

Another review that analysed the studies on molecular biomarkers in OSCC 

concluded that the studies could not be compared and that further studies are required 

in order to obtain scientific evidence about a clear advantage of using molecular 

biomarkers for diagnostic purpose in OSCC [69]. In the new era of immunotherapy, 

several immune markers have been investigated in OSCC and have been suggested to 

be associated with a more aggressive phenotype and poor prognosis in OSCC. 

Nevertheless, apart from PD-L1, none of the other immune-related parameters tested 

have been taken into clinics for treatment decisions involving immunotherapy in 

metastatic/recurrent HNSCC patients [70].   
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1.5 Tumor microenvironment in OSCC 

Tumor initiation and progression is dependent not only on the intrinsic properties of 

the cancer cells, but also controlled by the host stroma, also defined as tumor stroma, 

reactive tumor stroma, or tumor microenvironment (TME) [16, 71]. The “seed and 

soil” hypothesis, which stated the importance of tumor microenvironment (TME) for 

the malignant phenotype was proposed already in 1889 [72]. However, it’s only after 

over a century that the importance of TME in cancer initiation and progression gained 

momentum. Increasing evidences show that cancer progression is not merely due to 

intrinsic mechanisms of malignant cells that had undergone genetic alterations [73], 

but also a result of the cross-talk between the transformed malignant cells and the 

surrounding non–neoplastic cell compartment [74].  

The microenvironment surrounding the transformed malignant cells is a complex and 

continuously evolving system, composed of activated fibroblasts generally known as 

cancer associated fibroblasts (CAFs), endothelial cells, pericytes, immune cells, 

muscle, fat and nerve cells, extracellular matrix and soluble factors [16, 38, 71, 75], 

as depicted in Figure 5.  

Figure 5. Schematic cartoon showing constituents of TME: CAFs, endothelial cells, immune 
cells (TAMs, DCs, T-cells, MDSCs and NK cells) and the ECM. CAF, cancer-associated 
fibroblast; DC, dendritic cell; ECM, extracellular matrix; MDSC, myeloid-derived 
suppressor cell; NK, natural killer; TAM, tumor-associated macrophage; TME, tumor 
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microenvironment. From [78] under the Creative Commons Attribution Licence CC BY-NC 
3. 

The neoplastic cells and the tumor stroma co-evolve during cancer progression. The 

co-evolution involves recruitment of fibroblasts, and local and bone marrow derived 

stromal and progenitor cells, immune cells infiltration, matrix remodeling and 

development of new vasculature [16, 76]. All the cell populations of the 

microenvironment interact and crosstalk with each other via complex communication 

networks and soluble factors within the surrounding non-cellular components. 

Nevertheless, unlike cancer cells, stromal cells are genetically stable and, therefore 

are attractive therapeutic targets in addition to being considered a more reliable 

source of tumour biomarkers [77]. 

HNSCC, including OSCC are among the cancers with a high stromal content [79]. 

Numerous studies have indicated that TME as a whole, or its components play a key 

role in OSCC progression and outcome, as both positive and negative regulators of 

HNSCC development [80]. 

 

Figure 6. Tissues section from an OSCC lesion. Various tumor components are pointed by 
arrows. Own picture. 
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1.6 Cancer-associated fibroblasts (CAFs) 

Fibroblasts are the most abundant mesenchyme-derived cell type in the stroma 

responsible for structural framework in the tissues. CAFs represent the most prevalent 

constituent cell type in TME in solid tumors, including OSCC [79]. CAFs have 

varying origin and therefore are heterogenous population with no single marker for 

identification [75].  

Fibroblasts in normal tissues are activated in response to wound in the repair process 

[76]. Unlike the normal fibroblasts, fibroblasts in the TME (CAFs) do not regress in 

time and can support cancers in all stages of development, including metastasis [81]. 

Compared to normal fibroblasts, CAFs exhibits altered proliferation patterns, 

enhanced extracellular matrix production and distinct secretory profile [82, 83]. 

In OSCC, cancer associated fibroblasts (CAFs) have been shown to play crucial role 

in tumor initiation and invasion in in vitro cell culture studies [83-85] and in vivo 

animal studies [83]. CAFs have been also associated to lymph node metastasis [86, 

87] and poor prognosis [86-90] of OSCC. However, at least some subpopulations of 

CAFs have also been shown to restrain tumor formation in OSCC [91, 92]. 

1.6.1 Heterogeneity of CAFs 

It is widely accepted that at least one source of CAFs are the resident fibroblasts that 

undergo activation in response to either factors secreted by cancer cells or to 

environmental cues, resembling the activation process of quiescent fibroblasts in 

injured tissues prior to repair [93]. In the wound-healing response, quiescent 

fibroblasts are reversibly activated into myofibroblasts to facilitate tissue repair and 

regeneration, while in cancer, the regression of activated fibroblast states does not 

occur [94]. The activation of fibroblasts in cancer is influenced by various growth 

factors and cytokines, including fibroblast growth factor (FGF), transforming growth 

factor-β (TGFβ), platelet-derived growth factor (PDGF), receptor tyrosine kinase 

(RTK) signaling, tumor necrosis factor (TNF), and reactive oxygen species (ROS). 

These factors are released by cancer cells and/or infiltrating immune cells [81]. 
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However, defining the specific cell population of CAFs remains challenging due to 

the lack of specific markers [93]. Most commonly used markers to characterize CAFs 

are fibroblast-specific protein 1 (FSP-1), vimentin, alpha-smooth muscle actin 

(αSMA), fibroblast activating protein alpha (FAP), PDGFRα, PDGFRβ, and ligands 

belonging to the transforming growth factor β (TGFβ) superfamily and bone 

morphogenic proteins (BMPs), epidermal growth factors (EGFs), fibroblast growth 

factors (FGFs), sonic hedgehog (SHH), desmin and discoidin domain-containing 

receptor-2 (DDR2) [93]. Of note, none of these markers is specific to CAFs. 

Therefore, when using these markers, consideration should be given to context, 

morphology, spatial distribution, and absence of lineage markers (for epithelial, 

endothelial, and blood-born cells) [93]. Furthermore, it is likely that many 

functionally activated fibroblasts do not express all these putative markers 

simultaneously, creating a certain degree of heterogeneity.  

CAFs heterogeneity could also be related to their different origins. Bone marrow-

derived cells, adipocytes, smooth muscle cells, pericytes, and endothelial cells may 

differentiate to become CAFs, in addition to the activation of the tissue resident 

fibroblasts [81]. CAF heterogeneity could also be explained by their different location 

and the different functions of the organ/area in which they reside.  

The phenotype of CAFs can as well potentially be influenced by the genetic 

background of the tumor. To investigate this, Lim et al. conducted a study where they 

isolated and compared CAFs from OSCC with intact TP53 gene and OSCC with 

mutated TP53. The researchers observed that cancer cells derived from OSCC tumors 

with TP53 mutation were capable of inducing senescence in CAFs, whereas TP53 

intact and dysplastic cells lacked this ability. TP53 mutated tumors showed increased 

expression of α smooth muscle actin (αSMA), and the induction of senescence led to 

elevated αSMA levels in oral fibroblasts, resulting in a myofibroblast-like phenotype. 

These senescent αSMAhigh CAFs exhibited reduced proliferation but were believed to 

provide greater support for tumor growth compared to non-senescent CAFs [95]. 
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During last decade, several lines of evidence confirmed the heterogeneity and 

plasticity of CAFs in carcinomas, including breast and pancreatic adenocarcinoma 

and OSCC [79, 96] (Figure 7).  

 

Figure 7. Schematic figure depicting CAF heterogeneity in breast and pancreatic 
adenocarcinoma and OSCC. Modified from [96] under the Creative Commons Attribution 
Licence CC BY-NC 3. 

The presence of different subtypes of CAFs with distinct functions has been 

demonstrated in OSCC through functional experimental studies [83, 91, 92]. Previous 

study from our lab conducted a transcriptomic analysis comparing the heterogeneity 

of OSCC-derived CAFs with normal fibroblasts, using both 2D and 3D culture arrays 

[83]. The study identified two populations of CAFs. One kind was a more normal-

like fibroblast population with a transcriptome and secretome more similar to that of 

normal fibroblasts. This group contained a higher proportion of intrinsically mobile 

cells, responsive to TGFβ1 and sustained high autocrine hyaluronic acid synthesis. In 

contrast, another type of CAFs identified comprised of CAFs with a more divergent 

transcriptome, had fewer motile cells, were not responsive to TGFβ1 but synthesized 

higher levels of TGFβ1 [83].  
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More recently, the advent of single-cell transcriptomic sequencing (scRNA-seq) has 

provided a more comprehensive understanding of the various subtypes of CAFs [97, 

98]. Two main CAF subtypes and a third, minor type, were identified through 

scRNA-seq [98]. One subset expressed classical markers of myofibroblasts, αSMA 

(ACTA2); the second subset expressed ECM genes, including FAP, podoplanin 

(PDPN), and connective tissue growth factor (CTGF); and the third, minor subset was 

depleted of markers for myofibroblasts and CAFs, and was interpreted as 

representing resting fibroblasts. Another scRNA-seq study revealed a higher degree 

of heterogeneity within CAFs and identified five different CAF clusters, some similar 

to those identified in Puram study, and a new cluster expressing CXCL8, a CAF 

subset associated with aggressive cancer progression [97].  

Nonetheless, despite the great progress made in identifying several CAF subtypes in 

OSCC, the characterization of CAF heterogeneity is only at its beginning and quite 

incomplete, the specific functions of various CAF subsets remaining unclear. 

1.7 Introduction to microRNAs 

MicroRNAs (miRNAs) are approximately 22 nucleotides small non-coding RNAs 

that are post transcriptional regulators of diverse cellular function. miRNAs target 

mRNAs for destabilization, cleavage and translational repression [99].  

Magnitude of mRNA decay and translational repression by miRNAs can vary greatly 

[100]. A single miRNA can bind to as many as 200 gene targets. Currently there are 

about 2000 predicted and experimentally verified miRNA genes. miRNAs are 

predicted to regulate about 60% of human genes [101]. 
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subset associated with aggressive cancer progression [97].  

Nonetheless, despite the great progress made in identifying several CAF subtypes in 

OSCC, the characterization of CAF heterogeneity is only at its beginning and quite 

incomplete, the specific functions of various CAF subsets remaining unclear. 

1.7 Introduction to microRNAs 

MicroRNAs (miRNAs) are approximately 22 nucleotides small non-coding RNAs 

that are post transcriptional regulators of diverse cellular function. miRNAs target 

mRNAs for destabilization, cleavage and translational repression [99].  

Magnitude of mRNA decay and translational repression by miRNAs can vary greatly 

[100]. A single miRNA can bind to as many as 200 gene targets. Currently there are 

about 2000 predicted and experimentally verified miRNA genes. miRNAs are 

predicted to regulate about 60% of human genes [101]. 
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Figure 8: Schemetic representation of the biogenesis and function of typical miRNA in 
animals. Modified from [99]. Used under Creative Commons Attribution Licence CC BY-NC 
3.  
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1.8 miRNA biogenesis 

miRNAs are initially transcribed in the nucleus by RNA polymerase II as pri-

miRNAs that fold to form a hairpin structure (Figure 8). A hairpin structure is then 

cleaved by an endonuclease called Drosha which is a part of heterotrimeric 

Microprocessor complex to about 60 nucleotides stem-loop called pre-miRNA. 

Thereafter, the pre-miRNA is exported to the cytoplasm by the action of Exportin 5 

and RAN-GTP. In the cytoplasm pre-miRNA loop is cut by another endonuclease 

called Dicer to generate miRNA duplex with 2 nucleotides 3`overhang on each end. 

The miRNA duplex is then loaded into an Argonaute protein, with concomitant 

expulsion of one of the strand of miRNA duplex called the passenger strand 

(miRNA*) to form a mature silencing complex. The miRNA (guide strand) guides 

the silencing complex to pairs to its target mRNAs or other transcripts to direct 

posttranscriptional repression [102].  

1.9 miRNA alterations in OSCC  

Abnormal expression of microRNAs (miRNA) underlies many pathologic processes, 

including cancer. The idea that miRNAs could be involved in cancers, stems from the 

finding that over half of the investigated miRNA genes (98 of 186 known or 

predicted miRNA) are located in cancer-associated fragile genomic regions [103]. 

While tumor evolution and progression is regulated by very complex mechanisms, 

miRNAs are one of the major players [102]. miRNAs deregulation as a result of 

genetic, epigenetic and transcriptional changes have been widely recognized to be 

involved in all the processes of tumor development and progression in all kinds of 

cancer [104]. Some miRNAs act as tumor suppressors, others known as oncomiR can 

promote tumor initiation, growth and/or progression to metastasis. 

miRNAs deregulation in OSCC and their putative use as diagnostic and prognostic 

biomarkers, and therapeutics agents or targets has been described in numerous 

previous studies (reviewed in [105-107]).  
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The largest family of miRNAs, Let-7 family was reported to be downregulated in 

OSCC and it was described as a “tumour suppressor miRNA” [108]. One member of 

this family, let-7g-5p has been reported to be a direct regulator of RAS expression. 

Loss of let-7g-5p was found to be associated with EMT-like phenotype of cancer 

cells and correlated with poor prognosis in patients with OSCC [109]. Other 

potentially tumour-suppressive miRNAs include miR-34c, miR-138, miR-375, and 

miR-204. Up-regulation of miR-196a, miR-21, miR-1237 and downregulation of 

miR-204, miR-144 was associated with poor prognosis of OSCC patients. The mir-

196a/miR-204 expression ratio was identified as the best predictor for recurrence and 

survival[110].  

Many other miRNAs have been proven to be differentially expressed in OSCC in 

several studies. Despite the growth in literature on miRNAs and their specific 

expression status across tissue and disease types, each new study brings up a new 

profile with very few common signatures. Ethnic variations in the study subjects have 

been suggested to be a major contributor to this difference. Most of the present 

literature on OSCC specific miRNAs come from European and American study 

subjects comprising mostly of Caucasians, Hispanics, and Blacks, whereas the major 

burden of the disease is on developing countries, especially the Indian Peninsula. 

Besides a few tissue level miRNA expression studies, the majority of the data is 

derived from OSCC cell lines, which is inadequate to provide a significant picture on 

miRNA expression status.  

A recent systematic review showed that upregulation of 9 miRNAs in OSCC (miR-

21, miR-455-5p, miR-155-5p, miR-372, miR-373, miR-29b, miR-1246, miR-196a, 

and miR-181) and downregulation of 7 miRNAs (miR-204, miR-101, miR-32, miR-

20a, miR-16, miR-17, and miR-125b) was associated with poor prognosis in OSCC 

[111]  

However, the study of the stromal aberrations of miRNAs, particularly in CAFs in 

OSCC, is rare. One such unique example is miR-21. miR-21 was the first miRNA to 

be coined as ‘oncomiR’ due to the fact that it was consistently found overexpressed in 
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the stroma of many different types of cancers including cancers of lung, breast, 

pancreas, colon, head and neck, and vulva [112-115]. In OSCC, miR-21 upregulation 

was associated with poor prognosis [115]. Moreover, miR-21 is known to regulate 

several biological functions such as cell proliferation, invasion, apoptosis and exhibit 

chemoresistance via targeting Ras, PDCD4, PTEN, and RECK [108, 115, 116].  

1.10 miRNA as therapeutics 

Since miRNAs target multiple genes, in complex diseases such as cancer in which 

entire networks are dysregulated, miRNA interventions offer chances to restore 

coordinated pathways. This is in complete contrast to traditional drugs with only one 

molecular target. Hence, miRNAs could be ideal targets for cancer therapeutics in 

future.   

Currently, INT-1B3 (InteRNA), a miR-193a-3p mimics formulation with lipid 

nanoparticle, is in clinical trial phase I (NCT04675996) in patients with advanced 

solid tumors. MRG-106, also known as Cobomarsen, designed to inhibit miR-155 for 

the treatment of cutaneous T-cell lymphoma is in second phase of clinical trial 

(NCT03713320). Historically, other miRNA targets had been into clinical trials, 

unfortunately with unexpected outcomes. For an instance, Phase I trial of MRX34, a 

synthetic mimic of miR-34 designed to intervene advanced solid tumors had to be 

terminated due to immune related serious adverse events [117, 118]. While miRNAs 

offer flexibility in targeting multiple genes, off-target, undesired target and thereby 

unwanted side effects have immerged as hindrance to clinical trials. As per Ito M et 

al, no other miRNA drugs against malignancies [119] are under clinical study as per 

September 2022.  
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2. Aims of the study 

2.1 Rationale for the study 

While majority of studies focused on miRNA changes in tumor cells or tumor as a 

whole including in OSCC studies, our knowledge on miRNA alteration in tumor 

microenvironment, and in particular in cancer associated fibroblasts (CAFs) is limited.  

2.2 Study hypothesis 

Given the impact of both miRNAs, and CAFs in tumor progression, miRNA 

deregulation in CAFs could be a major factor in determining the behaviour and fate of 

tumor cells.  

2.3 Main aim 

The overall aim was to investigate miRNA deregulations in OSCC stroma and to 

identify the miRNAs with prognostic value and functional role on tumor progression. 

2.4 Specific aims 

1. To identify differentially expressed miRNAs in OSCC-derived CAFs as 

compared to normal oral fibroblasts (NOFs). (Paper I) 

2. To study the role of differentially expressed miRNAs (miR-204 and miR-138) 

in CAFs on OSCC cell behavior modulation. (Papers I and III) 

3. To establish a robust method of miRNA quantification using double staining 

methods (in situ hybridization for miRNA and immunohistochemistry for proteins). 

(Paper II) 

4. To investigate if miR-204 could be used as prognostic biomarker in OSCC. 

(Paper II) 
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3. Methodological considerations 

3.1 Study models 

A range of models were used in this study.  Archival OSCC tissues from diagnostic 

archive at Department of Pathology, Haukeland University Hospital (HUS) and cell 

culture based in vitro two-dimensional (2D) and three-dimensional (3D) models were 

used in this study. Fresh cancer tissues and morphologically cancer free regions from 

OSCC patients, and fresh normal oral mucosa from heathy volunteers were collected 

for primary fibroblasts isolation and culture from the Department of Ear, Nose and 

Throat, HUS. Both archival and fresh tissue specimens were collected after the 

informed consent. Ethical approval was obtained from the regional ethical committee 

(West Norway; REKVest 3.2006.2620, REKVest 3.2006.1342). OSCC cell lines UK1 

[120] and Luc4 [121] were obtained from our collaborators at Queen Mary University 

of London, UK. 

3.2 Retrospective patient cohort 

Patients older than 18 years with primary diagnosis of OSCC between 1998-2012 and 

treated with surgery or radiotherapy or combination at HUS, Bergen, Norway were first 

identified. Those receiving neoadjuvant treatment, with missing tissue blocks, or 

missing a medical electronic journal containing clinical information at HUS were 

excluded from the study. The clinical information (age, gender, smoking and alcohol 

use, localization, TNM stage, co-morbidities, recurrence, last date of follow-up, 

survival) was obtained from patients’ medical electronical journal (DIPS) after 

informed consent (N=169 patients). Formalin-fixed paraffin embedded (FFPE) tissue 

blocks containing the tumor front with surrounding stroma and, when available, the 

adjacent normal mucosa, were selected for the study. Tumor specimens were screened 

for HPV infection using immunohistochemistry (IHC) method with the surrogate 

marker p16INK4a. Nine (5.53%) HPV positive cases with strong nuclear and 

cytoplasmic staining in more than 70-80% of the tumor cells were excluded from the 

study. Finally, a total of 160 HPV-negative OSCC cases (age range: 27–93, mean = 
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65.25, median = 65) were included in the miR-204 study (Paper II). The mean follow-

up time was 8.6 years, and the 5-year survival rate was 40%. An overlapping set of 

patients (n=38) with similar criteria were used for miR-138 study (Paper III) The use 

of patient samples for the biomarker study followed REMARK criteria [122]. 

3.3 Primary fibroblast isolation and characterization 

NOFs were isolated from a non-cancer region of the oral mucosa or from buccal 

mucosa of healthy individuals after informed consent. CAFs were isolated from tumor 

biopsies of OSCC patients. The fibroblasts were isolated using methods involving 

physical and enzymatic dissociation or from tissue explant outgrowth as described in 

the methodology section in Paper I. After isolation, fibroblasts were characterized for 

lineage specific markers: ESA (epithelial specific antigen), CD31, CD45, and CD140b 

for epithelial cells, endothelial cells, leukocytes, and mesenchyme origin respectively 

[123]. The purity of each strain of primary cells, NOFs or CAFs, was confirmed by 

flow cytometry, which showed that 96.2% of NOFs and 99.4 %of CAFs stained 

positively with CD140b that recognizes the platelet derived growth factor b receptor 

(PDGFBR), a mesenchymal lineage marker. Expressions of ESA, CD45 and CD31 

were detected neither in NOFs nor in CAFs.  

3.4 Cell culture  

Fibroblasts were propagated 2D in monolayers in cell culture dishes in Dulbecco’s 

Modified Eagle’s Medium (DMEM; D6429, SIGMA) supplemented with 10% new-

born calf serum (NBCS). OSCC lines UK1 and Luc4 were propagated in 

DMEM/Nutrient Mixture F-12 Ham (D8437, Sigma), supplemented with 10% NBCS, 

0.4 µg/mL hydrocortisone (H0888, Sigma), 1µg/mL Insulin-Transferrin-Selenium 

(41400-04, Thermofisher Scientific), 50µg/mL L-ascorbic acid (A7631, Sigma), and 

10ng/mL epidermal growth factor (E9644, Sigma). For growing 3D organotypics, FAD 

medium (DMEM: Ham’s F12 Nutrient mixture (31765068, Thermofisher) in ratio 1:3 

with supplemention as same as growth medium for OSCC cells, except NBCS was 
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replaced with 0,1% Bovine Albumin Fraction V; 15260-037, Thermofisher) was used 

[124, 125]. 

3.5  3D organotypic culture 

3D organotypic co-culture models, which resemble normal mucosa or OSCC tumor, 

have been well described earlier in studies by our research group [83, 124, 125], and 

also in Papers I and III.  In 3D organotypic co-culture models, fibroblasts were 

embedded in rat tail collagen type I matrix (354239, BD Biosciences, NJ, USA), and 

then the fibroblasts populated collagen gels were layered with OSCC cells and kept 

submerged in growth medium for a day or two. The gels were then placed on a metal 

grid layered with a lens paper with OSCC cells facing the top and the gels were grown 

under air-nutrient interface until harvested about one week later.   

Figure 9. Schematic figure showing the workflow for generation of 3D organotypic cultures 

from primary fibroblasts and cancer cells isolated from OSCC patients, processing of the 

tissue and the final Hematoxylin-Eosin stained tissue section (own figure made in Biorender). 

In another co-culture model, the effect of miRNA modulation in fibroblasts 

(motility/invasion or phenotypic changes) while maintaining fibroblasts interaction 

with OSCC was investigated by embedding fibroblasts in collagen on top, followed by 

a separating non-cell collagen layer in 24 well inserts and cancer cells embedded in 

(1mg/ml matrigel) on the bottom of the well for 5days. These gels were later fixed 

overnight in 4% buffered formalin and embedded in parafinn. 
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Recent studies have demonstrated differences in cell behavior or phenotype when cells 

are cultured in 2D and 3D environments [126, 127]. However, the in vitro 3-D cell 

culture systems better mimic the in vivo physiology [128]. Matrices commonly used in 

3D culture are commercially available ECM proteins such as rat tail collagen I, and 

sarcoma ECM extract from mouse called Matrigel, which is composed of laminin, 

collagen, heparin sulfate and growth factors. However, the use of non-tissue specific 

ECM extracts is a subject of question in 3D culture studies, and still far from in vivo 

model alternatives [128]. 

3.6 miRNA modulation in fibroblasts 

In order to study the effect of modulation of selected miRNAs on fibroblasts 

phenotype, and concomitant modulation of tumor cell phenotype, miRNAs were either 

inhibited with miRNA specific inhibitors or miRNA overexpression was mimicked 

using miRNA specific mimics in fibroblasts. miRNA mimics, inhibitors and respective 

controls at 50mM concentration were introduced into the cells via lipofectamine 

mediated reverse transfection. Forty-eight hours after transfection, fibroblasts were 

harvested for molecular assays or subjected to functional assays. 

Reagents  Company Catalogue no 

miRidian miRNA mimic hsa-miR-204-5p Dharmacon, USA C-300563-05-0010 

miRidian miRNA inhibitors hsa-miR-204-5p Dharmacon, USA IH-300563-07-0010 

miRidian miRNA mimic hsa-miR-138-5p Dharmacon, USA C-300605-05-0010 

miRidian miRNA inhibitors hsa-miR-138-5p Dharmacon, USA IH-300605-06-0010 

inhibitor control Dharmacon, USA IN-001005-01-05 

mimic control  Dharmacon, USA CN-001000-01-05 

Table 3. List of miRNA mimics, inhibitors and controls. 
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3.7 miRNA expression profiling  

Fibroblasts were profiled for expression of 1,146 human miRNAs (>97% coverage for 

miRBase release 12) using 100 ng of enriched small RNAs (< 200 nucleotides)  using 

Illumina microarray v2 panel. Data from miRNA microarray were normalized and 

subjected to SAM (significant analysis of microarray) analysis to identify differentially 

expressed miRNAs in between CAFs and NOFs. Differential regulation of the 

identified miRNAs was further validated by quantitative real time PCR (qRT-PCR) 

using Taqman assays.  

3.8 qRT-PCR  

qRT-PCR is a benchmark assay for the measurement of gene expression. Total RNA 

isolated from fibroblasts using miRNA isolation kit (AM1561, ThermoFisher 

Scientific) was used for targeted miRNA and mRNA quantification. In Papers I & II, 

mRNA expression was also quantified using RNA isolated using RNeasy Mini Kit 

(74104, Qiagen). Total RNA isolation using this kit does not capture RNAs less than 

200 nucletotides in length. miRNAs expression was normalized using RNU48 while 

mRNA expression was normalized with GAPDH and P0. 

Taqman Assays Company Assay ID 

hsa-miR-204-5p ThermoFisher Scientific, USA 000508 

hsa-miR-21-5p ThermoFisher Scientific, USA 001314 

hsa-miR-138-5p ThermoFisher Scientific, USA 002284 

hsa-miR-155-5p ThermoFisher Scientific, USA 002623 

hsa-miR-582-5p ThermoFisher Scientific, USA 001983 

RNU48 ThermoFisher Scientific, USA 001006 

Table 2. List of Taqman Assays (RT and qRT-PCR miRNA probes and gene probes). 
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3.9 Western blot 

Semi-quantitative assessment of proteins was performed using Western blot technique. 

In brief, protein lysates of fibroblasts (48 hours post transfection in case of miRNA 

modulations) were resolved in 10% polyacrylamide gel and transferred to PVDF 

membrane. After blocking PVDF membranes with 5% dry milk or 3% BSA, the 

membrane was incubated with primary antibodies specifically raised against proteins 

of interest. It was followed by incubation with horse radish peroxidase tagged 

secondary antibodies, and finally visualized with Chemilluminiscent substrate. Bands 

of integrin α11 were visualized using chemiluminescence substrate (Supersignal West 

Pico/Femto, Thermofisher) in an image reader (LAS 1000, Fujifilm). Protein amounts 

in the bands in the captured images were quantified using ImageJ Gel commands.   

GAPDH and Beta-actin were used as loading controls. 

3.10 miRNA target identification 

Studies from our lab have shown increased expression of integrin α11 in OSCC-derived 

CAFs compared to NOFs, with tumor promoting role of CAFs with increased 

expression of ITGA11 [83, 88]. shRNA mediated silencing of ITGA11 in CAFs 

resulted in significant suppression of DOK-CAF tongue xenograft tumors in mice, and 

reduction of OSCC cell invasion in 3D organotypic models (Parajuli, 2017 #510).  

Target conserved sites for miRNAs in 3´UTR sequences of ITGA11 were identified 

using  three different miRNA target prediction software TargetScan Release 7:1 [129], 

miRmap (Vejnar, 2012 #652) and miRDB (Wong, 2015 #651).  Target indentification 

by any two predicters led to further investigation by direct luciferase target reporter 

assay.  

3.11 miRNA dual luciferase target reporter assay 

Following Western blots and target recognition, miRNA target reporter assays for miR-

204 and miR-138 against ITGA11 were tested. 3´UTR sequences of ITGA11 was 

retrieved from UCSC genome browser (http://genome.ucsc.edu) [130]. 3´UTR 
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 41 

3.9 Western blot 

Semi-quantitative assessment of proteins was performed using Western blot technique. 

In brief, protein lysates of fibroblasts (48 hours post transfection in case of miRNA 

modulations) were resolved in 10% polyacrylamide gel and transferred to PVDF 

membrane. After blocking PVDF membranes with 5% dry milk or 3% BSA, the 

membrane was incubated with primary antibodies specifically raised against proteins 

of interest. It was followed by incubation with horse radish peroxidase tagged 

secondary antibodies, and finally visualized with Chemilluminiscent substrate. Bands 

of integrin α11 were visualized using chemiluminescence substrate (Supersignal West 

Pico/Femto, Thermofisher) in an image reader (LAS 1000, Fujifilm). Protein amounts 

in the bands in the captured images were quantified using ImageJ Gel commands.   

GAPDH and Beta-actin were used as loading controls. 

3.10 miRNA target identification 

Studies from our lab have shown increased expression of integrin α11 in OSCC-derived 

CAFs compared to NOFs, with tumor promoting role of CAFs with increased 

expression of ITGA11 [83, 88]. shRNA mediated silencing of ITGA11 in CAFs 

resulted in significant suppression of DOK-CAF tongue xenograft tumors in mice, and 

reduction of OSCC cell invasion in 3D organotypic models (Parajuli, 2017 #510).  

Target conserved sites for miRNAs in 3ÚTR sequences of ITGA11 were identified 
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sequences of two primary protein coding transcripts of ITGA11 were used for target 

reporter assay.  

Plasmid DNA vectors (Vector Builder) with luciferase upstream of 3´UTR and renilla 

as a transfection control under different promoters were used for the assay. Non-

complimentary mutant sequences were introduced to miR-204 and miR-138 binding 

sites into the control vectors. Transfection mix of plasmid vectors and miRNA mimics 

in lipofectamine reagent were introduced to the CAFs and 48 hours later the cells were 

lysed for luminometry. Reduction in luciferase signal normalized to renilla signal 

compared to mutant control after miR-204 and miR-138 mimics transfection into the 

cells indicated direct targeting of ITGA11 by the respective miRNAs. Luciferase and 

renilla activity were measured in luminometer using dual luciferase detection system 

(E1910 Promega).  

3´UTR ITGA11 sequence (NM 001004439.2) used for miR-204 target reporter 

assay. Highlighted in bold italic is a miR-204 binding site 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGTA

GTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAGCC

AGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCCCTCCA

GAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAGACTGGGAC

ACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTAACACACCCAG

GCCCATGCCAAGGCCTCCCTCAGGCTCTGTG 3´ 

Predicted pairing of target region (top) and miRNA (bottom) 

 

Mutant sequence: 236-242 AAAGGGA→ATTCCCT 
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as a transfection control under different promoters were used for the assay. Non-

complimentary mutant sequences were introduced to miR-204 and miR-138 binding 

sites into the control vectors. Transfection mix of plasmid vectors and miRNA mimics 

in lipofectamine reagent were introduced to the CAFs and 48 hours later the cells were 

lysed for luminometry. Reduction in luciferase signal normalized to renilla signal 

compared to mutant control after miR-204 and miR-138 mimics transfection into the 

cells indicated direct targeting of ITGA11 by the respective miRNAs. Luciferase and 

renilla activity were measured in luminometer using dual luciferase detection system 

(E1910 Promega).  
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Part of 3´UTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
CCAGAGAAACCCAGGGAGGAAGACTGTAAATACGAACCCAATCTGCACA
CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
GGGGTAGGGGTAGGGAGCCTCCCCTCCCTGTATCACCCCCTCCCTACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACTGCCTCCCATCCTTCCCTCATGCCCGCCAGTGCACAGGGAAGGG
CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
TGCCGGCCCCCAGGACAAGTGGTATGACCAGTGATAATGCCCCAAGGAC
AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
GAGGTAGAAATGCAAGGGGGACACATGAAAGGCATCAGTCCCCCTGTGC
ATAGTACGACCTTTACTGTCGTATTTTTGAAAAATTAAAAATACAGTGTTT
AAAAACAA 3´ 
 
Predicted pairing of target region (top) and miRNA (bottom) 

 

Mutant sequences: 724-730 CACCAGCT→GTGGTCGT 
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Part of 3ÚTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 
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CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
GGGGTAGGGGTAGGGAGCCTCCCCTCCCTGTATCACCCCCTCCCTACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACTGCCTCCCATCCTTCCCTCATGCCCGCCAGTGCACAGGGAAGGG
CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
TGCCGGCCCCCAGGACAAGTGGTATGACCAGTGATAATGCCCCAAGGAC
AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
GAGGTAGAAATGCAAGGGGGACACATGAAAGGCATCAGTCCCCCTGTGC
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5ǴGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
CCAGAGAAACCCAGGGAGGAAGACTGTAAATACGAACCCAATCTGCACA
CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
GGGGTAGGGGTAGGGAGCCTCCCCTCCCTGTATCACCCCCTCCCTACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACTGCCTCCCATCCTTCCCTCATGCCCGCCAGTGCACAGGGAAGGG
CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
TGCCGGCCCCCAGGACAAGTGGTATGACCAGTGATAATGCCCCAAGGAC
AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
GAGGTAGAAATGCAAGGGGGACACATGAAAGGCATCAGTCCCCCTGTGC
ATAGTACGACCTTTACTGTCGTATTTTTGAAAAATTAAAAATACAGTGTTT
AAAAACAA 3´ 
 
Predicted pairing of target region (top) and miRNA (bottom) 
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Part of 3´UTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
CCAGAGAAACCCAGGGAGGAAGACTGTAAATACGAACCCAATCTGCACA
CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
GGGGTAGGGGTAGGGAGCCTCCCCTCCCTGTATCACCCCCTCCCTACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACTGCCTCCCATCCTTCCCTCATGCCCGCCAGTGCACAGGGAAGGG
CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
TGCCGGCCCCCAGGACAAGTGGTATGACCAGTGATAATGCCCCAAGGAC
AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
GAGGTAGAAATGCAAGGGGGACACATGAAAGGCATCAGTCCCCCTGTGC
ATAGTACGACCTTTACTGTCGTATTTTTGAAAAATTAAAAATACAGTGTTT
AAAAACAA 3´ 
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Part of 3´UTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
CCAGAGAAACCCAGGGAGGAAGACTGTAAATACGAACCCAATCTGCACA
CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
GGGGTAGGGGTAGGGAGCCTCCCCTCCCTGTATCACCCCCTCCCTACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACTGCCTCCCATCCTTCCCTCATGCCCGCCAGTGCACAGGGAAGGG
CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
TGCCGGCCCCCAGGACAAGTGGTATGACCAGTGATAATGCCCCAAGGAC
AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
GAGGTAGAAATGCAAGGGGGACACATGAAAGGCATCAGTCCCCCTGTGC
ATAGTACGACCTTTACTGTCGTATTTTTGAAAAATTAAAAATACAGTGTTT
AAAAACAA 3´ 
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Part of 3´UTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
CCAGAGAAACCCAGGGAGGAAGACTGTAAATACGAACCCAATCTGCACA
CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
GGGGTAGGGGTAGGGAGCCTCCCCTCCCTGTATCACCCCCTCCCTACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACTGCCTCCCATCCTTCCCTCATGCCCGCCAGTGCACAGGGAAGGG
CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
TGCCGGCCCCCAGGACAAGTGGTATGACCAGTGATAATGCCCCAAGGAC
AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
GAGGTAGAAATGCAAGGGGGACACATGAAAGGCATCAGTCCCCCTGTGC
ATAGTACGACCTTTACTGTCGTATTTTTGAAAAATTAAAAATACAGTGTTT
AAAAACAA 3´ 
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Part of 3´UTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
CCAGAGAAACCCAGGGAGGAAGACTGTAAATACGAACCCAATCTGCACA
CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
GGGGTAGGGGTAGGGAGCCTCCCCTCCCTGTATCACCCCCTCCCTACACA
CACACACACACACACACACACACACACACACACACACACACACACACAC
ACACACTGCCTCCCATCCTTCCCTCATGCCCGCCAGTGCACAGGGAAGGG
CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
TGCCGGCCCCCAGGACAAGTGGTATGACCAGTGATAATGCCCCAAGGAC
AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
GAGGTAGAAATGCAAGGGGGACACATGAAAGGCATCAGTCCCCCTGTGC
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Part of 3´UTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
CCAGAGAAACCCAGGGAGGAAGACTGTAAATACGAACCCAATCTGCACA
CTCCAGGCCTCTAGTTCCAGAAGGATCCAAGACAAAACAGATCTGAATTC
T GCCCTTTTCTCTCACCCATCCCACCCCTCCATTGGCTCCCAAGTCACACC 
CACTCCCTTCCCCATAGATAGGCCCCTGGGGCTCCCGAAGAATGAACCCA 
AGAGCAAGGGCTTGATGGTGACAGCTGCAAGCCAGGGATGAAGAAAGAC
TCTGAGATGTGGAGACTGATGGCCAGGCAAGTGGGACCAGGATACTGGA
CGCTGTCCTGAGATGAGAGGTAGCCGGGCTCTGCACCCACGTGCATTCAC
ATTGACCGCAACTCACACATTCCCCCACCAGCTGCAGCCCCTTGCTCTC
AGCTGCCAACCCTCCCGGGTCACTTTTGTTCCCAGGTACCTCATGGGAAG
CATGTGGATGACACAATCCCTGGGGCTGTGCATTCCCACGTCTTCTTGCTG
CAGCCTGCCCCTAGACATGGACGCACCGGCCTGGCTGCAGCTGGGCAGCA
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CTTGGCCAGCGCTGTTGAGGGGTCCCCTCTGGAATGCACTGAATAAAGCA
CGTGCAAGGACTCCCGGAGCCTGTGCAGCCTTGGTGGCAAATATCTCATC
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AAGGGGCGTGCCTGGCGCCCAGTGGAGTAATTTATGCCTTAGTCTTGTTTT
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Part of 3´UTR ITGA11 sequence (1-1355) (NM 001004439.1) used for miR-138 

target reporter assay. (Sequence in italic is same as NM 001004439.2, in bold is a 

miR-138 binding site) 

5´GGCTCCAGAGGAGACTTTGAGTTGATGGGGGCCAGGACACCAGTCCAGGT 
AGTGTTGAGACCCAGGCCTGTGGCCCCACCGAGCTGGAGCGGAGAGGAAG 
CCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAATGGCGCCTGCTCC 
CTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTACTGGGAG 
ACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCTA 
CACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTGGAGGGCAT 
TTGCTGCCCCAGCTACTAAGGTGCTAGGAATTCGTAATCATCCCCATCCT 
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Figure 10. Vector map for plasmid DNA used in miRNA target reporter assay. 

 

3.12 miRNA in situ hybridization and pan-cytokeratin 
immunohistochemistry double staining 

In order to study if tumor stromal miRNAs could serve as novel biomarkers in OSCC 

stratification and prognosis, in situ hybridization (ISH) for miRNAs was optimized for 

FFPE sections from OSCC lesions. OSCC tissue sections were hybridized with lock 

nucleic acid based and digoxigenin (DIG) labeled complimentary oligonucleotides 

specific to miRNAs (Exiqon, Denmark). DIG bound oligonucleotides were then 

specifically bound to anti-DIG antibodies linked with alkaline phosphatase (ALP). 

Subsequently, miRNAs were visualized by ALP reaction to its substrate (Nitro blue 

tetrazolium chloride/5-Bromo-4-chloro-3-indolyl phosphate (NBT-BCIP)) yielding 

blue precipitate. Levamisole was used to block endogenous ALP activity. No probe 
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and scramble oligonucletotide were used as negative controls; small nuclear RNA-U6 

was used as positive control.  

Detection probes Company Catalogue no 

hsa-miR-204-5p Exiqon, Denmark 619857-360 

hsa-miR-21-5p Exiqon, Denmark 38102-15 

hsa-miR-138-5p Exiqon, Denmark 38511-15 

hsa-miR-155-5p Exiqon, Denmark 88072-15 

U6 Exiqon, Denmark 99002-01 

Scramble-miR Exiqon, Denmark 99004-15 

Table 4. List of miRNA detection oligonucleotide probes for ISH (miRCURY LNATM; 5`-DIG 
and 3`-DIG labeled. 

Poorly differentiated cancer cells and single tumor cells in OSCC are difficult to 

identify only with counterstaining. Therefore, in order to exclude epithelium from 

stromal miRNA quantification, OSCC tissue sections were further optimized for 

combined miRNA ISH and pan-cytokeratins (pan-CK) immunohistochemistry (IHC). 

Cytokeratins in OSCC tissue sections were specifically bound to monoclonal mouse 

anti-human CK antibodies.  Secondary antibodies conjugated to horseradish peroxidase 

(HRP) were targeted to anti-human CK antibodies and visualized using 

diaminobenzidine (DAB) reaction to HRP.  Endogenous peroxidase activity in the 

tissues was blocked with 3% hydrogen peroxide solution. 

CKs are good markers of epithelial tumors. However, we have also found pan-CK 

negative OSCC tumors, in line with an another study in which a rare case of pan-CK 

negative small cell lung carcinoma was found [131]. Pan-CK staining was combined 

to miRNA ISH in four different sequencial combinations of miRNA ISH and pan-CK 

IHC for finding the most optimal methodological flow of stainings, as illustrated in Fig 

1 in Paper II.  
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3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student´s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student́s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student́s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student´s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student´s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student´s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student´s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student´s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 

 

  

46 

3.13 miRNA quantification in OSCC tissues 

miRNA staining in double stained OSCC tissues were digitally quantified using 

scanned images of stained tissue sections by Hamamatsu NanoZoomer-XR, Japan. 

Freely available ImageJ and pay lincensing Aperio ImageScope (AperioI) were used 

for quantification and compared. First, RGB vectors for NBT-BCIP, DAB and fast red 

were acquired using tissue images with individual staining. Obtained RGB vectors 

were integrated into java for Color Deconvolution, which was used for color 

separation. The color deconvolution of the stains used in double staining method is 

illustrated in Fig 5 in Paper II. Color threshold for NBT-BCIP was set to 195 at which 

there was minimal signal loss and maximum background removal. Thereafter, positive 

pixel area percentage (PPAP), and integrated optical density (IOD) per area in the 

stroma were measured. Mean pixel intensity was converted to OD using the function 

OD=log10 (255/mean pixel intensity), IOD was obtained as product of OD and positive 

pixel area stained and normalized to region of interest. PPAP and IOD were quantified 

in the tissue regions of approximately 0.4-0.8 mm2. Similar regions in the tissue 

sections, stained by different combination methods, were selected for comparison.  

3.14 TCGA miRNA data analysis 

TCGA miRNA sequence data (n=488) for miR-204 and miR-138 in HNSCC, matched 

or unmatched normal tissues, and the corresponding clinical data (n=528) were 

extracted from Firebrowse database (TCGA data version 2016_01_28 for HNSC; 

http://firebrowse.org/?cohort=HNSC#). Non-oral cancer cases, oral cancer cases with 

history of neoadjuvant therapy and HPV-positive cases were excluded from the cohort. 

After exclusion criteria 277 and 251 cases of oral cancer and 25 and 21 normal oral 

tissues remained for miR-138 and miR-204 data analysis respectively. 

3.15 Statistical analysis 

Student´s paired T-test and unpaired T-test were used to test significant differences in 

means between matched and unmatched groups respectively. One-way ANOVA 



 47 

compared means among three or more groups. D´Agostino & Pearson test (p > 0.05) 

was applied to check normal distribution of data. For non-normal continuous variables 

medians were compared (Wilcoxon for paired and Mann-Whitney for unpaired 

comparison between two, and Kruskal-Wallis for unpaired comparison among groups).  

All tests were performed using GraphPad Prism Version 7.  

Overall survival (OS) and recurrence free survival (RFS) analysis for 

clinicopathological and miRNA parameters in OSCC was carried using log-rank test 

(Mantel-Cox), and plotted using Kaplan-Meir method. Univariate and multivariate 

Cox’s proportional regression analysis was performed to identify independent 

predictors of OS and RFS as described in Paper II. Before regression analysis, 

proportional hazard assumption was tested with log minus log function plot. Also, 

normality tests (Kolmogorov-Smirnov, Shapiro-Wilk, histogram and Q-Q plot) were 

performed and outliers removed for miR-204 expression data (IOD and PPAP). 

Pearson’s chi-square test was carried to find association of miRNAs with 

clinicopathological parameters. The tests were carried using IBM SPSS Statistics 

Version 25. 
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4.  Results 

4.1 Paper I 

4.1.1 miRNA array 

Unsupervised hierarchical sample clustering of CAFs and NOFs for global miRNA 

expression identified separate clusters of CAFs and NOFs, but with some degree of 

inter-clustering. This demonstrates heterogeneity of CAFs regarding miRNA 

expression, and it is in line with a previous study from our lab where CAFs 

heterogeneity was identified at the transcriptome level [83]. Two of the CAFs 

clustered together with NOFs, and one of the NOFs clustered together with CAFs. 

Significance analysis of microarrays (SAM) analysis resulted in 12 significantly 

differentially regulated miRNAs (q<0.01). Four of the miRNAs: miR-138-5p, miR-

378a-3p, miR-190b and miR-582-5p were significantly up-regulated, while miR-224-

5p, miR-16-2-3p, miR-155-5p, miR-92b-3p, miR-204-5p, miR-504-5p, miR-1270, 

and miR-3611 were significantly down-regulated in CAFs compared to NOFs. qRT-

PCR validation of some of the selected miRNAs, miR-204-5p, miR-138-5p and miR-

582-5p confirmed the results of microarray for those miRNAs.  

4.1.2 Identification of ITGA11 as a target for miR-204 in CAFs 
When we looked at the known and predicted targets of the 12 miRNAs found 

differentially expressed in CAFs versus NOFs in our study, our attention was drawn 

towards miR-204 and miR-138 because of their predicted target sites in ITGA11, a 

CAF-specific molecule our lab had interest from before. Our lab had identified 

ITGA11 to be upregulated in OSCC stroma [88] and in CAFs compared to NOFs 

[83], and had a focus on investigating the role of integrin ⍺11 in OSCC [132]. 

Prediction of miRNA response elements in ITGA11 using different miRNA target 

prediction tools showed conserved pairing of miR-204 seed region in the 3´UTR 

length of ITGA11. The prediction also showed poorly conserved site for miR-138 in 

the 3´UTR length of ITGA11 [129].  
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In our study, miR-204 expression was in inverse correlation with ITGA11 in three of 

the matched fibroblast pairs. Modulation of miRNAs in CAFs and NOFs using 

miRNA mimics and inhibitors showed regulation of ITGA11 by miR-204. Increased 

expression of miR-204 using the mimic resulted in decreased expression of ITGA11 

both at the mRNA and protein levels. On the contrary, inhibition of miR-204 resulted 

in increased expression of ITGA11, both at the miRNA and protein level, which 

suggested that regulation of ITGA11 by miR-204 could be direct. miRNA target 

reporter assay confirmed direct targeting of ITGA11 by miR-204 in the CAFs. Co-

transfection of miR-204 mimics and the reporter vector bearing 3´ UTR length of 

ITGA11 into the CAFs resulted in significantly reduced luciferase activity by 77.85%, 

compared to the control bearing mutation in the seed binding motif of 3´ UTR length 

of ITGA11. 
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4.2 Paper II 

4.2.1 Combined miRNA ISH and IHC staining and quantification 

We used chromogen-based multiplexing techniques to simultaneously detect and 

visualize the expression of miRNA and protein in the same tissue section. ISH of 

miRNA and IHC of pan-CK were performed on the same tissue sections in different 

order sequences, and although some effects of IHC on ISH and vice versa were 

observed, the methods were comparable regarding the ability to visualize the miRNA 

and protein. Whether there was co-localization or not, miRNAs and proteins were 

accessible to either probes or antibody and were visualized to a degree that was 

quantifiable.  

4.2.2 miRNA-204 as a prognostic marker in OSCC 

The combined ISH and IHC multiplexing methodology we established was further 

used to investigate miR-204 as a putative prognostic marker in a cohort of 160 HPV-

negative OSCC cases with complete clinical data from Haukeland University 

Hospital. Using this method, we were able to precisely and separately quantify the 

expression of miR-204 in the tumour islands and in the tumour stroma. A 

heterogenous expression of miR-204 was observed both in the epithelial and stromal 

compartment, but a strong correlation was observed between the expression of miR-

204 in the tumour cells and in the stroma of the same lesion. Nevertheless, miR-204 

expression in the tumor stroma was found to be overall increased at the tumor front 

and it was associated with a lower recurrence rate (p=0.033) and improved survival 

(p=0.048) in our cohort. The expression of miR-204 correlated with similar outcomes 

also when adjusted for age and tumor stage in a multivariate Cox regression model. 

These observations are in line with the tumor suppressive roles of miR-204 from 

Paper I. 
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4.3 Paper III 

4.3.1 Functional role of miR-138 in CAFs 

Increasing miR-138 expression by use of mimics in the fibroblasts decreased their 

proliferation and altered their morphology. Both CAFs and NOFs became stellar in 

shape and bigger in size post miR-138 transfection, compared to the mimic controls. 

Transfection of miR-138 mimics decreased fibroblasts motility (invasion) through the 

collagen I gel and resulted in significantly reduced collagen contraction ability in 

both CAFs and NOFs. Reversing the miR-138 expression by using inhibitors resulted 

in the opposite effect. Inhibition of miR-138 in both CAFs and NOFs increased 

invasion of two OSCC cell lines (UK1 and Luc4), while transfection of both 

fibroblasts with the mimics of miR-138 almost completely impaired the invasion of 

both UK1 and Luc4. 

The ectopic expression of miR-138 induced decreased expression of proliferation 

related molecules (CCND1 and EGFR), known CAF-related markers (FAP, TGFβ1 

and TGFBR2), and molecules of the focal adhesion pathway (FAK and AKT). No 

change in the levels of integrin ⍺11 was detected after transfection with mimics or 
inhibitors. The luciferase gene reporter assay also did not identify ITGA11 as a target 

of miR-138. 

4.3.2 Heterogenous expression of miR-138 in OSCC tissues  

Detection of miR-138 in OSCC tissues by in situ hybridization demonstrated miR-

138 expression only in a subset of OSCC lesions. Of 53 OSCC tissues stained for 

miR-138, only 10 (18.9%) stained positive for miR-138: 9 (17%) in the tumour 

compartment and 5 (9.43%) the tumour stroma. From the seven cases of the 

positively stained tissues containing both tumor and normal/peritumor region, the 

miR-138 staining was stronger in the tumor cells compared to the respective 

normal/peritumour epithelial compartment in five of the cases. Only one of the OSCC 

cases displayed weaker staining in the tumour cells compared to the respective 

normal/peritumour epithelial compartment, while there was no difference in another 

one. Therefore, of the 31 tissues containing both tumor and normal/peritumor 
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52 

compartments, miR-138 expression was increased in 5 (16.12%) and decreased in 

1(3.22%) in the tumor compared to the normal/peritumour areas. Compared to the 

OSCC tissues, out of the six NHOM tissues, 3 (50%) stained positive for miR-138, 

and the staining was localized only in the epithelium. 

Overall, miR-138 expression displayed a marked heterogeneity in both epithelial and 

stromal compartments. Except association of miR-138 with lower recurrence and 

invasion depth, no correlations with clinico-pathological parameters were detected in 

our cohort or in the TCGA data set. 

Heterogeneity of miR-138 expression was also observed in strains of CAFs and 

NOFs by qRT-PCR. 
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5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 

 53 

5. Discussion 

While miRNAs have been extensively investigated in cancer, limited data exist on the 

altered expression of miRNAs in CAFs versus normal fibroblasts [133], and the data 

available is often inconsistent between different types of cancers or between clinical 

samples and experimental settings. 

One of the first and most investigated miRNA deregulated in CAFs is miR-21. miR-

21 was found frequently upregulated in CAFs across various cancer types including 

lung, colon, pancreas and OSCC, and demonstrated to be a key regulator of tumor 

progression and resistance to therapy [134-136] [137, 138] [139]. Of interest, miRNA 

arrays performed on CAFs from breast [140], lung [141], prostate [142], and our own 

present study on OSCC-derived CAFs (Paper I) have revealed diverse patterns of 

miRNA alterations in CAFs, none of them including miR-21. Albeit performed on 

small number of CAF strains, the results from these miRNA array studies indicate a 

heterogeneous expression pattern of CAFs between different cancer types. 

Identification of reproducible cancer-specific miRNA signatures in CAFs thus 

remains still a challenge.  

Conflicting results between clinical and experimental samples have been also 

reported, such as in the case of miR-106b [143]. Many of the findings in miRNA 

research exhibit considerable contradictions that cannot be fully accounted for by the 

classical regulatory network models and feedback loops, which primarily focus on 

one-to-one regulatory interactions between molecules involved. An expanded model 

to understand the regulatory role of miRNAs that takes into account the dynamics of 

miRNA members as influenced by intracellular and extracellular environmental 

factors has been proposed [144].  Regulation of miRNA expression is then dependent 

on the systemic context and doesn’t follow the regulation pattern of single molecules, 

making thus the dysregulation miRNA pattern extremely complex and little 

reproducible.   

Nevertheless, the unsupervised clustering analysis for the data we obtained from the 

miRNA array analyses identified two separate clusters, one for CAFs and another for 



 

  

54 

NOFs, although one of the NOF strains exhibited a miRNA expression profile similar 

to the CAFs, and two of the CAF strains displayed a miRNA expression profile 

similar to that of NOFs (Paper I). Despite statistically significant difference in 

miRNAs expression in CAFs group compared to NOFs groups, miRNA expression in 

a subset of CAFs contradicted the general trend of miRNA alteration, indicating CAF 

heterogeneity. We have previously demonstrated fibroblast heterogeneity by gene 

microarray analysis of CAFs derived from OSCC lesions [83].  

qRT-PCR profiling of miRNAs also revealed that expression of individual miRNAs, 

such as miR-204-5p expression, was quite heterogeneous (Paper I). Although 

generally found to be downregulated in CAFs, miR-204-5p expression was higher in 

two of the CAF strains compared to their NOF match. While these differences 

observed between matched and unmatched CAFs-NOFs demand statistical 

significance, this might also explain differences in the biology of miRNA regulation 

between NOFs from normal mucosa of a cancer patient and NOFs from a healthy, 

non-cancer volunteer. Normal cells evolve progressively to neoplastic stage, and the 

transformed epithelial cells and underlying TME co-evolve [38], meaning that, it is 

not just the epithelial cells that have undergone genetic and epigenetic 

transformations, but also the stroma underlying the transformed epithelial cells is 

changing and these changes could have already been impinged on apparently normal 

tissues of OSCC patients that are known to display the phenomenon of field 

cancerization. In this respect, Ganci F et al showed that miRNA regulation was 

different from tumor to peri-tumor region and from peri-tumor to normal surrounding 

in HNSCC [145].   

Increased heterogeneity of isolated CAFs when seeded on plastic in 2D might as well 

be related to selection of certain populations that survive in culture. One then might 

question the representability of the fibroblasts isolated from the tumors in cell culture. 

Changes in cells phenotype upon transitioning from tissue to cell culture [126] or 

from 2D to 3D culture models [83] has also been reported.Thus the use of culture 

conditions as close as possible to the in vivo situation, including use of 3D 

collagen/hydrogel or 3D organotypic co-cultures seems relatively more natural.  
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Earlier studies have reported tumor suppressive functions for miR-204 when 

expressed in cancer cells (reviewed in the introduction of Paper I). However, it was 

unknown how miR-204 expression in CAFs can modulate the behavior of of CAF. In 

order to find the role of miR-204 in CAFs, CAFs and respective matched NOFs 

isolated from two OSCC patients were miR-204 modulated and subjected to 

proliferation, migration, invasion and molecular detection assays (Paper I). Increasing 

miR-204 expression with miR-204 mimics in CAFs impaired adjacent OSCC cell 

invasion in 3D models. On the other hand, when miR-204 function was inhibited in 

paired NOFs, invasion of OSCC cells grown on NOF-populated 3D collagen gels 

increased significantly. These findings, coupled to the decreased collagen contraction 

and migration of CAFs [146] when treated with miR-204 mimics, indicated a tumor 

suppressive role of miR-204 expression in CAF in OSCC by affecting fibroblast 

motility.  

Previously, our research demonstrated the tumor-promoting role of integrin ⍺11 in 
CAF in OSCC [132]. Integrin a11 expression was increased in CAFs compared to 

NOFs in all five matched pairs, confirming previous results on non-matched CAFs 

and NOFs [83]. miRNA target prediction analysis showed that ITGA11 hosts a target 

site for miR-204. Therefore, we performed luciferase miRNA target reporter assay, 

and found ITGA11 is directly targeted by miR-204, affecting ITGA11 expression at 

both transcript and protein level (Paper I). This suggests that the tumor suppressive 

effect of miR-204 may be mediated via ITGA11, although miR-204 is only one of the 

several miRNAs that could regulate ITGA11, and miR-204 has also been documented 

to affect other pathways of cancer. Several other CAF-related molecules were found 

to be modulated by miR-204 (Paper I), suggesting also a more complex role of miR-

204 in regulating the CAF phenotype than only through ITGA11.  

Our molecular analysis showed that modulation of miR-204 expression significantly 

altered FAK and ROCK2 expression (Paper I), both molecules playing an important 

role in cell motility and CAF motile phenotype. Rho-associated coiled-coil containing 

protein kinase 2 (ROCK2) is an oncoprotein that controls cytoskeleton organization 

and cell motility, and ROCK2 overexpression has been reported in OSCC-CAFs. 
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Previous studies showed a prognostic value of ROCK2 in OSCC and its association 

with CAF density [147].  

In order to detect and quantify miRNA expression in clinical settings, we established 

a combination of multiplexed miRNA ISH and protein IHC protocols on a single 

tissue section and validated it on a large OSCC cohort (Paper II). By doing so, we 

found that higher expression of miR-204 in the stroma at the tumor front predicted 

better patient survival and lower recurrence in OSCC (Paper II). 

Detecting and analyzing the spatial distribution patterns of miRNA and/or protein not 

only provide information about the specific anatomical location within cell and tissue 

compartments but can also offer valuable mechanistic insights [148]. Although we 

did not use this method for investigating a miRNA and its target, the coupling of ISH 

with IHC gives this possibility, to visually correlate miRNA levels with their 

corresponding targeted protein levels. Moreover, the semi-quantitative quantification 

of miRNA expression can enhance the physiological significance of in vitro findings 

and enable comparative measurements between different tumor regions, elucidating 

their relevance to cancer progression [148]. 

In our study, we used a combination of miRNA ISH staining for miR-204 and protein 

IHC staining for pan-cytokeratin to identify the epithelial tumor compartment from 

the tumor stromal compartment, focusing on studying miRNA expression in the 

tumor stroma. Various methods have been previously established for combining these 

two methods, utilizing either fluorophores [149] or chromogens [150]. However, 

there was a lack of information regarding the influence of IHC on miRNA ISH 

staining and vice versa.  

All the different combinations of miRNA ISH and pan-CK IHC successfully detected 

miRNA and pan-CK in a single section, although there were variations in color 

metrics depending on the order of the staining steps. Generally, when the chromogen 

for pan-CK (DAB) preceded the chromogen for miRNA ISH (NBT/BCIP), the brown 

color appeared darker, and vice versa. Nonetheless, the combined staining methods 

were specific and comparable to the control method (Paper II). 
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In order to detect and quantify miRNA expression in clinical settings, we established 
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tissue section and validated it on a large OSCC cohort (Paper II). By doing so, we 

found that higher expression of miR-204 in the stroma at the tumor front predicted 

better patient survival and lower recurrence in OSCC (Paper II). 

Detecting and analyzing the spatial distribution patterns of miRNA and/or protein not 

only provide information about the specific anatomical location within cell and tissue 

compartments but can also offer valuable mechanistic insights [148]. Although we 

did not use this method for investigating a miRNA and its target, the coupling of ISH 

with IHC gives this possibility, to visually correlate miRNA levels with their 

corresponding targeted protein levels. Moreover, the semi-quantitative quantification 

of miRNA expression can enhance the physiological significance of in vitro findings 

and enable comparative measurements between different tumor regions, elucidating 

their relevance to cancer progression [148]. 

In our study, we used a combination of miRNA ISH staining for miR-204 and protein 

IHC staining for pan-cytokeratin to identify the epithelial tumor compartment from 

the tumor stromal compartment, focusing on studying miRNA expression in the 
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We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 

 57 

We next went to optimize a digital method for quantification of the combined ISH-

IHC method and provided a detailed systematic guide to digital quantification (Paper 

II). Surprisingly, given the importance of tissue-based biomarkers quantified through 

IHC in patient stratification and the recent advancements in digital quantification and 

image analysis, there are still very few digital image analysis-based algorithms used 

in clinical pathology, such as those for Her2, neu, p53, and Ki-67 quantification that 

have been cleared by the FDA for diagnostic use [151]. The limited number of 

approved image analysis algorithms may be attributed to inter- and intra-tumor 

heterogeneity and the complexity of biological factors.  

Quantification of miR-204 in our study revealed a high expression of miR-204 in the 

stroma of both tumor center and the tumor front. However, only the miR-204 in the 

stroma of the tumor front exhibited a significant association with improved overall 

survival (OS) and recurrence-free survival (RFS). Interestingly, compared to the 

stroma of the surrounding normal oral mucosa, we found an elevated expression of 

miR-204, which aligns with previous studies conducted in OSCC and other cancer 

types [152]. We hypothesize that the increase in miR-204 expression in the stroma is 

a response to early-stage cancer progression and may serve as a prognostic 

biomarker. However, further in vitro and in vivo investigations are necessary to fully 

elucidate the role and dynamics of miR-204 expression in CAFs on OSCC 

progression. 

On the other hand, the investigation of miR-138 expression in OSCC tissue samples 

showed no associations of miR-138 expression with clinico-pathological parameters 

(except recurrence and depth of invasion); the study demonstrated a marked 

heterogeneity in miR-138 expression within OSSC tissues (Paper III). While miR-

138 was expressed in tumor compartment in only 17% of the OSCC, it was expressed 

in normal epithelium in 50% in the NHOM tissues. Indeed, the absence of miR-138 

staining in relatively higher percentage (83%) of the tumour samples compared to 

NHOM can be taken as an indication of tumour suppressive role of miR-138, in line 

with previous observations in OSCC [153]. However, in contradiction to the 



 

  

58 

proposed tumor suppressive role of miR-138, five out of 31 OSCC tissues showed 

increased staining in the tumor cells, compared to the normal/peritumour epithelia.  

Surprisingly, overall expression of miR-138 in HNSCC was higher compared to 

control epithelium in TCGA data set. In addition, miR-138 expression did not show 

any specific association with tumour stages or lymph node involvement in TCGA 

data set available for HNSCC (Paper III). Taken together, the overall data from the 

clinical cohort of OSCC in this study and from the HNSCC cohort in TCGA does not 

support miR-138 as a biomarker in OSCC.  

Previously, our study and others have demonstrated a tumor-supporting role of CAFs 

in OSCC [83, 154] and their association with poor prognosis [155]. In order to 

understand, if miR-138 expression in CAFs can modulate the established tumor-

supporting role of CAFs, total miR-138 was quantified in matched and separate CAFs 

and NOFs. The result delineated heterogeneity in regulation of miR-138 in CAFs. 

While miR-138 was up regulated in CAFs compared to NOFs in unmatched pairs, 

and also in two of the OSCC tissues hybridized to miR-138, it was down regulated in 

CAFs compared to NOFs in matched pairs.  Despite differential regulation of miR-

138 observed in CAFs, increased ectopic expression of miR-138 in both CAFs and 

NOFs impaired the tumor promoting ability of the studied OSCC cells UK1 and Luc4 

in 3D-coculture model. On the other hand, inhibition of miR-138 in both CAFs and 

NOFs augmented invasion of both OSCC cell lines. Therefore, this study showed 

that, regardless of fibroblasts used (CAFs or NOFs), and differences in the expression 

of miR-138 in between CAFs and NOFs, expression of miR-138 in the fibroblasts 

reflects in inhibition of invasion of adjacent OSCC cells (Paper III). This outcome 

may suggest, why miR-138 expression is reduced in CAFs compared to NOFs in 

mono-layer culture in matched pairs, although it does not explain the observed 

increased expression of miR-138 in fibroblasts in the tumor stroma compared to the 

fibroblasts in adjacent peritumor or normal compartment in two of the OSCC tissues 

investigated. Nonetheless, the increase in miR-138 in CAFs was observed in only two 

out of 31 OSSC tissues. Overall, the co-culture assay indicated a tumor suppressive 

function of miR-138 in oral fibroblasts (Paper III). 
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Different functional assays were further carried out to understand the mechanism by 

which alteration in miR-138 function in the fibroblasts modulates invasion 

capabilities by OSCC cells (Paper III). Firstly, we observed that proliferation of both 

CAFs and NOFs was decreased by miR-138. At the molecular level, this was 

explained by negative regulation of CCND1 transcripts by miR-138. miR-138 has 

been previously shown to inhibit cell growth and cell cycle progression by targeting 

CCND1 [156] and CCND3 [157]. However, miR-138 inhibition has also been linked 

to decrease in proliferation and increase in apoptosis of glioma cells [158].  

Another major impact found in this study was the ability of miR-138 to change the 

spindle shaped CAFs and NOFs into stellar morphology in monolayer culture (Paper 

III). Previous studies on OSCC cells are in line with the observed change in the cell 

morphology and showed an association to downregulation of RhoC and ROCK2 by 

miR-138 [159].     

Most importantly, ectopic miR-138 expression in fibroblasts reduced the collagen 

contraction induced by fibroblasts and significantly reduced invasion of CAF through 

the collagen I matrix towards the cancer cells. This was associated with decrease in 

the expression of miR-138 targets such as FAK and ROCK2, but not integrin ⍺11 in 
fibroblasts (Paper III). Taken together, these findings indicate a tumor suppressive 

role for miR-138 in CAFs by indirectly impairing the invasion of OSCC through 

altered movement of CAFs across collagen I matrix (Paper III). These findings need 

confirmation in in vivo models and further mechanistic studies.  
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6. Conclusions 

1. This study revealed the landscape of miRNA deregulation in CAFs in OSCC 

and identified 12 differentially expressed miRNAs between CAFs and NOFs.  

2. A role for miR-204 in impairing the CAF phenotype was demonstrated. 

3. This study showed for the first time that miR-204 targets ITGA11 in OSCC-

derived CAFs. 

4. The tumor suppressive function of miRNA 204 in OSCC-derived CAFs was 

accompanied by concomitant alteration in several molecules involved in CAF 

migration in addition to regulation of ITGA11 expression. 

5. A robust multiplex combined in situ hybridization and immunohistochemistry 

for concomitant miRNA and protein detection has been established. 

6. Using this newly established double staining method, miR-204 was found to 

be an independent prognostic factor for OSCC. 

7. Another miRNA differentially expressed in CAFs versus NOFs, the miR-138, 

also impaired CAF phenotype and invasion of adjacent OSCC cells in 3D-

cultures. 

8. The tumor suppressive functions of miR-138 were found to be associated with 

molecules involved in FAK axis and not through regulation of ITGA11. 

9. Expression of miR-138 showed marked heterogeneity in OSCC lesions and 

was not related to any clinico-pathological parameters in univariate / 

multivariate analysis. 
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7. Further perspectives 

1. To utilize animal models, such as xenograft or genetically engineered mouse 

models, to assess the in vivo effects of miR-204 and miR-138 modulation in 

fibroblasts or miR-204 and miR-138 alone on OSCC tumorigenesis, 

metastasis, and therapeutic responses.  

2. To use or design miR-204 and miR-138 based drugs that specifically target 

fibroblasts in vitro and in-vivo pre-clinical OSCC models. 

3. To perform mechanistic studies to investigate the molecular mechanisms 

underlying the regulatory roles of miR-204 and miR-138 in OSCC.  

4. To explore integrative study involving miR-204, miR-138 and other 

differentially regulated miRNAs with common pathways target that has higher 

potential to change the course of OSCC. 

5. To explore the use of targeting mir-204 and miR-138 in combination therapies 

in pre-clinical models. Given the role of these miRNAs on mitigating OSCC 

cell invasion, investigations on whether the modulation of miR204 and 

miR138 can enhance the efficacy of standard therapies, such as chemotherapy 

or radiation. 

6. In the context of the current development of immunotherapy, one could also 

think to investigate the interplay between miR-204 and miR-138 expression in 

CAFs with other tumor microenvironment components such as immune cells. 

This would imply assessment on how these miRNAs influence the CAF-

immune cells interaction, immune responses, and the development of a 

favorable or suppressive microenvironment in OSCC.  
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Abstract: Background: Knowledge on the role of miR changes in tumor stroma for cancer progression
is limited. This study aimed to investigate the role of miR dysregulation in cancer-associated
fibroblasts (CAFs) in oral squamous cell carcinoma (OSCC). Methodology: CAF and normal oral
fibroblasts (NOFs) were isolated from biopsies of OSCC patients and healthy individuals after
informed consent and grown in 3D collagen gels. Total RNA was extracted. Global miR expression
was profiled using Illumina version 2 panels. The functional impact of altered miR-204 expression in
fibroblasts on their phenotype and molecular profile was investigated using mimics and inhibitors of
miR-204. Further, the impact of miR-204 expression in fibroblasts on invasion of adjacent OSCC cells
was assessed in 3D-organotypic co-cultures. Results: Unsupervised hierarchical clustering for global
miR expression resulted in separate clusters for CAF and NOF. SAM analysis identified differential
expression of twelve miRs between CAF and NOF. Modulation of miR-204 expression did not affect
fibroblast cell proliferation, but resulted in changes in the motility phenotype, expression of various
motility-related molecules, and invasion of the adjacent OSCC cells. 30 UTR miR target reporter assay
showed ITGA11 to be a direct target of miR-204. Conclusions: This study identifies differentially
expressed miRs in stromal fibroblasts of OSCC lesions compared with normal oral mucosa and it
reveals that one of the significantly downregulated miRs in CAF, miR-204, has a tumor-suppressive
function through inhibition of fibroblast migration by modulating the expression of several different
molecules in addition to directly targeting ITGA11.
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1. Introduction
Oral cancer represents a significant proportion of head and neck cancer and is an

important cause of morbidity and mortality worldwide [1]. It was recently estimated
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Abstract:Background:KnowledgeontheroleofmiRchangesintumorstromaforcancerprogression
islimited.ThisstudyaimedtoinvestigatetheroleofmiRdysregulationincancer-associated
fibroblasts(CAFs)inoralsquamouscellcarcinoma(OSCC).Methodology:CAFandnormaloral
fibroblasts(NOFs)wereisolatedfrombiopsiesofOSCCpatientsandhealthyindividualsafter
informedconsentandgrownin3Dcollagengels.TotalRNAwasextracted.GlobalmiRexpression
wasprofiledusingIlluminaversion2panels.ThefunctionalimpactofalteredmiR-204expressionin
fibroblastsontheirphenotypeandmolecularprofilewasinvestigatedusingmimicsandinhibitorsof
miR-204.Further,theimpactofmiR-204expressioninfibroblastsoninvasionofadjacentOSCCcells
wasassessedin3D-organotypicco-cultures.Results:Unsupervisedhierarchicalclusteringforglobal
miRexpressionresultedinseparateclustersforCAFandNOF.SAManalysisidentifieddifferential
expressionoftwelvemiRsbetweenCAFandNOF.ModulationofmiR-204expressiondidnotaffect
fibroblastcellproliferation,butresultedinchangesinthemotilityphenotype,expressionofvarious
motility-relatedmolecules,andinvasionoftheadjacentOSCCcells.30UTRmiRtargetreporterassay
showedITGA11tobeadirecttargetofmiR-204.Conclusions:Thisstudyidentifiesdifferentially
expressedmiRsinstromalfibroblastsofOSCClesionscomparedwithnormaloralmucosaandit
revealsthatoneofthesignificantlydownregulatedmiRsinCAF,miR-204,hasatumor-suppressive
functionthroughinhibitionoffibroblastmigrationbymodulatingtheexpressionofseveraldifferent
moleculesinadditiontodirectlytargetingITGA11.

Keywords:oralsquamouscellcarcinoma;miR-204;fibroblasts;tumorstroma;ITGA11
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expressionoftwelvemiRsbetweenCAFandNOF.ModulationofmiR-204expressiondidnotaffect
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Abstract: Background: Knowledge on the role of miR changes in tumor stroma for cancer progression
is limited. This study aimed to investigate the role of miR dysregulation in cancer-associated
fibroblasts (CAFs) in oral squamous cell carcinoma (OSCC). Methodology: CAF and normal oral
fibroblasts (NOFs) were isolated from biopsies of OSCC patients and healthy individuals after
informed consent and grown in 3D collagen gels. Total RNA was extracted. Global miR expression
was profiled using Illumina version 2 panels. The functional impact of altered miR-204 expression in
fibroblasts on their phenotype and molecular profile was investigated using mimics and inhibitors of
miR-204. Further, the impact of miR-204 expression in fibroblasts on invasion of adjacent OSCC cells
was assessed in 3D-organotypic co-cultures. Results: Unsupervised hierarchical clustering for global
miR expression resulted in separate clusters for CAF and NOF. SAM analysis identified differential
expression of twelve miRs between CAF and NOF. Modulation of miR-204 expression did not affect
fibroblast cell proliferation, but resulted in changes in the motility phenotype, expression of various
motility-related molecules, and invasion of the adjacent OSCC cells. 30 UTR miR target reporter assay
showed ITGA11 to be a direct target of miR-204. Conclusions: This study identifies differentially
expressed miRs in stromal fibroblasts of OSCC lesions compared with normal oral mucosa and it
reveals that one of the significantly downregulated miRs in CAF, miR-204, has a tumor-suppressive
function through inhibition of fibroblast migration by modulating the expression of several different
molecules in addition to directly targeting ITGA11.
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1. Introduction
Oral cancer represents a significant proportion of head and neck cancer and is an
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Abstract: Background: Knowledge on the role of miR changes in tumor stroma for cancer progression
is limited. This study aimed to investigate the role of miR dysregulation in cancer-associated
fibroblasts (CAFs) in oral squamous cell carcinoma (OSCC). Methodology: CAF and normal oral
fibroblasts (NOFs) were isolated from biopsies of OSCC patients and healthy individuals after
informed consent and grown in 3D collagen gels. Total RNA was extracted. Global miR expression
was profiled using Illumina version 2 panels. The functional impact of altered miR-204 expression in
fibroblasts on their phenotype and molecular profile was investigated using mimics and inhibitors of
miR-204. Further, the impact of miR-204 expression in fibroblasts on invasion of adjacent OSCC cells
was assessed in 3D-organotypic co-cultures. Results: Unsupervised hierarchical clustering for global
miR expression resulted in separate clusters for CAF and NOF. SAM analysis identified differential
expression of twelve miRs between CAF and NOF. Modulation of miR-204 expression did not affect
fibroblast cell proliferation, but resulted in changes in the motility phenotype, expression of various
motility-related molecules, and invasion of the adjacent OSCC cells. 30 UTR miR target reporter assay
showed ITGA11 to be a direct target of miR-204. Conclusions: This study identifies differentially
expressed miRs in stromal fibroblasts of OSCC lesions compared with normal oral mucosa and it
reveals that one of the significantly downregulated miRs in CAF, miR-204, has a tumor-suppressive
function through inhibition of fibroblast migration by modulating the expression of several different
molecules in addition to directly targeting ITGA11.
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fibroblasts(CAFs)inoralsquamouscellcarcinoma(OSCC).Methodology:CAFandnormaloral
fibroblasts(NOFs)wereisolatedfrombiopsiesofOSCCpatientsandhealthyindividualsafter
informedconsentandgrownin3Dcollagengels.TotalRNAwasextracted.GlobalmiRexpression
wasprofiledusingIlluminaversion2panels.ThefunctionalimpactofalteredmiR-204expressionin
fibroblastsontheirphenotypeandmolecularprofilewasinvestigatedusingmimicsandinhibitorsof
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miRexpressionresultedinseparateclustersforCAFandNOF.SAManalysisidentifieddifferential
expressionoftwelvemiRsbetweenCAFandNOF.ModulationofmiR-204expressiondidnotaffect
fibroblastcellproliferation,butresultedinchangesinthemotilityphenotype,expressionofvarious
motility-relatedmolecules,andinvasionoftheadjacentOSCCcells.30UTRmiRtargetreporterassay
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that an alarming 109% increase in the number of incident lip and oral cavity cancers
over a 28 y period has occurred (from around 186,000 in 1990 to 389,800 in 2017) [2]. Oral
squamous cell carcinoma (OSCC) that arises from oral epithelium represents 90% of the oral
cancers [3]. Although few studies showed an improvement in survival for OSCC during
the last years [4], owing to recent advances in treatment of SCC [5,6], many studies have
reported that the five-year survival for OSCC remained low during the last decades, and
thus it requires a better understanding of its biology for designing even more innovative
treatment modalities [7,8].

The discovery of micro-RNAs (miRs) as regulators of gene expression [9–11], and
evidence of their importance for development and disease [12], has led to a burst of miR
studies in cancers, including OSCC. Since then, several miRs have been shown to have
either tumor-promoting or tumor-suppressive roles [13]. For example, miR-21, miR-146a,
miR-155, and miR-134 have been shown to exhibit oncogenic functions, while miR-7, miR-
99a, and miR-218 have been proven to exhibit tumor suppressive functions (reviewed
in [14]) in OSCC.

With regards to changes in miR expression in tumors, miRs have been suggested
as potential diagnostic and prognostic biomarkers in several cancers. Changes in miR
expression in various biological samples such as tumor biopsies, serum/plasma, and saliva
have been reported. For example, miR-21 has been reported to be increased in both plasma
and tissues in OSCC, and miR-29a has been shown to be decrease in serum of OSCC
patients. More than that, miRs have also been regarded as potential targets for therapeutic
intervention (reviewed in [14–16]).

Several lines of evidence support now that it is not only the intrinsic properties of
the epithelial cells that drive carcinogenesis. Rather, the invasion potential of transformed
cancer cells is largely influenced by the tumor microenvironment composed of fibroblasts,
immune cells, blood and lymph vessels, muscles, fat, nerves, extracellular matrix, and
soluble factors [17,18]. Fibroblasts are the most abundant mesenchyme-derived cell type in
the stroma responsible for the structural framework of tissues. Cancer-associated fibroblasts
(CAFs), which can be derived from several sources, such as neighboring normal fibroblasts,
pericytes, endothelial cells, or from mesenchymal stem cells from bone marrow, have
been shown to play an important role in supporting tumor initiation and invasion in both
in vitro cell culture studies [19–21] and in vivo animal studies [19]. In addition, CAF have
been associated with lymph node metastasis [22,23] and poor prognosis [22–26].

While most studies focused on miR changes in tumor cells or tumor as a whole, includ-
ing in the OSCC studies, our knowledge on miR alterations in the tumor microenvironment,
and in particular in CAFs, is very sparse. Given the impact of both miRs and CAFs in
tumor progression, miR dysregulation in CAFs could be a major factor in determining the
behavior of tumor cells. Thus, this study was aimed at investigating miR dysregulation in
CAFs in OSCC. Our previous transcriptomic study that compared the same CAF and NOF
strains used in this study identified altered expression of integrin alpha 11 (ITGA11) in
CAFs [19]. We have also validated this finding on patient material, by detected significantly
increased expression of ITGA11 in the stroma of head and neck squamous cell carcinoma
compared with normal oral mucosa controls [24]. This further led our investigation to-
wards miR-204, one of the miRs identified by the microarray study presented here to have
an altered expression in CAFs and to have a predicted target site at 30 UTR of ITGA11.

Several studies have shown decreased expression of miR-204 in tumor tissues com-
pared with normal tissues [27–30], but none investigated specifically its alterations in
CAFs. An anti-tumorigenic effect of miR-204 has been demonstrated in cell culture and
in animal studies [27–31], using cancer cells, but not CAFs. Lower expression of miR-204
has been observed in oral premalignant lesions [32] and OSCC tumors compared with
normal tissues [33,34], and the anti-tumor effect of miR-204 has also been demonstrated
in vitro in OSCC cells, but not in OSCC-derived CAFs [35]. In a recent study on a cohort of
169 patients with human papilloma virus (HPV)-negative primary OSCC, we showed that
presence of miR-204 in the stroma at the tumor front predicted better overall survival and
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thatanalarming109%increaseinthenumberofincidentlipandoralcavitycancers
overa28yperiodhasoccurred(fromaround186,000in1990to389,800in2017)[2].Oral
squamouscellcarcinoma(OSCC)thatarisesfromoralepitheliumrepresents90%oftheoral
cancers[3].AlthoughfewstudiesshowedanimprovementinsurvivalforOSCCduring
thelastyears[4],owingtorecentadvancesintreatmentofSCC[5,6],manystudieshave
reportedthatthefive-yearsurvivalforOSCCremainedlowduringthelastdecades,and
thusitrequiresabetterunderstandingofitsbiologyfordesigningevenmoreinnovative
treatmentmodalities[7,8].

Thediscoveryofmicro-RNAs(miRs)asregulatorsofgeneexpression[9–11],and
evidenceoftheirimportancefordevelopmentanddisease[12],hasledtoaburstofmiR
studiesincancers,includingOSCC.Sincethen,severalmiRshavebeenshowntohave
eithertumor-promotingortumor-suppressiveroles[13].Forexample,miR-21,miR-146a,
miR-155,andmiR-134havebeenshowntoexhibitoncogenicfunctions,whilemiR-7,miR-
99a,andmiR-218havebeenproventoexhibittumorsuppressivefunctions(reviewed
in[14])inOSCC.

WithregardstochangesinmiRexpressionintumors,miRshavebeensuggested
aspotentialdiagnosticandprognosticbiomarkersinseveralcancers.ChangesinmiR
expressioninvariousbiologicalsamplessuchastumorbiopsies,serum/plasma,andsaliva
havebeenreported.Forexample,miR-21hasbeenreportedtobeincreasedinbothplasma
andtissuesinOSCC,andmiR-29ahasbeenshowntobedecreaseinserumofOSCC
patients.Morethanthat,miRshavealsobeenregardedaspotentialtargetsfortherapeutic
intervention(reviewedin[14–16]).

Severallinesofevidencesupportnowthatitisnotonlytheintrinsicpropertiesof
theepithelialcellsthatdrivecarcinogenesis.Rather,theinvasionpotentialoftransformed
cancercellsislargelyinfluencedbythetumormicroenvironmentcomposedoffibroblasts,
immunecells,bloodandlymphvessels,muscles,fat,nerves,extracellularmatrix,and
solublefactors[17,18].Fibroblastsarethemostabundantmesenchyme-derivedcelltypein
thestromaresponsibleforthestructuralframeworkoftissues.Cancer-associatedfibroblasts
(CAFs),whichcanbederivedfromseveralsources,suchasneighboringnormalfibroblasts,
pericytes,endothelialcells,orfrommesenchymalstemcellsfrombonemarrow,have
beenshowntoplayanimportantroleinsupportingtumorinitiationandinvasioninboth
invitrocellculturestudies[19–21]andinvivoanimalstudies[19].Inaddition,CAFhave
beenassociatedwithlymphnodemetastasis[22,23]andpoorprognosis[22–26].

WhilemoststudiesfocusedonmiRchangesintumorcellsortumorasawhole,includ-
ingintheOSCCstudies,ourknowledgeonmiRalterationsinthetumormicroenvironment,
andinparticularinCAFs,isverysparse.GiventheimpactofbothmiRsandCAFsin
tumorprogression,miRdysregulationinCAFscouldbeamajorfactorindeterminingthe
behavioroftumorcells.Thus,thisstudywasaimedatinvestigatingmiRdysregulationin
CAFsinOSCC.OurprevioustranscriptomicstudythatcomparedthesameCAFandNOF
strainsusedinthisstudyidentifiedalteredexpressionofintegrinalpha11(ITGA11)in
CAFs[19].Wehavealsovalidatedthisfindingonpatientmaterial,bydetectedsignificantly
increasedexpressionofITGA11inthestromaofheadandnecksquamouscellcarcinoma
comparedwithnormaloralmucosacontrols[24].Thisfurtherledourinvestigationto-
wardsmiR-204,oneofthemiRsidentifiedbythemicroarraystudypresentedheretohave
analteredexpressioninCAFsandtohaveapredictedtargetsiteat30UTRofITGA11.

SeveralstudieshaveshowndecreasedexpressionofmiR-204intumortissuescom-
paredwithnormaltissues[27–30],butnoneinvestigatedspecificallyitsalterationsin
CAFs.Ananti-tumorigeniceffectofmiR-204hasbeendemonstratedincellcultureand
inanimalstudies[27–31],usingcancercells,butnotCAFs.LowerexpressionofmiR-204
hasbeenobservedinoralpremalignantlesions[32]andOSCCtumorscomparedwith
normaltissues[33,34],andtheanti-tumoreffectofmiR-204hasalsobeendemonstrated
invitroinOSCCcells,butnotinOSCC-derivedCAFs[35].Inarecentstudyonacohortof
169patientswithhumanpapillomavirus(HPV)-negativeprimaryOSCC,weshowedthat
presenceofmiR-204inthestromaatthetumorfrontpredictedbetteroverallsurvivaland
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in[14])inOSCC.
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havebeenreported.Forexample,miR-21hasbeenreportedtobeincreasedinbothplasma
andtissuesinOSCC,andmiR-29ahasbeenshowntobedecreaseinserumofOSCC
patients.Morethanthat,miRshavealsobeenregardedaspotentialtargetsfortherapeutic
intervention(reviewedin[14–16]).
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that an alarming 109% increase in the number of incident lip and oral cavity cancers
over a 28 y period has occurred (from around 186,000 in 1990 to 389,800 in 2017) [2]. Oral
squamous cell carcinoma (OSCC) that arises from oral epithelium represents 90% of the oral
cancers [3]. Although few studies showed an improvement in survival for OSCC during
the last years [4], owing to recent advances in treatment of SCC [5,6], many studies have
reported that the five-year survival for OSCC remained low during the last decades, and
thus it requires a better understanding of its biology for designing even more innovative
treatment modalities [7,8].

The discovery of micro-RNAs (miRs) as regulators of gene expression [9–11], and
evidence of their importance for development and disease [12], has led to a burst of miR
studies in cancers, including OSCC. Since then, several miRs have been shown to have
either tumor-promoting or tumor-suppressive roles [13]. For example, miR-21, miR-146a,
miR-155, and miR-134 have been shown to exhibit oncogenic functions, while miR-7, miR-
99a, and miR-218 have been proven to exhibit tumor suppressive functions (reviewed
in [14]) in OSCC.

With regards to changes in miR expression in tumors, miRs have been suggested
as potential diagnostic and prognostic biomarkers in several cancers. Changes in miR
expression in various biological samples such as tumor biopsies, serum/plasma, and saliva
have been reported. For example, miR-21 has been reported to be increased in both plasma
and tissues in OSCC, and miR-29a has been shown to be decrease in serum of OSCC
patients. More than that, miRs have also been regarded as potential targets for therapeutic
intervention (reviewed in [14–16]).

Several lines of evidence support now that it is not only the intrinsic properties of
the epithelial cells that drive carcinogenesis. Rather, the invasion potential of transformed
cancer cells is largely influenced by the tumor microenvironment composed of fibroblasts,
immune cells, blood and lymph vessels, muscles, fat, nerves, extracellular matrix, and
soluble factors [17,18]. Fibroblasts are the most abundant mesenchyme-derived cell type in
the stroma responsible for the structural framework of tissues. Cancer-associated fibroblasts
(CAFs), which can be derived from several sources, such as neighboring normal fibroblasts,
pericytes, endothelial cells, or from mesenchymal stem cells from bone marrow, have
been shown to play an important role in supporting tumor initiation and invasion in both
in vitro cell culture studies [19–21] and in vivo animal studies [19]. In addition, CAF have
been associated with lymph node metastasis [22,23] and poor prognosis [22–26].

While most studies focused on miR changes in tumor cells or tumor as a whole, includ-
ing in the OSCC studies, our knowledge on miR alterations in the tumor microenvironment,
and in particular in CAFs, is very sparse. Given the impact of both miRs and CAFs in
tumor progression, miR dysregulation in CAFs could be a major factor in determining the
behavior of tumor cells. Thus, this study was aimed at investigating miR dysregulation in
CAFs in OSCC. Our previous transcriptomic study that compared the same CAF and NOF
strains used in this study identified altered expression of integrin alpha 11 (ITGA11) in
CAFs [19]. We have also validated this finding on patient material, by detected significantly
increased expression of ITGA11 in the stroma of head and neck squamous cell carcinoma
compared with normal oral mucosa controls [24]. This further led our investigation to-
wards miR-204, one of the miRs identified by the microarray study presented here to have
an altered expression in CAFs and to have a predicted target site at 30 UTR of ITGA11.

Several studies have shown decreased expression of miR-204 in tumor tissues com-
pared with normal tissues [27–30], but none investigated specifically its alterations in
CAFs. An anti-tumorigenic effect of miR-204 has been demonstrated in cell culture and
in animal studies [27–31], using cancer cells, but not CAFs. Lower expression of miR-204
has been observed in oral premalignant lesions [32] and OSCC tumors compared with
normal tissues [33,34], and the anti-tumor effect of miR-204 has also been demonstrated
in vitro in OSCC cells, but not in OSCC-derived CAFs [35]. In a recent study on a cohort of
169 patients with human papilloma virus (HPV)-negative primary OSCC, we showed that
presence of miR-204 in the stroma at the tumor front predicted better overall survival and
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thatanalarming109%increaseinthenumberofincidentlipandoralcavitycancers
overa28yperiodhasoccurred(fromaround186,000in1990to389,800in2017)[2].Oral
squamouscellcarcinoma(OSCC)thatarisesfromoralepitheliumrepresents90%oftheoral
cancers[3].AlthoughfewstudiesshowedanimprovementinsurvivalforOSCCduring
thelastyears[4],owingtorecentadvancesintreatmentofSCC[5,6],manystudieshave
reportedthatthefive-yearsurvivalforOSCCremainedlowduringthelastdecades,and
thusitrequiresabetterunderstandingofitsbiologyfordesigningevenmoreinnovative
treatmentmodalities[7,8].

Thediscoveryofmicro-RNAs(miRs)asregulatorsofgeneexpression[9–11],and
evidenceoftheirimportancefordevelopmentanddisease[12],hasledtoaburstofmiR
studiesincancers,includingOSCC.Sincethen,severalmiRshavebeenshowntohave
eithertumor-promotingortumor-suppressiveroles[13].Forexample,miR-21,miR-146a,
miR-155,andmiR-134havebeenshowntoexhibitoncogenicfunctions,whilemiR-7,miR-
99a,andmiR-218havebeenproventoexhibittumorsuppressivefunctions(reviewed
in[14])inOSCC.

WithregardstochangesinmiRexpressionintumors,miRshavebeensuggested
aspotentialdiagnosticandprognosticbiomarkersinseveralcancers.ChangesinmiR
expressioninvariousbiologicalsamplessuchastumorbiopsies,serum/plasma,andsaliva
havebeenreported.Forexample,miR-21hasbeenreportedtobeincreasedinbothplasma
andtissuesinOSCC,andmiR-29ahasbeenshowntobedecreaseinserumofOSCC
patients.Morethanthat,miRshavealsobeenregardedaspotentialtargetsfortherapeutic
intervention(reviewedin[14–16]).

Severallinesofevidencesupportnowthatitisnotonlytheintrinsicpropertiesof
theepithelialcellsthatdrivecarcinogenesis.Rather,theinvasionpotentialoftransformed
cancercellsislargelyinfluencedbythetumormicroenvironmentcomposedoffibroblasts,
immunecells,bloodandlymphvessels,muscles,fat,nerves,extracellularmatrix,and
solublefactors[17,18].Fibroblastsarethemostabundantmesenchyme-derivedcelltypein
thestromaresponsibleforthestructuralframeworkoftissues.Cancer-associatedfibroblasts
(CAFs),whichcanbederivedfromseveralsources,suchasneighboringnormalfibroblasts,
pericytes,endothelialcells,orfrommesenchymalstemcellsfrombonemarrow,have
beenshowntoplayanimportantroleinsupportingtumorinitiationandinvasioninboth
invitrocellculturestudies[19–21]andinvivoanimalstudies[19].Inaddition,CAFhave
beenassociatedwithlymphnodemetastasis[22,23]andpoorprognosis[22–26].

WhilemoststudiesfocusedonmiRchangesintumorcellsortumorasawhole,includ-
ingintheOSCCstudies,ourknowledgeonmiRalterationsinthetumormicroenvironment,
andinparticularinCAFs,isverysparse.GiventheimpactofbothmiRsandCAFsin
tumorprogression,miRdysregulationinCAFscouldbeamajorfactorindeterminingthe
behavioroftumorcells.Thus,thisstudywasaimedatinvestigatingmiRdysregulationin
CAFsinOSCC.OurprevioustranscriptomicstudythatcomparedthesameCAFandNOF
strainsusedinthisstudyidentifiedalteredexpressionofintegrinalpha11(ITGA11)in
CAFs[19].Wehavealsovalidatedthisfindingonpatientmaterial,bydetectedsignificantly
increasedexpressionofITGA11inthestromaofheadandnecksquamouscellcarcinoma
comparedwithnormaloralmucosacontrols[24].Thisfurtherledourinvestigationto-
wardsmiR-204,oneofthemiRsidentifiedbythemicroarraystudypresentedheretohave
analteredexpressioninCAFsandtohaveapredictedtargetsiteat30UTRofITGA11.

SeveralstudieshaveshowndecreasedexpressionofmiR-204intumortissuescom-
paredwithnormaltissues[27–30],butnoneinvestigatedspecificallyitsalterationsin
CAFs.Ananti-tumorigeniceffectofmiR-204hasbeendemonstratedincellcultureand
inanimalstudies[27–31],usingcancercells,butnotCAFs.LowerexpressionofmiR-204
hasbeenobservedinoralpremalignantlesions[32]andOSCCtumorscomparedwith
normaltissues[33,34],andtheanti-tumoreffectofmiR-204hasalsobeendemonstrated
invitroinOSCCcells,butnotinOSCC-derivedCAFs[35].Inarecentstudyonacohortof
169patientswithhumanpapillomavirus(HPV)-negativeprimaryOSCC,weshowedthat
presenceofmiR-204inthestromaatthetumorfrontpredictedbetteroverallsurvivaland
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inanimalstudies[27–31],usingcancercells,butnotCAFs.LowerexpressionofmiR-204
hasbeenobservedinoralpremalignantlesions[32]andOSCCtumorscomparedwith
normaltissues[33,34],andtheanti-tumoreffectofmiR-204hasalsobeendemonstrated
invitroinOSCCcells,butnotinOSCC-derivedCAFs[35].Inarecentstudyonacohortof
169patientswithhumanpapillomavirus(HPV)-negativeprimaryOSCC,weshowedthat
presenceofmiR-204inthestromaatthetumorfrontpredictedbetteroverallsurvivaland
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recurrence free survival [36]. Nevertheless, none of these previous studies investigated the
dysregulation of miR-204 in CAFs and its impact on the behavior of OSCC cells. Therefore,
this study sought also to explore the functional role of expression of miR-204 in CAFs on
OSCC progression.

2. Results
2.1. miR Array Identifies Twelve miRs with Differential Expression in CAFs versus NOFs

Unsupervised hierarchical clustering performed on all the samples (unmatched CAFs
and NOFs grown in 3D collagen gels) based upon global miR expression resulted in
separate clusters of CAFs (lilac ring) and NOFs (black ring), although with some minor
inter-clustering; two CAF strains clustered together with NOFs, and one strain of NOF
clustered together with CAFs (Figure 1A). SAM analysis identified twelve significantly
(FDR = 0) differential regulated miRs (Figure 1B). Different subgroups for CAFs and NOFs
were observed when clustered for the twelve significantly differentially regulated miRs
by fibroblast type (Figure 1B). Four of the miRs: miR-138-5p, miR-378a-3p, miR-190b,
and miR-582-5p were significantly up-regulated, while miR-224-5p, miR-16-2-3p, miR-
155-5p, miR-92b-3p, miR-204-5p, miR-504-5p, miR-1270, and miR-3611 were significantly
down-regulated in CAFs compared with NOFs (Figure 1B).
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recurrencefreesurvival[36].Nevertheless,noneofthesepreviousstudiesinvestigatedthe
dysregulationofmiR-204inCAFsanditsimpactonthebehaviorofOSCCcells.Therefore,
thisstudysoughtalsotoexplorethefunctionalroleofexpressionofmiR-204inCAFson
OSCCprogression.

2.Results
2.1.miRArrayIdentifiesTwelvemiRswithDifferentialExpressioninCAFsversusNOFs

Unsupervisedhierarchicalclusteringperformedonallthesamples(unmatchedCAFs
andNOFsgrownin3Dcollagengels)baseduponglobalmiRexpressionresultedin
separateclustersofCAFs(lilacring)andNOFs(blackring),althoughwithsomeminor
inter-clustering;twoCAFstrainsclusteredtogetherwithNOFs,andonestrainofNOF
clusteredtogetherwithCAFs(Figure1A).SAManalysisidentifiedtwelvesignificantly
(FDR=0)differentialregulatedmiRs(Figure1B).DifferentsubgroupsforCAFsandNOFs
wereobservedwhenclusteredforthetwelvesignificantlydifferentiallyregulatedmiRs
byfibroblasttype(Figure1B).FourofthemiRs:miR-138-5p,miR-378a-3p,miR-190b,
andmiR-582-5pweresignificantlyup-regulated,whilemiR-224-5p,miR-16-2-3p,miR-
155-5p,miR-92b-3p,miR-204-5p,miR-504-5p,miR-1270,andmiR-3611weresignificantly
down-regulatedinCAFscomparedwithNOFs(Figure1B).
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recurrencefreesurvival[36].Nevertheless,noneofthesepreviousstudiesinvestigatedthe
dysregulationofmiR-204inCAFsanditsimpactonthebehaviorofOSCCcells.Therefore,
thisstudysoughtalsotoexplorethefunctionalroleofexpressionofmiR-204inCAFson
OSCCprogression.

2.Results
2.1.miRArrayIdentifiesTwelvemiRswithDifferentialExpressioninCAFsversusNOFs

Unsupervisedhierarchicalclusteringperformedonallthesamples(unmatchedCAFs
andNOFsgrownin3Dcollagengels)baseduponglobalmiRexpressionresultedin
separateclustersofCAFs(lilacring)andNOFs(blackring),althoughwithsomeminor
inter-clustering;twoCAFstrainsclusteredtogetherwithNOFs,andonestrainofNOF
clusteredtogetherwithCAFs(Figure1A).SAManalysisidentifiedtwelvesignificantly
(FDR=0)differentialregulatedmiRs(Figure1B).DifferentsubgroupsforCAFsandNOFs
wereobservedwhenclusteredforthetwelvesignificantlydifferentiallyregulatedmiRs
byfibroblasttype(Figure1B).FourofthemiRs:miR-138-5p,miR-378a-3p,miR-190b,
andmiR-582-5pweresignificantlyup-regulated,whilemiR-224-5p,miR-16-2-3p,miR-
155-5p,miR-92b-3p,miR-204-5p,miR-504-5p,miR-1270,andmiR-3611weresignificantly
down-regulatedinCAFscomparedwithNOFs(Figure1B).
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recurrence free survival [36]. Nevertheless, none of these previous studies investigated the
dysregulation of miR-204 in CAFs and its impact on the behavior of OSCC cells. Therefore,
this study sought also to explore the functional role of expression of miR-204 in CAFs on
OSCC progression.

2. Results
2.1. miR Array Identifies Twelve miRs with Differential Expression in CAFs versus NOFs

Unsupervised hierarchical clustering performed on all the samples (unmatched CAFs
and NOFs grown in 3D collagen gels) based upon global miR expression resulted in
separate clusters of CAFs (lilac ring) and NOFs (black ring), although with some minor
inter-clustering; two CAF strains clustered together with NOFs, and one strain of NOF
clustered together with CAFs (Figure 1A). SAM analysis identified twelve significantly
(FDR = 0) differential regulated miRs (Figure 1B). Different subgroups for CAFs and NOFs
were observed when clustered for the twelve significantly differentially regulated miRs
by fibroblast type (Figure 1B). Four of the miRs: miR-138-5p, miR-378a-3p, miR-190b,
and miR-582-5p were significantly up-regulated, while miR-224-5p, miR-16-2-3p, miR-
155-5p, miR-92b-3p, miR-204-5p, miR-504-5p, miR-1270, and miR-3611 were significantly
down-regulated in CAFs compared with NOFs (Figure 1B).
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recurrence free survival [36]. Nevertheless, none of these previous studies investigated the
dysregulation of miR-204 in CAFs and its impact on the behavior of OSCC cells. Therefore,
this study sought also to explore the functional role of expression of miR-204 in CAFs on
OSCC progression.

2. Results
2.1. miR Array Identifies Twelve miRs with Differential Expression in CAFs versus NOFs

Unsupervised hierarchical clustering performed on all the samples (unmatched CAFs
and NOFs grown in 3D collagen gels) based upon global miR expression resulted in
separate clusters of CAFs (lilac ring) and NOFs (black ring), although with some minor
inter-clustering; two CAF strains clustered together with NOFs, and one strain of NOF
clustered together with CAFs (Figure 1A). SAM analysis identified twelve significantly
(FDR = 0) differential regulated miRs (Figure 1B). Different subgroups for CAFs and NOFs
were observed when clustered for the twelve significantly differentially regulated miRs
by fibroblast type (Figure 1B). Four of the miRs: miR-138-5p, miR-378a-3p, miR-190b,
and miR-582-5p were significantly up-regulated, while miR-224-5p, miR-16-2-3p, miR-
155-5p, miR-92b-3p, miR-204-5p, miR-504-5p, miR-1270, and miR-3611 were significantly
down-regulated in CAFs compared with NOFs (Figure 1B).
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and corresponding fold changes (FCs) on the right. (C) miR validation of microarray results by qRT-PCR (** p < 0.005,
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recurrencefreesurvival[36].Nevertheless,noneofthesepreviousstudiesinvestigatedthe
dysregulationofmiR-204inCAFsanditsimpactonthebehaviorofOSCCcells.Therefore,
thisstudysoughtalsotoexplorethefunctionalroleofexpressionofmiR-204inCAFson
OSCCprogression.

2.Results
2.1.miRArrayIdentifiesTwelvemiRswithDifferentialExpressioninCAFsversusNOFs

Unsupervisedhierarchicalclusteringperformedonallthesamples(unmatchedCAFs
andNOFsgrownin3Dcollagengels)baseduponglobalmiRexpressionresultedin
separateclustersofCAFs(lilacring)andNOFs(blackring),althoughwithsomeminor
inter-clustering;twoCAFstrainsclusteredtogetherwithNOFs,andonestrainofNOF
clusteredtogetherwithCAFs(Figure1A).SAManalysisidentifiedtwelvesignificantly
(FDR=0)differentialregulatedmiRs(Figure1B).DifferentsubgroupsforCAFsandNOFs
wereobservedwhenclusteredforthetwelvesignificantlydifferentiallyregulatedmiRs
byfibroblasttype(Figure1B).FourofthemiRs:miR-138-5p,miR-378a-3p,miR-190b,
andmiR-582-5pweresignificantlyup-regulated,whilemiR-224-5p,miR-16-2-3p,miR-
155-5p,miR-92b-3p,miR-204-5p,miR-504-5p,miR-1270,andmiR-3611weresignificantly
down-regulatedinCAFscomparedwithNOFs(Figure1B).
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recurrencefreesurvival[36].Nevertheless,noneofthesepreviousstudiesinvestigatedthe
dysregulationofmiR-204inCAFsanditsimpactonthebehaviorofOSCCcells.Therefore,
thisstudysoughtalsotoexplorethefunctionalroleofexpressionofmiR-204inCAFson
OSCCprogression.

2.Results
2.1.miRArrayIdentifiesTwelvemiRswithDifferentialExpressioninCAFsversusNOFs

Unsupervisedhierarchicalclusteringperformedonallthesamples(unmatchedCAFs
andNOFsgrownin3Dcollagengels)baseduponglobalmiRexpressionresultedin
separateclustersofCAFs(lilacring)andNOFs(blackring),althoughwithsomeminor
inter-clustering;twoCAFstrainsclusteredtogetherwithNOFs,andonestrainofNOF
clusteredtogetherwithCAFs(Figure1A).SAManalysisidentifiedtwelvesignificantly
(FDR=0)differentialregulatedmiRs(Figure1B).DifferentsubgroupsforCAFsandNOFs
wereobservedwhenclusteredforthetwelvesignificantlydifferentiallyregulatedmiRs
byfibroblasttype(Figure1B).FourofthemiRs:miR-138-5p,miR-378a-3p,miR-190b,
andmiR-582-5pweresignificantlyup-regulated,whilemiR-224-5p,miR-16-2-3p,miR-
155-5p,miR-92b-3p,miR-204-5p,miR-504-5p,miR-1270,andmiR-3611weresignificantly
down-regulatedinCAFscomparedwithNOFs(Figure1B).
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(FDR=0)differentialregulatedmiRs(Figure1B).DifferentsubgroupsforCAFsandNOFs
wereobservedwhenclusteredforthetwelvesignificantlydifferentiallyregulatedmiRs
byfibroblasttype(Figure1B).FourofthemiRs:miR-138-5p,miR-378a-3p,miR-190b,
andmiR-582-5pweresignificantlyup-regulated,whilemiR-224-5p,miR-16-2-3p,miR-
155-5p,miR-92b-3p,miR-204-5p,miR-504-5p,miR-1270,andmiR-3611weresignificantly
down-regulatedinCAFscomparedwithNOFs(Figure1B).
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recurrencefreesurvival[36].Nevertheless,noneofthesepreviousstudiesinvestigatedthe
dysregulationofmiR-204inCAFsanditsimpactonthebehaviorofOSCCcells.Therefore,
thisstudysoughtalsotoexplorethefunctionalroleofexpressionofmiR-204inCAFson
OSCCprogression.

2.Results
2.1.miRArrayIdentifiesTwelvemiRswithDifferentialExpressioninCAFsversusNOFs

Unsupervisedhierarchicalclusteringperformedonallthesamples(unmatchedCAFs
andNOFsgrownin3Dcollagengels)baseduponglobalmiRexpressionresultedin
separateclustersofCAFs(lilacring)andNOFs(blackring),althoughwithsomeminor
inter-clustering;twoCAFstrainsclusteredtogetherwithNOFs,andonestrainofNOF
clusteredtogetherwithCAFs(Figure1A).SAManalysisidentifiedtwelvesignificantly
(FDR=0)differentialregulatedmiRs(Figure1B).DifferentsubgroupsforCAFsandNOFs
wereobservedwhenclusteredforthetwelvesignificantlydifferentiallyregulatedmiRs
byfibroblasttype(Figure1B).FourofthemiRs:miR-138-5p,miR-378a-3p,miR-190b,
andmiR-582-5pweresignificantlyup-regulated,whilemiR-224-5p,miR-16-2-3p,miR-
155-5p,miR-92b-3p,miR-204-5p,miR-504-5p,miR-1270,andmiR-3611weresignificantly
down-regulatedinCAFscomparedwithNOFs(Figure1B).
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2.2. Validation of Altered Expression of miR-204 in Cultured Fibroblasts and Patient Material
qRT-PCR validation of some of the dysregulated miRs (miR-204-5p, miR-138-5p, and

miR-582-5p) confirmed the results of the miR array analysis (Figure 1C). Unlike down-
regulation of miR-204 expression in CAFs compared with unmatched NOFs, the alterations
in the expression of miR-204 in CAFs compared with NOFs were more heterogeneous when
investigated on matched CAF and NOF pairs from OSCC patients grown in 2D cultures.
Three (ID 8m, 10m, and 21m) of the five fibroblast pairs showed reduced expression of
miR-204 in CAFs compared with NOFs (Figure 2A), while in two pairs’ (ID 7m and 15m)
miR-204 expression in was increased in CAFs versus NOFs.
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matched CAFs (connected by dotted lines), and the corresponding (C) expression correlation between miR-204 and ITGA11.
(D) mRNA and (E) protein (Western blot image) regulation of ITGA11 by miR204, 48 h post transfection. (F) Luciferase
activity in CAFs in one with miR-204 target site and another with mutated sequence in 30 UTR for ITGA11 in miR target
reporter assay (* p < 0.05, *** p < 0.0005, **** p < 0.00005, unpaired Student’s t-test, n = 4).

When TCGA data on expression of miR-204 in tumor as a whole were analyzed,
a statistically significant difference in expression of miR-204 between OSCC lesions and
normal human oral mucosa was not observed (Figure 3A). However, statistically significant
(p < 0.001) down-regulation of miR-204 was observed when OSCC lesions were compared
with their matched normal oral mucosa (Figure 3B). Despite statistically insignificant
differences among OSCC pathological stages, a trend for decreased expression from stage I
to more advanced stages was observed (Figure 3C).
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2.2.ValidationofAlteredExpressionofmiR-204inCulturedFibroblastsandPatientMaterial
qRT-PCRvalidationofsomeofthedysregulatedmiRs(miR-204-5p,miR-138-5p,and

miR-582-5p)confirmedtheresultsofthemiRarrayanalysis(Figure1C).Unlikedown-
regulationofmiR-204expressioninCAFscomparedwithunmatchedNOFs,thealterations
intheexpressionofmiR-204inCAFscomparedwithNOFsweremoreheterogeneouswhen
investigatedonmatchedCAFandNOFpairsfromOSCCpatientsgrownin2Dcultures.
Three(ID8m,10m,and21m)ofthefivefibroblastpairsshowedreducedexpressionof
miR-204inCAFscomparedwithNOFs(Figure2A),whileintwopairs’(ID7mand15m)
miR-204expressioninwasincreasedinCAFsversusNOFs.
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investigatedonmatchedCAFandNOFpairsfromOSCCpatientsgrownin2Dcultures.
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astatisticallysignificantdifferenceinexpressionofmiR-204betweenOSCClesionsand
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2.2. Validation of Altered Expression of miR-204 in Cultured Fibroblasts and Patient Material
qRT-PCR validation of some of the dysregulated miRs (miR-204-5p, miR-138-5p, and

miR-582-5p) confirmed the results of the miR array analysis (Figure 1C). Unlike down-
regulation of miR-204 expression in CAFs compared with unmatched NOFs, the alterations
in the expression of miR-204 in CAFs compared with NOFs were more heterogeneous when
investigated on matched CAF and NOF pairs from OSCC patients grown in 2D cultures.
Three (ID 8m, 10m, and 21m) of the five fibroblast pairs showed reduced expression of
miR-204 in CAFs compared with NOFs (Figure 2A), while in two pairs’ (ID 7m and 15m)
miR-204 expression in was increased in CAFs versus NOFs.
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matched CAFs (connected by dotted lines), and the corresponding (C) expression correlation between miR-204 and ITGA11.
(D) mRNA and (E) protein (Western blot image) regulation of ITGA11 by miR204, 48 h post transfection. (F) Luciferase
activity in CAFs in one with miR-204 target site and another with mutated sequence in 30 UTR for ITGA11 in miR target
reporter assay (* p < 0.05, *** p < 0.0005, **** p < 0.00005, unpaired Student’s t-test, n = 4).

When TCGA data on expression of miR-204 in tumor as a whole were analyzed,
a statistically significant difference in expression of miR-204 between OSCC lesions and
normal human oral mucosa was not observed (Figure 3A). However, statistically significant
(p < 0.001) down-regulation of miR-204 was observed when OSCC lesions were compared
with their matched normal oral mucosa (Figure 3B). Despite statistically insignificant
differences among OSCC pathological stages, a trend for decreased expression from stage I
to more advanced stages was observed (Figure 3C).
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2.2. Validation of Altered Expression of miR-204 in Cultured Fibroblasts and Patient Material
qRT-PCR validation of some of the dysregulated miRs (miR-204-5p, miR-138-5p, and

miR-582-5p) confirmed the results of the miR array analysis (Figure 1C). Unlike down-
regulation of miR-204 expression in CAFs compared with unmatched NOFs, the alterations
in the expression of miR-204 in CAFs compared with NOFs were more heterogeneous when
investigated on matched CAF and NOF pairs from OSCC patients grown in 2D cultures.
Three (ID 8m, 10m, and 21m) of the five fibroblast pairs showed reduced expression of
miR-204 in CAFs compared with NOFs (Figure 2A), while in two pairs’ (ID 7m and 15m)
miR-204 expression in was increased in CAFs versus NOFs.
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(D) mRNA and (E) protein (Western blot image) regulation of ITGA11 by miR204, 48 h post transfection. (F) Luciferase
activity in CAFs in one with miR-204 target site and another with mutated sequence in 30 UTR for ITGA11 in miR target
reporter assay (* p < 0.05, *** p < 0.0005, **** p < 0.00005, unpaired Student’s t-test, n = 4).

When TCGA data on expression of miR-204 in tumor as a whole were analyzed,
a statistically significant difference in expression of miR-204 between OSCC lesions and
normal human oral mucosa was not observed (Figure 3A). However, statistically significant
(p < 0.001) down-regulation of miR-204 was observed when OSCC lesions were compared
with their matched normal oral mucosa (Figure 3B). Despite statistically insignificant
differences among OSCC pathological stages, a trend for decreased expression from stage I
to more advanced stages was observed (Figure 3C).
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2.2.ValidationofAlteredExpressionofmiR-204inCulturedFibroblastsandPatientMaterial
qRT-PCRvalidationofsomeofthedysregulatedmiRs(miR-204-5p,miR-138-5p,and

miR-582-5p)confirmedtheresultsofthemiRarrayanalysis(Figure1C).Unlikedown-
regulationofmiR-204expressioninCAFscomparedwithunmatchedNOFs,thealterations
intheexpressionofmiR-204inCAFscomparedwithNOFsweremoreheterogeneouswhen
investigatedonmatchedCAFandNOFpairsfromOSCCpatientsgrownin2Dcultures.
Three(ID8m,10m,and21m)ofthefivefibroblastpairsshowedreducedexpressionof
miR-204inCAFscomparedwithNOFs(Figure2A),whileintwopairs’(ID7mand15m)
miR-204expressioninwasincreasedinCAFsversusNOFs.
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2.2.ValidationofAlteredExpressionofmiR-204inCulturedFibroblastsandPatientMaterial
qRT-PCRvalidationofsomeofthedysregulatedmiRs(miR-204-5p,miR-138-5p,and

miR-582-5p)confirmedtheresultsofthemiRarrayanalysis(Figure1C).Unlikedown-
regulationofmiR-204expressioninCAFscomparedwithunmatchedNOFs,thealterations
intheexpressionofmiR-204inCAFscomparedwithNOFsweremoreheterogeneouswhen
investigatedonmatchedCAFandNOFpairsfromOSCCpatientsgrownin2Dcultures.
Three(ID8m,10m,and21m)ofthefivefibroblastpairsshowedreducedexpressionof
miR-204inCAFscomparedwithNOFs(Figure2A),whileintwopairs’(ID7mand15m)
miR-204expressioninwasincreasedinCAFsversusNOFs.
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2.3. ITGA11 Is a Direct Target of miR-204 in Fibroblasts
The same CAF and NOF strains analyzed here were previously investigated for their

transcriptomic differences [19]. mRNA for ITGA11 was identified as one of the core
mRNAs upregulated in CAFs versus NOFs. Prediction of miR targets for ITGA11 using
TargetScan 7.2 showed conserved pairing of miR-204 seed region in the 30 UTR length of
ITGA11 [33]. qRT PCR showed that ITGA11 transcript was significantly higher in CAFs
compared with NOFs in all five fibroblast matched pairs investigated here (Figure 2B). An
inverse correlation between expressions of miR-204 and ITGA11 was observed in three out
of five matched fibroblast pairs (ID 8m, 10m, and 21m (Figure 2C)).

Furthermore, increased expression of miR-204 in fibroblasts using mimics resulted in
decreased expression of ITGA11 both at the mRNA (Figure 2D) and protein (Figure 2E)
level. On the contrary, inhibition of miR-204 resulted in increased expression of ITGA11,
both at the mRNA and protein level, pointing also towards a direct regulation of ITGA11
by miR-204.

Finally, miR target reporter assay confirmed the direct targeting of ITGA11 by miR-
204 in CAFs. Co-transfection of miR-204 mimics and the reporter vector bearing 30 UTR
length of ITGA11 into CAFs resulted in significantly reduced luciferase activity by 77.85%,
compared with the control bearing mutation in the miR-204 seed binding motif of 30 UTR
length of ITGA11 (Figure 2F).

2.4. miR-204 Modulates the Expression of Several CAF-Related Molecules
Transfection of CAFs with miR-204 mimics induced a significant decrease in mRNA

and protein levels of several molecules that are considered to be characteristic of CAF phe-
notype, such as FAP and TGF�-related molecules (TGF�1 and TGFBR2) [37] (Figure 4A–C,
Figure S1). Expression levels of mRNA for EGFR were also downregulated, while miR-204
mimics were transfected (Figure 4D). Opposite effects after transfection with miR-204
inhibitors were not observed. In NOFs, a significant effect of miR-204 mimics was observed
for TGFBR2 only (Figure 4G), while inhibition of miR-204 led to a significant increase in
expression of TGFB1 and EGFR (Figure 4F,H).
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2.3.ITGA11IsaDirectTargetofmiR-204inFibroblasts
ThesameCAFandNOFstrainsanalyzedherewerepreviouslyinvestigatedfortheir

transcriptomicdifferences[19].mRNAforITGA11wasidentifiedasoneofthecore
mRNAsupregulatedinCAFsversusNOFs.PredictionofmiRtargetsforITGA11using
TargetScan7.2showedconservedpairingofmiR-204seedregioninthe30UTRlengthof
ITGA11[33].qRTPCRshowedthatITGA11transcriptwassignificantlyhigherinCAFs
comparedwithNOFsinallfivefibroblastmatchedpairsinvestigatedhere(Figure2B).An
inversecorrelationbetweenexpressionsofmiR-204andITGA11wasobservedinthreeout
offivematchedfibroblastpairs(ID8m,10m,and21m(Figure2C)).

Furthermore,increasedexpressionofmiR-204infibroblastsusingmimicsresultedin
decreasedexpressionofITGA11bothatthemRNA(Figure2D)andprotein(Figure2E)
level.Onthecontrary,inhibitionofmiR-204resultedinincreasedexpressionofITGA11,
bothatthemRNAandproteinlevel,pointingalsotowardsadirectregulationofITGA11
bymiR-204.

Finally,miRtargetreporterassayconfirmedthedirecttargetingofITGA11bymiR-
204inCAFs.Co-transfectionofmiR-204mimicsandthereportervectorbearing30UTR
lengthofITGA11intoCAFsresultedinsignificantlyreducedluciferaseactivityby77.85%,
comparedwiththecontrolbearingmutationinthemiR-204seedbindingmotifof30UTR
lengthofITGA11(Figure2F).

2.4.miR-204ModulatestheExpressionofSeveralCAF-RelatedMolecules
TransfectionofCAFswithmiR-204mimicsinducedasignificantdecreaseinmRNA

andproteinlevelsofseveralmoleculesthatareconsideredtobecharacteristicofCAFphe-
notype,suchasFAPandTGF�-relatedmolecules(TGF�1andTGFBR2)[37](Figure4A–C,
FigureS1).ExpressionlevelsofmRNAforEGFRwerealsodownregulated,whilemiR-204
mimicsweretransfected(Figure4D).OppositeeffectsaftertransfectionwithmiR-204
inhibitorswerenotobserved.InNOFs,asignificanteffectofmiR-204mimicswasobserved
forTGFBR2only(Figure4G),whileinhibitionofmiR-204ledtoasignificantincreasein
expressionofTGFB1andEGFR(Figure4F,H).
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2.3.ITGA11IsaDirectTargetofmiR-204inFibroblasts
ThesameCAFandNOFstrainsanalyzedherewerepreviouslyinvestigatedfortheir

transcriptomicdifferences[19].mRNAforITGA11wasidentifiedasoneofthecore
mRNAsupregulatedinCAFsversusNOFs.PredictionofmiRtargetsforITGA11using
TargetScan7.2showedconservedpairingofmiR-204seedregioninthe30UTRlengthof
ITGA11[33].qRTPCRshowedthatITGA11transcriptwassignificantlyhigherinCAFs
comparedwithNOFsinallfivefibroblastmatchedpairsinvestigatedhere(Figure2B).An
inversecorrelationbetweenexpressionsofmiR-204andITGA11wasobservedinthreeout
offivematchedfibroblastpairs(ID8m,10m,and21m(Figure2C)).

Furthermore,increasedexpressionofmiR-204infibroblastsusingmimicsresultedin
decreasedexpressionofITGA11bothatthemRNA(Figure2D)andprotein(Figure2E)
level.Onthecontrary,inhibitionofmiR-204resultedinincreasedexpressionofITGA11,
bothatthemRNAandproteinlevel,pointingalsotowardsadirectregulationofITGA11
bymiR-204.

Finally,miRtargetreporterassayconfirmedthedirecttargetingofITGA11bymiR-
204inCAFs.Co-transfectionofmiR-204mimicsandthereportervectorbearing30UTR
lengthofITGA11intoCAFsresultedinsignificantlyreducedluciferaseactivityby77.85%,
comparedwiththecontrolbearingmutationinthemiR-204seedbindingmotifof30UTR
lengthofITGA11(Figure2F).

2.4.miR-204ModulatestheExpressionofSeveralCAF-RelatedMolecules
TransfectionofCAFswithmiR-204mimicsinducedasignificantdecreaseinmRNA

andproteinlevelsofseveralmoleculesthatareconsideredtobecharacteristicofCAFphe-
notype,suchasFAPandTGF�-relatedmolecules(TGF�1andTGFBR2)[37](Figure4A–C,
FigureS1).ExpressionlevelsofmRNAforEGFRwerealsodownregulated,whilemiR-204
mimicsweretransfected(Figure4D).OppositeeffectsaftertransfectionwithmiR-204
inhibitorswerenotobserved.InNOFs,asignificanteffectofmiR-204mimicswasobserved
forTGFBR2only(Figure4G),whileinhibitionofmiR-204ledtoasignificantincreasein
expressionofTGFB1andEGFR(Figure4F,H).
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2.3. ITGA11 Is a Direct Target of miR-204 in Fibroblasts
The same CAF and NOF strains analyzed here were previously investigated for their

transcriptomic differences [19]. mRNA for ITGA11 was identified as one of the core
mRNAs upregulated in CAFs versus NOFs. Prediction of miR targets for ITGA11 using
TargetScan 7.2 showed conserved pairing of miR-204 seed region in the 30 UTR length of
ITGA11 [33]. qRT PCR showed that ITGA11 transcript was significantly higher in CAFs
compared with NOFs in all five fibroblast matched pairs investigated here (Figure 2B). An
inverse correlation between expressions of miR-204 and ITGA11 was observed in three out
of five matched fibroblast pairs (ID 8m, 10m, and 21m (Figure 2C)).

Furthermore, increased expression of miR-204 in fibroblasts using mimics resulted in
decreased expression of ITGA11 both at the mRNA (Figure 2D) and protein (Figure 2E)
level. On the contrary, inhibition of miR-204 resulted in increased expression of ITGA11,
both at the mRNA and protein level, pointing also towards a direct regulation of ITGA11
by miR-204.

Finally, miR target reporter assay confirmed the direct targeting of ITGA11 by miR-
204 in CAFs. Co-transfection of miR-204 mimics and the reporter vector bearing 30 UTR
length of ITGA11 into CAFs resulted in significantly reduced luciferase activity by 77.85%,
compared with the control bearing mutation in the miR-204 seed binding motif of 30 UTR
length of ITGA11 (Figure 2F).

2.4. miR-204 Modulates the Expression of Several CAF-Related Molecules
Transfection of CAFs with miR-204 mimics induced a significant decrease in mRNA

and protein levels of several molecules that are considered to be characteristic of CAF phe-
notype, such as FAP and TGF�-related molecules (TGF�1 and TGFBR2) [37] (Figure 4A–C,
Figure S1). Expression levels of mRNA for EGFR were also downregulated, while miR-204
mimics were transfected (Figure 4D). Opposite effects after transfection with miR-204
inhibitors were not observed. In NOFs, a significant effect of miR-204 mimics was observed
for TGFBR2 only (Figure 4G), while inhibition of miR-204 led to a significant increase in
expression of TGFB1 and EGFR (Figure 4F,H).
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2.3. ITGA11 Is a Direct Target of miR-204 in Fibroblasts
The same CAF and NOF strains analyzed here were previously investigated for their

transcriptomic differences [19]. mRNA for ITGA11 was identified as one of the core
mRNAs upregulated in CAFs versus NOFs. Prediction of miR targets for ITGA11 using
TargetScan 7.2 showed conserved pairing of miR-204 seed region in the 30 UTR length of
ITGA11 [33]. qRT PCR showed that ITGA11 transcript was significantly higher in CAFs
compared with NOFs in all five fibroblast matched pairs investigated here (Figure 2B). An
inverse correlation between expressions of miR-204 and ITGA11 was observed in three out
of five matched fibroblast pairs (ID 8m, 10m, and 21m (Figure 2C)).

Furthermore, increased expression of miR-204 in fibroblasts using mimics resulted in
decreased expression of ITGA11 both at the mRNA (Figure 2D) and protein (Figure 2E)
level. On the contrary, inhibition of miR-204 resulted in increased expression of ITGA11,
both at the mRNA and protein level, pointing also towards a direct regulation of ITGA11
by miR-204.

Finally, miR target reporter assay confirmed the direct targeting of ITGA11 by miR-
204 in CAFs. Co-transfection of miR-204 mimics and the reporter vector bearing 30 UTR
length of ITGA11 into CAFs resulted in significantly reduced luciferase activity by 77.85%,
compared with the control bearing mutation in the miR-204 seed binding motif of 30 UTR
length of ITGA11 (Figure 2F).

2.4. miR-204 Modulates the Expression of Several CAF-Related Molecules
Transfection of CAFs with miR-204 mimics induced a significant decrease in mRNA

and protein levels of several molecules that are considered to be characteristic of CAF phe-
notype, such as FAP and TGF�-related molecules (TGF�1 and TGFBR2) [37] (Figure 4A–C,
Figure S1). Expression levels of mRNA for EGFR were also downregulated, while miR-204
mimics were transfected (Figure 4D). Opposite effects after transfection with miR-204
inhibitors were not observed. In NOFs, a significant effect of miR-204 mimics was observed
for TGFBR2 only (Figure 4G), while inhibition of miR-204 led to a significant increase in
expression of TGFB1 and EGFR (Figure 4F,H).
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2.3.ITGA11IsaDirectTargetofmiR-204inFibroblasts
ThesameCAFandNOFstrainsanalyzedherewerepreviouslyinvestigatedfortheir

transcriptomicdifferences[19].mRNAforITGA11wasidentifiedasoneofthecore
mRNAsupregulatedinCAFsversusNOFs.PredictionofmiRtargetsforITGA11using
TargetScan7.2showedconservedpairingofmiR-204seedregioninthe30UTRlengthof
ITGA11[33].qRTPCRshowedthatITGA11transcriptwassignificantlyhigherinCAFs
comparedwithNOFsinallfivefibroblastmatchedpairsinvestigatedhere(Figure2B).An
inversecorrelationbetweenexpressionsofmiR-204andITGA11wasobservedinthreeout
offivematchedfibroblastpairs(ID8m,10m,and21m(Figure2C)).

Furthermore,increasedexpressionofmiR-204infibroblastsusingmimicsresultedin
decreasedexpressionofITGA11bothatthemRNA(Figure2D)andprotein(Figure2E)
level.Onthecontrary,inhibitionofmiR-204resultedinincreasedexpressionofITGA11,
bothatthemRNAandproteinlevel,pointingalsotowardsadirectregulationofITGA11
bymiR-204.

Finally,miRtargetreporterassayconfirmedthedirecttargetingofITGA11bymiR-
204inCAFs.Co-transfectionofmiR-204mimicsandthereportervectorbearing30UTR
lengthofITGA11intoCAFsresultedinsignificantlyreducedluciferaseactivityby77.85%,
comparedwiththecontrolbearingmutationinthemiR-204seedbindingmotifof30UTR
lengthofITGA11(Figure2F).

2.4.miR-204ModulatestheExpressionofSeveralCAF-RelatedMolecules
TransfectionofCAFswithmiR-204mimicsinducedasignificantdecreaseinmRNA

andproteinlevelsofseveralmoleculesthatareconsideredtobecharacteristicofCAFphe-
notype,suchasFAPandTGF�-relatedmolecules(TGF�1andTGFBR2)[37](Figure4A–C,
FigureS1).ExpressionlevelsofmRNAforEGFRwerealsodownregulated,whilemiR-204
mimicsweretransfected(Figure4D).OppositeeffectsaftertransfectionwithmiR-204
inhibitorswerenotobserved.InNOFs,asignificanteffectofmiR-204mimicswasobserved
forTGFBR2only(Figure4G),whileinhibitionofmiR-204ledtoasignificantincreasein
expressionofTGFB1andEGFR(Figure4F,H).
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transcriptomicdifferences[19].mRNAforITGA11wasidentifiedasoneofthecore
mRNAsupregulatedinCAFsversusNOFs.PredictionofmiRtargetsforITGA11using
TargetScan7.2showedconservedpairingofmiR-204seedregioninthe30UTRlengthof
ITGA11[33].qRTPCRshowedthatITGA11transcriptwassignificantlyhigherinCAFs
comparedwithNOFsinallfivefibroblastmatchedpairsinvestigatedhere(Figure2B).An
inversecorrelationbetweenexpressionsofmiR-204andITGA11wasobservedinthreeout
offivematchedfibroblastpairs(ID8m,10m,and21m(Figure2C)).

Furthermore,increasedexpressionofmiR-204infibroblastsusingmimicsresultedin
decreasedexpressionofITGA11bothatthemRNA(Figure2D)andprotein(Figure2E)
level.Onthecontrary,inhibitionofmiR-204resultedinincreasedexpressionofITGA11,
bothatthemRNAandproteinlevel,pointingalsotowardsadirectregulationofITGA11
bymiR-204.

Finally,miRtargetreporterassayconfirmedthedirecttargetingofITGA11bymiR-
204inCAFs.Co-transfectionofmiR-204mimicsandthereportervectorbearing30UTR
lengthofITGA11intoCAFsresultedinsignificantlyreducedluciferaseactivityby77.85%,
comparedwiththecontrolbearingmutationinthemiR-204seedbindingmotifof30UTR
lengthofITGA11(Figure2F).

2.4.miR-204ModulatestheExpressionofSeveralCAF-RelatedMolecules
TransfectionofCAFswithmiR-204mimicsinducedasignificantdecreaseinmRNA

andproteinlevelsofseveralmoleculesthatareconsideredtobecharacteristicofCAFphe-
notype,suchasFAPandTGF�-relatedmolecules(TGF�1andTGFBR2)[37](Figure4A–C,
FigureS1).ExpressionlevelsofmRNAforEGFRwerealsodownregulated,whilemiR-204
mimicsweretransfected(Figure4D).OppositeeffectsaftertransfectionwithmiR-204
inhibitorswerenotobserved.InNOFs,asignificanteffectofmiR-204mimicswasobserved
forTGFBR2only(Figure4G),whileinhibitionofmiR-204ledtoasignificantincreasein
expressionofTGFB1andEGFR(Figure4F,H).
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2.5. miR-204 Decreases Migration and Collagen Contraction Abilities of CAFs
Proliferation of CAFs was not altered on increasing expression of miR-204 using miR

mimics (Figure 5A). Migration and collagen contraction are essential attributes of CAFs,
proven to be essential for adjacent OSCC cell invasion [20]. Increased expression of miR-204
resulted in decreased migration of CAFs alone (Figure 5B1) or in interaction with OSCC cell
line UK1 (Figure 5B2) in 2D monolayer migration assay. Increased expression of miR-204
in the fibroblasts resulted in decreased collagen I gel contraction (Figure 5C).
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mimics(Figure5A).MigrationandcollagencontractionareessentialattributesofCAFs,
proventobeessentialforadjacentOSCCcellinvasion[20].IncreasedexpressionofmiR-204
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inthefibroblastsresultedindecreasedcollagenIgelcontraction(Figure5C).
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2.5. miR-204 Decreases Migration and Collagen Contraction Abilities of CAFs
Proliferation of CAFs was not altered on increasing expression of miR-204 using miR

mimics (Figure 5A). Migration and collagen contraction are essential attributes of CAFs,
proven to be essential for adjacent OSCC cell invasion [20]. Increased expression of miR-204
resulted in decreased migration of CAFs alone (Figure 5B1) or in interaction with OSCC cell
line UK1 (Figure 5B2) in 2D monolayer migration assay. Increased expression of miR-204
in the fibroblasts resulted in decreased collagen I gel contraction (Figure 5C).
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2.5. miR-204 Decreases Migration and Collagen Contraction Abilities of CAFs
Proliferation of CAFs was not altered on increasing expression of miR-204 using miR

mimics (Figure 5A). Migration and collagen contraction are essential attributes of CAFs,
proven to be essential for adjacent OSCC cell invasion [20]. Increased expression of miR-204
resulted in decreased migration of CAFs alone (Figure 5B1) or in interaction with OSCC cell
line UK1 (Figure 5B2) in 2D monolayer migration assay. Increased expression of miR-204
in the fibroblasts resulted in decreased collagen I gel contraction (Figure 5C).
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2.6. Expression of miR-204 in Fibroblasts Inhibits Invasion and Migration of Adjacent OSCC Cells
When co-cultured in 2D monolayers with CAFs treated with miR-204 inhibitors, only

minimal effects on migration of OSCC cell line UK1 were observed (Figure 6A). When UK1
were co-cultured with CAFs treated with miR-204 mimics, UK1 cells showed a significant
reduction of migration across the gap area towards the CAF region (Figure 6B). In 3D
organotypic co-culture models, increased expression of miR-204 in CAFs significantly re-
duced the depth of invasion by UK1 cells, while inhibitors of miR-204 in NOFs significantly
increased the depth of invasion of OSCC cell line Luc4 (Figure 6C,D).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 18 
 

 

2.6. Expression of miR-204 in Fibroblasts Inhibits Invasion and Migration of Adjacent OSCC 
Cells 

When co-cultured in 2D monolayers with CAFs treated with miR-204 inhibitors, only 
minimal effects on migration of OSCC cell line UK1 were observed (Figure 6A). When 
UK1 were co-cultured with CAFs treated with miR-204 mimics, UK1 cells showed a sig-
nificant reduction of migration across the gap area towards the CAF region (Figure 6B). 
In 3D organotypic co-culture models, increased expression of miR-204 in CAFs signifi-
cantly reduced the depth of invasion by UK1 cells, while inhibitors of miR-204 in NOFs 
significantly increased the depth of invasion of OSCC cell line Luc4 (Figure 6C,D). 

 

Figure 6. (A,B) Graphs showing quantification of the area traversed by UK1 across the gap towards CAFs at different time 
points from the baseline post miR-204 modulation in CAFs in UK1-CAF monolayer co-culture (n = 4). (C) Representative 
pictures from 3D organotypic cultures showing the invasion by OSCC cell lines UK1 and Luc4 in post miR-204 modulated 
fibroblasts-populated collagen matrices and (D) the corresponding graphs depicting the quantification of invasion depths 
(n = 4, unpaired t-test, * p < 0.05).  

Figure 6. (A,B) Graphs showing quantification of the area traversed by UK1 across the gap towards CAFs at different time
points from the baseline post miR-204 modulation in CAFs in UK1-CAF monolayer co-culture (n = 4). (C) Representative
pictures from 3D organotypic cultures showing the invasion by OSCC cell lines UK1 and Luc4 in post miR-204 modulated
fibroblasts-populated collagen matrices and (D) the corresponding graphs depicting the quantification of invasion depths
(n = 4, unpaired t-test, * p < 0.05).

Int.J.Mol.Sci.2021,22,119607of18

2.6.ExpressionofmiR-204inFibroblastsInhibitsInvasionandMigrationofAdjacentOSCCCells
Whenco-culturedin2DmonolayerswithCAFstreatedwithmiR-204inhibitors,only

minimaleffectsonmigrationofOSCCcelllineUK1wereobserved(Figure6A).WhenUK1
wereco-culturedwithCAFstreatedwithmiR-204mimics,UK1cellsshowedasignificant
reductionofmigrationacrossthegapareatowardstheCAFregion(Figure6B).In3D
organotypicco-culturemodels,increasedexpressionofmiR-204inCAFssignificantlyre-
ducedthedepthofinvasionbyUK1cells,whileinhibitorsofmiR-204inNOFssignificantly
increasedthedepthofinvasionofOSCCcelllineLuc4(Figure6C,D).
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reductionofmigrationacrossthegapareatowardstheCAFregion(Figure6B).In3D
organotypicco-culturemodels,increasedexpressionofmiR-204inCAFssignificantlyre-
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2.6. Expression of miR-204 in Fibroblasts Inhibits Invasion and Migration of Adjacent OSCC Cells
When co-cultured in 2D monolayers with CAFs treated with miR-204 inhibitors, only

minimal effects on migration of OSCC cell line UK1 were observed (Figure 6A). When UK1
were co-cultured with CAFs treated with miR-204 mimics, UK1 cells showed a significant
reduction of migration across the gap area towards the CAF region (Figure 6B). In 3D
organotypic co-culture models, increased expression of miR-204 in CAFs significantly re-
duced the depth of invasion by UK1 cells, while inhibitors of miR-204 in NOFs significantly
increased the depth of invasion of OSCC cell line Luc4 (Figure 6C,D).
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2.6. Expression of miR-204 in Fibroblasts Inhibits Invasion and Migration of Adjacent OSCC Cells
When co-cultured in 2D monolayers with CAFs treated with miR-204 inhibitors, only

minimal effects on migration of OSCC cell line UK1 were observed (Figure 6A). When UK1
were co-cultured with CAFs treated with miR-204 mimics, UK1 cells showed a significant
reduction of migration across the gap area towards the CAF region (Figure 6B). In 3D
organotypic co-culture models, increased expression of miR-204 in CAFs significantly re-
duced the depth of invasion by UK1 cells, while inhibitors of miR-204 in NOFs significantly
increased the depth of invasion of OSCC cell line Luc4 (Figure 6C,D).
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2.6.ExpressionofmiR-204inFibroblastsInhibitsInvasionandMigrationofAdjacentOSCCCells
Whenco-culturedin2DmonolayerswithCAFstreatedwithmiR-204inhibitors,only

minimaleffectsonmigrationofOSCCcelllineUK1wereobserved(Figure6A).WhenUK1
wereco-culturedwithCAFstreatedwithmiR-204mimics,UK1cellsshowedasignificant
reductionofmigrationacrossthegapareatowardstheCAFregion(Figure6B).In3D
organotypicco-culturemodels,increasedexpressionofmiR-204inCAFssignificantlyre-
ducedthedepthofinvasionbyUK1cells,whileinhibitorsofmiR-204inNOFssignificantly
increasedthedepthofinvasionofOSCCcelllineLuc4(Figure6C,D).
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Whenco-culturedin2DmonolayerswithCAFstreatedwithmiR-204inhibitors,only

minimaleffectsonmigrationofOSCCcelllineUK1wereobserved(Figure6A).WhenUK1
wereco-culturedwithCAFstreatedwithmiR-204mimics,UK1cellsshowedasignificant
reductionofmigrationacrossthegapareatowardstheCAFregion(Figure6B).In3D
organotypicco-culturemodels,increasedexpressionofmiR-204inCAFssignificantlyre-
ducedthedepthofinvasionbyUK1cells,whileinhibitorsofmiR-204inNOFssignificantly
increasedthedepthofinvasionofOSCCcelllineLuc4(Figure6C,D).
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2.7. miR-204 in Fibroblasts Regulates Several Molecules Involved in Cell Migration
Increased miR-204 expression in CAFs significantly decreased the levels of PTK2 (FAK)

and ROCK2 transcripts (Figure 7A). Moreover, at the protein level, FAK and its active form,
phosphorylated FAK (pFAK), were decreased upon increased miR-204 (Figure 7B,C).
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3. Discussion
In this study several miRs were identified to have a differential expression in CAFs

compared with NOFs, as demonstrated by the segregation of CAF and NOF strains in two
separate clusters by unsupervised clustering analysis of the miRs expression in the miR
array. Nevertheless, one of the NOF strains exhibited a miR expression profile similar to
CAF strains, and two of the CAF strains displayed amiR expression profile similar to that of
NOF strains. We have previously demonstrated CAF heterogeneity at transcriptomic level
by gene microarray analysis [19]. The present study points towards CAF heterogeneity
regarding miR expression as well. One possible explanation for this variation could be the
fact that the fibroblasts used for miR array in this study were primary cells in their early
passages, and that these differences most likely reflect the patient-to-patient biological vari-
ation and heterogeneity. Nevertheless, there could be other reasons for this heterogeneity
such as selection in culture. While miR-204 expression was increased in almost all cases of
NOFs isolated from healthy, non-cancer patients compared with the CAFs isolated from
OSCC lesions, miR-204 expression was much lower in two of the CAF–NOF pairs, in which
NOFs were isolated from the morphologically normal mucosa of OSCC patients. While
these differences might point to differences in the biology of miR regulation between NOFs
from non-cancer-related and cancer-bearing individuals, the possible alteration of NOFs in
OSCC cancer patients cannot be excluded, taking into consideration the field cancerization
phenomenon common for the oral mucosa of OSCC patients, in which pre-malignant or
even malignant alterations in the apparently normal tissue surrounding the tumor are
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2.7.miR-204inFibroblastsRegulatesSeveralMoleculesInvolvedinCellMigration
IncreasedmiR-204expressioninCAFssignificantlydecreasedthelevelsofPTK2(FAK)

andROCK2transcripts(Figure7A).Moreover,attheproteinlevel,FAKanditsactiveform,
phosphorylatedFAK(pFAK),weredecreaseduponincreasedmiR-204(Figure7B,C).
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passages,andthatthesedifferencesmostlikelyreflectthepatient-to-patientbiologicalvari-
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2.7. miR-204 in Fibroblasts Regulates Several Molecules Involved in Cell Migration
Increased miR-204 expression in CAFs significantly decreased the levels of PTK2 (FAK)

and ROCK2 transcripts (Figure 7A). Moreover, at the protein level, FAK and its active form,
phosphorylated FAK (pFAK), were decreased upon increased miR-204 (Figure 7B,C).
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3. Discussion
In this study several miRs were identified to have a differential expression in CAFs

compared with NOFs, as demonstrated by the segregation of CAF and NOF strains in two
separate clusters by unsupervised clustering analysis of the miRs expression in the miR
array. Nevertheless, one of the NOF strains exhibited a miR expression profile similar to
CAF strains, and two of the CAF strains displayed amiR expression profile similar to that of
NOF strains. We have previously demonstrated CAF heterogeneity at transcriptomic level
by gene microarray analysis [19]. The present study points towards CAF heterogeneity
regarding miR expression as well. One possible explanation for this variation could be the
fact that the fibroblasts used for miR array in this study were primary cells in their early
passages, and that these differences most likely reflect the patient-to-patient biological vari-
ation and heterogeneity. Nevertheless, there could be other reasons for this heterogeneity
such as selection in culture. While miR-204 expression was increased in almost all cases of
NOFs isolated from healthy, non-cancer patients compared with the CAFs isolated from
OSCC lesions, miR-204 expression was much lower in two of the CAF–NOF pairs, in which
NOFs were isolated from the morphologically normal mucosa of OSCC patients. While
these differences might point to differences in the biology of miR regulation between NOFs
from non-cancer-related and cancer-bearing individuals, the possible alteration of NOFs in
OSCC cancer patients cannot be excluded, taking into consideration the field cancerization
phenomenon common for the oral mucosa of OSCC patients, in which pre-malignant or
even malignant alterations in the apparently normal tissue surrounding the tumor are
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2.7. miR-204 in Fibroblasts Regulates Several Molecules Involved in Cell Migration
Increased miR-204 expression in CAFs significantly decreased the levels of PTK2 (FAK)

and ROCK2 transcripts (Figure 7A). Moreover, at the protein level, FAK and its active form,
phosphorylated FAK (pFAK), were decreased upon increased miR-204 (Figure 7B,C).
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3. Discussion
In this study several miRs were identified to have a differential expression in CAFs

compared with NOFs, as demonstrated by the segregation of CAF and NOF strains in two
separate clusters by unsupervised clustering analysis of the miRs expression in the miR
array. Nevertheless, one of the NOF strains exhibited a miR expression profile similar to
CAF strains, and two of the CAF strains displayed amiR expression profile similar to that of
NOF strains. We have previously demonstrated CAF heterogeneity at transcriptomic level
by gene microarray analysis [19]. The present study points towards CAF heterogeneity
regarding miR expression as well. One possible explanation for this variation could be the
fact that the fibroblasts used for miR array in this study were primary cells in their early
passages, and that these differences most likely reflect the patient-to-patient biological vari-
ation and heterogeneity. Nevertheless, there could be other reasons for this heterogeneity
such as selection in culture. While miR-204 expression was increased in almost all cases of
NOFs isolated from healthy, non-cancer patients compared with the CAFs isolated from
OSCC lesions, miR-204 expression was much lower in two of the CAF–NOF pairs, in which
NOFs were isolated from the morphologically normal mucosa of OSCC patients. While
these differences might point to differences in the biology of miR regulation between NOFs
from non-cancer-related and cancer-bearing individuals, the possible alteration of NOFs in
OSCC cancer patients cannot be excluded, taking into consideration the field cancerization
phenomenon common for the oral mucosa of OSCC patients, in which pre-malignant or
even malignant alterations in the apparently normal tissue surrounding the tumor are
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quite common [38]. In this line, a study by Ganci F.; et al. showed that miR regulation was
different from tumor to peri-tumor region and from peri-tumor to normal surrounding in
HNSCC [39]. The tumor cells and tumor microenvironment (TME) co-evolve [26], meaning
that transformations in all TME components including fibroblasts take place alongside
neoplastic transformation of the epithelium from early stages. Increased heterogeneity of fi-
broblasts when seeded on plastic as 2D monolayers might as well be related to the selection
of certain populations that survive in culture. One then might question the representability
of the fibroblasts isolated from the tissues in cell culture for the fibroblast population in
that tumor or tissue. Changes in cells’ phenotype upon transitioning from tissue to cell
culture have also been reported [40], thus use of culture conditions as close as possible to
the in vivo situation, such as 3D collagen gels or 3D organotypic co-cultures, is essential.

The major limitation of our study is the use of a limited number of fibroblast strains,
although comparable with previously published studies on miRNA array in CAFs versus
NOFs. Few other miRNA array studies on pairs of CAFs versus normal fibroblasts (NF)
have been previously performed [41–44]. Significantly dysregulated miRNA candidates
in CAF in our OSCC study were distinct from those miRNA identified by the previous
studies, and this could be attributed to different localization of the cancers from which
fibroblasts were isolated. The eight miRNA found significantly downregulated in CAFs in
our study, among which was also miR-204, affected TGF� signaling, adherens junction, and
proteoglycans in cancer pathways among other pathways significantly affected by them,
as shown by KEGG pathway analysis by Diana MirPath v.3 using a database of experi-
mentally supported miRNA–gene interactions: TarBase v.7 and [45]. Among the pathways
significantly affected by the four miRNAs found to be upregulated in CAFs versus NOFs
in our study were p53 signaling, cell cycle, and proteoglycans in cancer pathways.

For validation on different data sets, we first explored GEO datasets onmiR-expression
in CAFs versus NOFs in different cancers. We identified three studies that had compared
miRNA expression in CAFs versus NOFs. With GEO2R analysis, we did not match any
significantly deregulated miRNA candidates identified in our OSCC study with those
in prostate CAFs (n = 3) versus NOFs (n = 3) (GSE68166; GPL10558). Another dataset
(GSE97545) in lung cancer could not be analyzed. The data from the third published study
on miRNA array in CAFs versus NOFs in OSCC were not made publicly available, so we
could not investigate that dataset either [43]. Therefore, we sought next to explore the
expression of the miR, thus we further focused our attention in this study on miR-204, in
OSCC versus normal oral mucosa in the TCGA database. In spite of the fact that TCGA
miRNA data were derived from the whole OSCC tissues, a decrease in miR-204 expression
in OSCC compared with normal tissues (statistically significant for matched, paired lesions)
was observed, which is in line with the decreased miR-204 in CAFs compared with NOFs
observed in our study.

Among the twelve dysregulated miRNA identified in our study, we focused further
on miR-204 in functional and molecular assays owing to a possible link that we found
in silico between this particular miRNA and integrin alpha11, which has been identified
as one of the top genes significantly up-regulated in CAFs derived from OSCC in our
previous transcriptomic study [19]. Supportive of our choice was also the fact that earlier
studies have suggested tumor-suppressive functions by miR-204, as described in the Intro-
duction. Reduced expression of miR-204 in cancers, likening or leading to aggressiveness
and metastasis of cancer cells, was previously reported. We have previously investigated
miR204 expression and its correlation with clinical-pathological parameters and survival
in a cohort of 169 HPV-negative OSCC patient cohort [36]. Data from that cohort showed a
correlation between the expression of miR-204 in tumor center and the degree of differenti-
ation, namely higher miR-204 expression in well-differentiated OSCC lesions. However,
we could not find any correlation between the differentiation degree of the OSCC lesions
from which the CAFs were derived and the expression of miR204 in the isolated CAFs,
probably owing to the heterogeneity of the CAFs within a tumor or because of the low
number of cases in which we isolated CAFs for analysis in the present study.
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quitecommon[38].Inthisline,astudybyGanciF.;etal.showedthatmiRregulationwas
differentfromtumortoperi-tumorregionandfromperi-tumortonormalsurroundingin
HNSCC[39].Thetumorcellsandtumormicroenvironment(TME)co-evolve[26],meaning
thattransformationsinallTMEcomponentsincludingfibroblaststakeplacealongside
neoplastictransformationoftheepitheliumfromearlystages.Increasedheterogeneityoffi-
broblastswhenseededonplasticas2Dmonolayersmightaswellberelatedtotheselection
ofcertainpopulationsthatsurviveinculture.Onethenmightquestiontherepresentability
ofthefibroblastsisolatedfromthetissuesincellcultureforthefibroblastpopulationin
thattumorortissue.Changesincells’phenotypeupontransitioningfromtissuetocell
culturehavealsobeenreported[40],thususeofcultureconditionsascloseaspossibleto
theinvivosituation,suchas3Dcollagengelsor3Dorganotypicco-cultures,isessential.

Themajorlimitationofourstudyistheuseofalimitednumberoffibroblaststrains,
althoughcomparablewithpreviouslypublishedstudiesonmiRNAarrayinCAFsversus
NOFs.FewothermiRNAarraystudiesonpairsofCAFsversusnormalfibroblasts(NF)
havebeenpreviouslyperformed[41–44].SignificantlydysregulatedmiRNAcandidates
inCAFinourOSCCstudyweredistinctfromthosemiRNAidentifiedbytheprevious
studies,andthiscouldbeattributedtodifferentlocalizationofthecancersfromwhich
fibroblastswereisolated.TheeightmiRNAfoundsignificantlydownregulatedinCAFsin
ourstudy,amongwhichwasalsomiR-204,affectedTGF�signaling,adherensjunction,and
proteoglycansincancerpathwaysamongotherpathwayssignificantlyaffectedbythem,
asshownbyKEGGpathwayanalysisbyDianaMirPathv.3usingadatabaseofexperi-
mentallysupportedmiRNA–geneinteractions:TarBasev.7and[45].Amongthepathways
significantlyaffectedbythefourmiRNAsfoundtobeupregulatedinCAFsversusNOFs
inourstudywerep53signaling,cellcycle,andproteoglycansincancerpathways.

Forvalidationondifferentdatasets,wefirstexploredGEOdatasetsonmiR-expression
inCAFsversusNOFsindifferentcancers.Weidentifiedthreestudiesthathadcompared
miRNAexpressioninCAFsversusNOFs.WithGEO2Ranalysis,wedidnotmatchany
significantlyderegulatedmiRNAcandidatesidentifiedinourOSCCstudywiththose
inprostateCAFs(n=3)versusNOFs(n=3)(GSE68166;GPL10558).Anotherdataset
(GSE97545)inlungcancercouldnotbeanalyzed.Thedatafromthethirdpublishedstudy
onmiRNAarrayinCAFsversusNOFsinOSCCwerenotmadepubliclyavailable,sowe
couldnotinvestigatethatdataseteither[43].Therefore,wesoughtnexttoexplorethe
expressionofthemiR,thuswefurtherfocusedourattentioninthisstudyonmiR-204,in
OSCCversusnormaloralmucosaintheTCGAdatabase.InspiteofthefactthatTCGA
miRNAdatawerederivedfromthewholeOSCCtissues,adecreaseinmiR-204expression
inOSCCcomparedwithnormaltissues(statisticallysignificantformatched,pairedlesions)
wasobserved,whichisinlinewiththedecreasedmiR-204inCAFscomparedwithNOFs
observedinourstudy.

AmongthetwelvedysregulatedmiRNAidentifiedinourstudy,wefocusedfurther
onmiR-204infunctionalandmolecularassaysowingtoapossiblelinkthatwefound
insilicobetweenthisparticularmiRNAandintegrinalpha11,whichhasbeenidentified
asoneofthetopgenessignificantlyup-regulatedinCAFsderivedfromOSCCinour
previoustranscriptomicstudy[19].Supportiveofourchoicewasalsothefactthatearlier
studieshavesuggestedtumor-suppressivefunctionsbymiR-204,asdescribedintheIntro-
duction.ReducedexpressionofmiR-204incancers,likeningorleadingtoaggressiveness
andmetastasisofcancercells,waspreviouslyreported.Wehavepreviouslyinvestigated
miR204expressionanditscorrelationwithclinical-pathologicalparametersandsurvival
inacohortof169HPV-negativeOSCCpatientcohort[36].Datafromthatcohortshoweda
correlationbetweentheexpressionofmiR-204intumorcenterandthedegreeofdifferenti-
ation,namelyhighermiR-204expressioninwell-differentiatedOSCClesions.However,
wecouldnotfindanycorrelationbetweenthedifferentiationdegreeoftheOSCClesions
fromwhichtheCAFswerederivedandtheexpressionofmiR204intheisolatedCAFs,
probablyowingtotheheterogeneityoftheCAFswithinatumororbecauseofthelow
numberofcasesinwhichweisolatedCAFsforanalysisinthepresentstudy.
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quite common [38]. In this line, a study by Ganci F.; et al. showed that miR regulation was
different from tumor to peri-tumor region and from peri-tumor to normal surrounding in
HNSCC [39]. The tumor cells and tumor microenvironment (TME) co-evolve [26], meaning
that transformations in all TME components including fibroblasts take place alongside
neoplastic transformation of the epithelium from early stages. Increased heterogeneity of fi-
broblasts when seeded on plastic as 2D monolayers might as well be related to the selection
of certain populations that survive in culture. One then might question the representability
of the fibroblasts isolated from the tissues in cell culture for the fibroblast population in
that tumor or tissue. Changes in cells’ phenotype upon transitioning from tissue to cell
culture have also been reported [40], thus use of culture conditions as close as possible to
the in vivo situation, such as 3D collagen gels or 3D organotypic co-cultures, is essential.

The major limitation of our study is the use of a limited number of fibroblast strains,
although comparable with previously published studies on miRNA array in CAFs versus
NOFs. Few other miRNA array studies on pairs of CAFs versus normal fibroblasts (NF)
have been previously performed [41–44]. Significantly dysregulated miRNA candidates
in CAF in our OSCC study were distinct from those miRNA identified by the previous
studies, and this could be attributed to different localization of the cancers from which
fibroblasts were isolated. The eight miRNA found significantly downregulated in CAFs in
our study, among which was also miR-204, affected TGF� signaling, adherens junction, and
proteoglycans in cancer pathways among other pathways significantly affected by them,
as shown by KEGG pathway analysis by Diana MirPath v.3 using a database of experi-
mentally supported miRNA–gene interactions: TarBase v.7 and [45]. Among the pathways
significantly affected by the four miRNAs found to be upregulated in CAFs versus NOFs
in our study were p53 signaling, cell cycle, and proteoglycans in cancer pathways.

For validation on different data sets, we first explored GEO datasets onmiR-expression
in CAFs versus NOFs in different cancers. We identified three studies that had compared
miRNA expression in CAFs versus NOFs. With GEO2R analysis, we did not match any
significantly deregulated miRNA candidates identified in our OSCC study with those
in prostate CAFs (n = 3) versus NOFs (n = 3) (GSE68166; GPL10558). Another dataset
(GSE97545) in lung cancer could not be analyzed. The data from the third published study
on miRNA array in CAFs versus NOFs in OSCC were not made publicly available, so we
could not investigate that dataset either [43]. Therefore, we sought next to explore the
expression of the miR, thus we further focused our attention in this study on miR-204, in
OSCC versus normal oral mucosa in the TCGA database. In spite of the fact that TCGA
miRNA data were derived from the whole OSCC tissues, a decrease in miR-204 expression
in OSCC compared with normal tissues (statistically significant for matched, paired lesions)
was observed, which is in line with the decreased miR-204 in CAFs compared with NOFs
observed in our study.

Among the twelve dysregulated miRNA identified in our study, we focused further
on miR-204 in functional and molecular assays owing to a possible link that we found
in silico between this particular miRNA and integrin alpha11, which has been identified
as one of the top genes significantly up-regulated in CAFs derived from OSCC in our
previous transcriptomic study [19]. Supportive of our choice was also the fact that earlier
studies have suggested tumor-suppressive functions by miR-204, as described in the Intro-
duction. Reduced expression of miR-204 in cancers, likening or leading to aggressiveness
and metastasis of cancer cells, was previously reported. We have previously investigated
miR204 expression and its correlation with clinical-pathological parameters and survival
in a cohort of 169 HPV-negative OSCC patient cohort [36]. Data from that cohort showed a
correlation between the expression of miR-204 in tumor center and the degree of differenti-
ation, namely higher miR-204 expression in well-differentiated OSCC lesions. However,
we could not find any correlation between the differentiation degree of the OSCC lesions
from which the CAFs were derived and the expression of miR204 in the isolated CAFs,
probably owing to the heterogeneity of the CAFs within a tumor or because of the low
number of cases in which we isolated CAFs for analysis in the present study.
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quitecommon[38].Inthisline,astudybyGanciF.;etal.showedthatmiRregulationwas
differentfromtumortoperi-tumorregionandfromperi-tumortonormalsurroundingin
HNSCC[39].Thetumorcellsandtumormicroenvironment(TME)co-evolve[26],meaning
thattransformationsinallTMEcomponentsincludingfibroblaststakeplacealongside
neoplastictransformationoftheepitheliumfromearlystages.Increasedheterogeneityoffi-
broblastswhenseededonplasticas2Dmonolayersmightaswellberelatedtotheselection
ofcertainpopulationsthatsurviveinculture.Onethenmightquestiontherepresentability
ofthefibroblastsisolatedfromthetissuesincellcultureforthefibroblastpopulationin
thattumorortissue.Changesincells’phenotypeupontransitioningfromtissuetocell
culturehavealsobeenreported[40],thususeofcultureconditionsascloseaspossibleto
theinvivosituation,suchas3Dcollagengelsor3Dorganotypicco-cultures,isessential.

Themajorlimitationofourstudyistheuseofalimitednumberoffibroblaststrains,
althoughcomparablewithpreviouslypublishedstudiesonmiRNAarrayinCAFsversus
NOFs.FewothermiRNAarraystudiesonpairsofCAFsversusnormalfibroblasts(NF)
havebeenpreviouslyperformed[41–44].SignificantlydysregulatedmiRNAcandidates
inCAFinourOSCCstudyweredistinctfromthosemiRNAidentifiedbytheprevious
studies,andthiscouldbeattributedtodifferentlocalizationofthecancersfromwhich
fibroblastswereisolated.TheeightmiRNAfoundsignificantlydownregulatedinCAFsin
ourstudy,amongwhichwasalsomiR-204,affectedTGF�signaling,adherensjunction,and
proteoglycansincancerpathwaysamongotherpathwayssignificantlyaffectedbythem,
asshownbyKEGGpathwayanalysisbyDianaMirPathv.3usingadatabaseofexperi-
mentallysupportedmiRNA–geneinteractions:TarBasev.7and[45].Amongthepathways
significantlyaffectedbythefourmiRNAsfoundtobeupregulatedinCAFsversusNOFs
inourstudywerep53signaling,cellcycle,andproteoglycansincancerpathways.

Forvalidationondifferentdatasets,wefirstexploredGEOdatasetsonmiR-expression
inCAFsversusNOFsindifferentcancers.Weidentifiedthreestudiesthathadcompared
miRNAexpressioninCAFsversusNOFs.WithGEO2Ranalysis,wedidnotmatchany
significantlyderegulatedmiRNAcandidatesidentifiedinourOSCCstudywiththose
inprostateCAFs(n=3)versusNOFs(n=3)(GSE68166;GPL10558).Anotherdataset
(GSE97545)inlungcancercouldnotbeanalyzed.Thedatafromthethirdpublishedstudy
onmiRNAarrayinCAFsversusNOFsinOSCCwerenotmadepubliclyavailable,sowe
couldnotinvestigatethatdataseteither[43].Therefore,wesoughtnexttoexplorethe
expressionofthemiR,thuswefurtherfocusedourattentioninthisstudyonmiR-204,in
OSCCversusnormaloralmucosaintheTCGAdatabase.InspiteofthefactthatTCGA
miRNAdatawerederivedfromthewholeOSCCtissues,adecreaseinmiR-204expression
inOSCCcomparedwithnormaltissues(statisticallysignificantformatched,pairedlesions)
wasobserved,whichisinlinewiththedecreasedmiR-204inCAFscomparedwithNOFs
observedinourstudy.

AmongthetwelvedysregulatedmiRNAidentifiedinourstudy,wefocusedfurther
onmiR-204infunctionalandmolecularassaysowingtoapossiblelinkthatwefound
insilicobetweenthisparticularmiRNAandintegrinalpha11,whichhasbeenidentified
asoneofthetopgenessignificantlyup-regulatedinCAFsderivedfromOSCCinour
previoustranscriptomicstudy[19].Supportiveofourchoicewasalsothefactthatearlier
studieshavesuggestedtumor-suppressivefunctionsbymiR-204,asdescribedintheIntro-
duction.ReducedexpressionofmiR-204incancers,likeningorleadingtoaggressiveness
andmetastasisofcancercells,waspreviouslyreported.Wehavepreviouslyinvestigated
miR204expressionanditscorrelationwithclinical-pathologicalparametersandsurvival
inacohortof169HPV-negativeOSCCpatientcohort[36].Datafromthatcohortshoweda
correlationbetweentheexpressionofmiR-204intumorcenterandthedegreeofdifferenti-
ation,namelyhighermiR-204expressioninwell-differentiatedOSCClesions.However,
wecouldnotfindanycorrelationbetweenthedifferentiationdegreeoftheOSCClesions
fromwhichtheCAFswerederivedandtheexpressionofmiR204intheisolatedCAFs,
probablyowingtotheheterogeneityoftheCAFswithinatumororbecauseofthelow
numberofcasesinwhichweisolatedCAFsforanalysisinthepresentstudy.

Int.J.Mol.Sci.2021,22,119609of18

quitecommon[38].Inthisline,astudybyGanciF.;etal.showedthatmiRregulationwas
differentfromtumortoperi-tumorregionandfromperi-tumortonormalsurroundingin
HNSCC[39].Thetumorcellsandtumormicroenvironment(TME)co-evolve[26],meaning
thattransformationsinallTMEcomponentsincludingfibroblaststakeplacealongside
neoplastictransformationoftheepitheliumfromearlystages.Increasedheterogeneityoffi-
broblastswhenseededonplasticas2Dmonolayersmightaswellberelatedtotheselection
ofcertainpopulationsthatsurviveinculture.Onethenmightquestiontherepresentability
ofthefibroblastsisolatedfromthetissuesincellcultureforthefibroblastpopulationin
thattumorortissue.Changesincells’phenotypeupontransitioningfromtissuetocell
culturehavealsobeenreported[40],thususeofcultureconditionsascloseaspossibleto
theinvivosituation,suchas3Dcollagengelsor3Dorganotypicco-cultures,isessential.

Themajorlimitationofourstudyistheuseofalimitednumberoffibroblaststrains,
althoughcomparablewithpreviouslypublishedstudiesonmiRNAarrayinCAFsversus
NOFs.FewothermiRNAarraystudiesonpairsofCAFsversusnormalfibroblasts(NF)
havebeenpreviouslyperformed[41–44].SignificantlydysregulatedmiRNAcandidates
inCAFinourOSCCstudyweredistinctfromthosemiRNAidentifiedbytheprevious
studies,andthiscouldbeattributedtodifferentlocalizationofthecancersfromwhich
fibroblastswereisolated.TheeightmiRNAfoundsignificantlydownregulatedinCAFsin
ourstudy,amongwhichwasalsomiR-204,affectedTGF�signaling,adherensjunction,and
proteoglycansincancerpathwaysamongotherpathwayssignificantlyaffectedbythem,
asshownbyKEGGpathwayanalysisbyDianaMirPathv.3usingadatabaseofexperi-
mentallysupportedmiRNA–geneinteractions:TarBasev.7and[45].Amongthepathways
significantlyaffectedbythefourmiRNAsfoundtobeupregulatedinCAFsversusNOFs
inourstudywerep53signaling,cellcycle,andproteoglycansincancerpathways.

Forvalidationondifferentdatasets,wefirstexploredGEOdatasetsonmiR-expression
inCAFsversusNOFsindifferentcancers.Weidentifiedthreestudiesthathadcompared
miRNAexpressioninCAFsversusNOFs.WithGEO2Ranalysis,wedidnotmatchany
significantlyderegulatedmiRNAcandidatesidentifiedinourOSCCstudywiththose
inprostateCAFs(n=3)versusNOFs(n=3)(GSE68166;GPL10558).Anotherdataset
(GSE97545)inlungcancercouldnotbeanalyzed.Thedatafromthethirdpublishedstudy
onmiRNAarrayinCAFsversusNOFsinOSCCwerenotmadepubliclyavailable,sowe
couldnotinvestigatethatdataseteither[43].Therefore,wesoughtnexttoexplorethe
expressionofthemiR,thuswefurtherfocusedourattentioninthisstudyonmiR-204,in
OSCCversusnormaloralmucosaintheTCGAdatabase.InspiteofthefactthatTCGA
miRNAdatawerederivedfromthewholeOSCCtissues,adecreaseinmiR-204expression
inOSCCcomparedwithnormaltissues(statisticallysignificantformatched,pairedlesions)
wasobserved,whichisinlinewiththedecreasedmiR-204inCAFscomparedwithNOFs
observedinourstudy.

AmongthetwelvedysregulatedmiRNAidentifiedinourstudy,wefocusedfurther
onmiR-204infunctionalandmolecularassaysowingtoapossiblelinkthatwefound
insilicobetweenthisparticularmiRNAandintegrinalpha11,whichhasbeenidentified
asoneofthetopgenessignificantlyup-regulatedinCAFsderivedfromOSCCinour
previoustranscriptomicstudy[19].Supportiveofourchoicewasalsothefactthatearlier
studieshavesuggestedtumor-suppressivefunctionsbymiR-204,asdescribedintheIntro-
duction.ReducedexpressionofmiR-204incancers,likeningorleadingtoaggressiveness
andmetastasisofcancercells,waspreviouslyreported.Wehavepreviouslyinvestigated
miR204expressionanditscorrelationwithclinical-pathologicalparametersandsurvival
inacohortof169HPV-negativeOSCCpatientcohort[36].Datafromthatcohortshoweda
correlationbetweentheexpressionofmiR-204intumorcenterandthedegreeofdifferenti-
ation,namelyhighermiR-204expressioninwell-differentiatedOSCClesions.However,
wecouldnotfindanycorrelationbetweenthedifferentiationdegreeoftheOSCClesions
fromwhichtheCAFswerederivedandtheexpressionofmiR204intheisolatedCAFs,
probablyowingtotheheterogeneityoftheCAFswithinatumororbecauseofthelow
numberofcasesinwhichweisolatedCAFsforanalysisinthepresentstudy.

Int.J.Mol.Sci.2021,22,119609of18

quitecommon[38].Inthisline,astudybyGanciF.;etal.showedthatmiRregulationwas
differentfromtumortoperi-tumorregionandfromperi-tumortonormalsurroundingin
HNSCC[39].Thetumorcellsandtumormicroenvironment(TME)co-evolve[26],meaning
thattransformationsinallTMEcomponentsincludingfibroblaststakeplacealongside
neoplastictransformationoftheepitheliumfromearlystages.Increasedheterogeneityoffi-
broblastswhenseededonplasticas2Dmonolayersmightaswellberelatedtotheselection
ofcertainpopulationsthatsurviveinculture.Onethenmightquestiontherepresentability
ofthefibroblastsisolatedfromthetissuesincellcultureforthefibroblastpopulationin
thattumorortissue.Changesincells’phenotypeupontransitioningfromtissuetocell
culturehavealsobeenreported[40],thususeofcultureconditionsascloseaspossibleto
theinvivosituation,suchas3Dcollagengelsor3Dorganotypicco-cultures,isessential.

Themajorlimitationofourstudyistheuseofalimitednumberoffibroblaststrains,
althoughcomparablewithpreviouslypublishedstudiesonmiRNAarrayinCAFsversus
NOFs.FewothermiRNAarraystudiesonpairsofCAFsversusnormalfibroblasts(NF)
havebeenpreviouslyperformed[41–44].SignificantlydysregulatedmiRNAcandidates
inCAFinourOSCCstudyweredistinctfromthosemiRNAidentifiedbytheprevious
studies,andthiscouldbeattributedtodifferentlocalizationofthecancersfromwhich
fibroblastswereisolated.TheeightmiRNAfoundsignificantlydownregulatedinCAFsin
ourstudy,amongwhichwasalsomiR-204,affectedTGF�signaling,adherensjunction,and
proteoglycansincancerpathwaysamongotherpathwayssignificantlyaffectedbythem,
asshownbyKEGGpathwayanalysisbyDianaMirPathv.3usingadatabaseofexperi-
mentallysupportedmiRNA–geneinteractions:TarBasev.7and[45].Amongthepathways
significantlyaffectedbythefourmiRNAsfoundtobeupregulatedinCAFsversusNOFs
inourstudywerep53signaling,cellcycle,andproteoglycansincancerpathways.

Forvalidationondifferentdatasets,wefirstexploredGEOdatasetsonmiR-expression
inCAFsversusNOFsindifferentcancers.Weidentifiedthreestudiesthathadcompared
miRNAexpressioninCAFsversusNOFs.WithGEO2Ranalysis,wedidnotmatchany
significantlyderegulatedmiRNAcandidatesidentifiedinourOSCCstudywiththose
inprostateCAFs(n=3)versusNOFs(n=3)(GSE68166;GPL10558).Anotherdataset
(GSE97545)inlungcancercouldnotbeanalyzed.Thedatafromthethirdpublishedstudy
onmiRNAarrayinCAFsversusNOFsinOSCCwerenotmadepubliclyavailable,sowe
couldnotinvestigatethatdataseteither[43].Therefore,wesoughtnexttoexplorethe
expressionofthemiR,thuswefurtherfocusedourattentioninthisstudyonmiR-204,in
OSCCversusnormaloralmucosaintheTCGAdatabase.InspiteofthefactthatTCGA
miRNAdatawerederivedfromthewholeOSCCtissues,adecreaseinmiR-204expression
inOSCCcomparedwithnormaltissues(statisticallysignificantformatched,pairedlesions)
wasobserved,whichisinlinewiththedecreasedmiR-204inCAFscomparedwithNOFs
observedinourstudy.

AmongthetwelvedysregulatedmiRNAidentifiedinourstudy,wefocusedfurther
onmiR-204infunctionalandmolecularassaysowingtoapossiblelinkthatwefound
insilicobetweenthisparticularmiRNAandintegrinalpha11,whichhasbeenidentified
asoneofthetopgenessignificantlyup-regulatedinCAFsderivedfromOSCCinour
previoustranscriptomicstudy[19].Supportiveofourchoicewasalsothefactthatearlier
studieshavesuggestedtumor-suppressivefunctionsbymiR-204,asdescribedintheIntro-
duction.ReducedexpressionofmiR-204incancers,likeningorleadingtoaggressiveness
andmetastasisofcancercells,waspreviouslyreported.Wehavepreviouslyinvestigated
miR204expressionanditscorrelationwithclinical-pathologicalparametersandsurvival
inacohortof169HPV-negativeOSCCpatientcohort[36].Datafromthatcohortshoweda
correlationbetweentheexpressionofmiR-204intumorcenterandthedegreeofdifferenti-
ation,namelyhighermiR-204expressioninwell-differentiatedOSCClesions.However,
wecouldnotfindanycorrelationbetweenthedifferentiationdegreeoftheOSCClesions
fromwhichtheCAFswerederivedandtheexpressionofmiR204intheisolatedCAFs,
probablyowingtotheheterogeneityoftheCAFswithinatumororbecauseofthelow
numberofcasesinwhichweisolatedCAFsforanalysisinthepresentstudy.

Int.J.Mol.Sci.2021,22,119609of18

quitecommon[38].Inthisline,astudybyGanciF.;etal.showedthatmiRregulationwas
differentfromtumortoperi-tumorregionandfromperi-tumortonormalsurroundingin
HNSCC[39].Thetumorcellsandtumormicroenvironment(TME)co-evolve[26],meaning
thattransformationsinallTMEcomponentsincludingfibroblaststakeplacealongside
neoplastictransformationoftheepitheliumfromearlystages.Increasedheterogeneityoffi-
broblastswhenseededonplasticas2Dmonolayersmightaswellberelatedtotheselection
ofcertainpopulationsthatsurviveinculture.Onethenmightquestiontherepresentability
ofthefibroblastsisolatedfromthetissuesincellcultureforthefibroblastpopulationin
thattumorortissue.Changesincells’phenotypeupontransitioningfromtissuetocell
culturehavealsobeenreported[40],thususeofcultureconditionsascloseaspossibleto
theinvivosituation,suchas3Dcollagengelsor3Dorganotypicco-cultures,isessential.

Themajorlimitationofourstudyistheuseofalimitednumberoffibroblaststrains,
althoughcomparablewithpreviouslypublishedstudiesonmiRNAarrayinCAFsversus
NOFs.FewothermiRNAarraystudiesonpairsofCAFsversusnormalfibroblasts(NF)
havebeenpreviouslyperformed[41–44].SignificantlydysregulatedmiRNAcandidates
inCAFinourOSCCstudyweredistinctfromthosemiRNAidentifiedbytheprevious
studies,andthiscouldbeattributedtodifferentlocalizationofthecancersfromwhich
fibroblastswereisolated.TheeightmiRNAfoundsignificantlydownregulatedinCAFsin
ourstudy,amongwhichwasalsomiR-204,affectedTGF�signaling,adherensjunction,and
proteoglycansincancerpathwaysamongotherpathwayssignificantlyaffectedbythem,
asshownbyKEGGpathwayanalysisbyDianaMirPathv.3usingadatabaseofexperi-
mentallysupportedmiRNA–geneinteractions:TarBasev.7and[45].Amongthepathways
significantlyaffectedbythefourmiRNAsfoundtobeupregulatedinCAFsversusNOFs
inourstudywerep53signaling,cellcycle,andproteoglycansincancerpathways.

Forvalidationondifferentdatasets,wefirstexploredGEOdatasetsonmiR-expression
inCAFsversusNOFsindifferentcancers.Weidentifiedthreestudiesthathadcompared
miRNAexpressioninCAFsversusNOFs.WithGEO2Ranalysis,wedidnotmatchany
significantlyderegulatedmiRNAcandidatesidentifiedinourOSCCstudywiththose
inprostateCAFs(n=3)versusNOFs(n=3)(GSE68166;GPL10558).Anotherdataset
(GSE97545)inlungcancercouldnotbeanalyzed.Thedatafromthethirdpublishedstudy
onmiRNAarrayinCAFsversusNOFsinOSCCwerenotmadepubliclyavailable,sowe
couldnotinvestigatethatdataseteither[43].Therefore,wesoughtnexttoexplorethe
expressionofthemiR,thuswefurtherfocusedourattentioninthisstudyonmiR-204,in
OSCCversusnormaloralmucosaintheTCGAdatabase.InspiteofthefactthatTCGA
miRNAdatawerederivedfromthewholeOSCCtissues,adecreaseinmiR-204expression
inOSCCcomparedwithnormaltissues(statisticallysignificantformatched,pairedlesions)
wasobserved,whichisinlinewiththedecreasedmiR-204inCAFscomparedwithNOFs
observedinourstudy.

AmongthetwelvedysregulatedmiRNAidentifiedinourstudy,wefocusedfurther
onmiR-204infunctionalandmolecularassaysowingtoapossiblelinkthatwefound
insilicobetweenthisparticularmiRNAandintegrinalpha11,whichhasbeenidentified
asoneofthetopgenessignificantlyup-regulatedinCAFsderivedfromOSCCinour
previoustranscriptomicstudy[19].Supportiveofourchoicewasalsothefactthatearlier
studieshavesuggestedtumor-suppressivefunctionsbymiR-204,asdescribedintheIntro-
duction.ReducedexpressionofmiR-204incancers,likeningorleadingtoaggressiveness
andmetastasisofcancercells,waspreviouslyreported.Wehavepreviouslyinvestigated
miR204expressionanditscorrelationwithclinical-pathologicalparametersandsurvival
inacohortof169HPV-negativeOSCCpatientcohort[36].Datafromthatcohortshoweda
correlationbetweentheexpressionofmiR-204intumorcenterandthedegreeofdifferenti-
ation,namelyhighermiR-204expressioninwell-differentiatedOSCClesions.However,
wecouldnotfindanycorrelationbetweenthedifferentiationdegreeoftheOSCClesions
fromwhichtheCAFswerederivedandtheexpressionofmiR204intheisolatedCAFs,
probablyowingtotheheterogeneityoftheCAFswithinatumororbecauseofthelow
numberofcasesinwhichweisolatedCAFsforanalysisinthepresentstudy.



Int. J. Mol. Sci. 2021, 22, 11960 10 of 18

However, it was previously unknown how miR regulation in CAFs in general, and
miR-204 expression in particular, can modulate the tumor promoting function by CAFs.
In order to identify the role of miR-204 in CAFs, CAFs and respective matched NOFs
from two OSCC patients were miR-204 modulated and used to populate the collagen
matrix of a 3D organotypic model in which OSCC cells could be tested for their invasive
potential. Increasing miR-204 expression in CAFs suppressed OSCC cell invasion. On the
contrary, when miR-204 expression was inhibited in paired NOFs, invasion of OSCC cells
increased significantly. These findings, coupled with the decreased collagen contraction
and migration of CAFs when treated with miR204 mimics, indicate a tumor suppressive
role of miR-204 expression in CAFs in OSCC by affecting fibroblast motility [20].

Our previous work on transcriptomic analysis of the same CAF and NOF strains
showed upregulation of ITGA11 in CAF derived from OSCC lesions [19]. Moreover,
we described a correlation with a CAF phenotype for CAFs expressing high levels of
ITGA11 [24] and a tumor-promoting role of ITGA11 when expressed in CAFs [46]; integrin
↵11 is a collagen I receptor, and it has been involved in cell motility [47]. In this study,
integrin ↵11 expression was increased in CAF compared with NOF strains in all five
matched pairs, confirming the previous results on non-matched CAFs and NOFs [19]. miR
target prediction analysis showed that ITGA11 contains a target site for miR-204. Therefore,
we performed luciferase miR target reporter assay and demonstrated that, indeed, ITGA11
is directly targeted by miR-204, affecting ITGA11 expression at both transcript and protein
levels. Together with our data on miR-204 affecting fibroblast cell motility, this suggests
that the tumor suppressive effect of miR-204 is mediated via ITGA11. Nevertheless, miR-
204 is only one of the several miRs that regulate ITGA11. In addition, miR-204 has also
been documented to affect other molecules and pathways of cancer. In this line, we
show in this study that several other CAF-related molecules were modulated by miR-204,
endorsing also a more complex role of miR-204 in regulating the CAF phenotype than only
through ITGA11.

Our molecular analysis targeted towards motility-related molecules showed that
modulation of miR-204 expression significantly altered, in addition to ITGA11, the mRNA
levels of FAK and ROCK2, two other molecules playing an important role in cell motility
and CAF motile phenotype. FAK has been shown to be involved in actin filaments-based
protrusions, named filopodia via polymerization and bundling of linear actin filaments
within fan like lamellipodia, and thereby affecting cell adhesion and motility [48]. FAKmay
be activated by integrins, receptor tyrosine kinases (RTKs), mechanical stimuli, cytokine
and G-protein coupled receptors (GPCRs), and changes of intracellular pH (H+) [48]. This
study adds one more level of complexity in the regulation of FAK, showing that, in addition
to post-translational modifications, expression of FAK transcripts and total FAK protein
levels are regulated by miR-204. ROCK2 is another oncoprotein that controls cytoskeleton
organization and cell motility. ROCK2 overexpression has been reported in OSCC-CAFs
and it has been shown to have a prognostic value for OSCC and to be associated with CAF
density [49]. Our current findings that miR-204 targets several motility-related molecules
corroborate well with our functional results showing that miR-204 alters the motility of
fibroblasts, and are in line with previous observations of miR-204 affecting cell motility,
although this has been shown previously in cancer cells only [50]. Furthermore, the
alterations in CAF motility observed when miR-204 mimics were used were followed by
impaired OSCC cell invasion, in line with the previous studies pointing to the essential role
of CAF motility for fibroblast-led collective OSCC cell invasion [20]. This is an intricate
mechanism suggesting a tumor-suppressive role for miR-204 though regulation of CAF
motility via restriction of several motility-related molecules and direct regulation of the
collagen receptor integrin ↵11.
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However,itwaspreviouslyunknownhowmiRregulationinCAFsingeneral,and
miR-204expressioninparticular,canmodulatethetumorpromotingfunctionbyCAFs.
InordertoidentifytheroleofmiR-204inCAFs,CAFsandrespectivematchedNOFs
fromtwoOSCCpatientsweremiR-204modulatedandusedtopopulatethecollagen
matrixofa3DorganotypicmodelinwhichOSCCcellscouldbetestedfortheirinvasive
potential.IncreasingmiR-204expressioninCAFssuppressedOSCCcellinvasion.Onthe
contrary,whenmiR-204expressionwasinhibitedinpairedNOFs,invasionofOSCCcells
increasedsignificantly.Thesefindings,coupledwiththedecreasedcollagencontraction
andmigrationofCAFswhentreatedwithmiR204mimics,indicateatumorsuppressive
roleofmiR-204expressioninCAFsinOSCCbyaffectingfibroblastmotility[20].

OurpreviousworkontranscriptomicanalysisofthesameCAFandNOFstrains
showedupregulationofITGA11inCAFderivedfromOSCClesions[19].Moreover,
wedescribedacorrelationwithaCAFphenotypeforCAFsexpressinghighlevelsof
ITGA11[24]andatumor-promotingroleofITGA11whenexpressedinCAFs[46];integrin
↵11isacollagenIreceptor,andithasbeeninvolvedincellmotility[47].Inthisstudy,
integrin↵11expressionwasincreasedinCAFcomparedwithNOFstrainsinallfive
matchedpairs,confirmingthepreviousresultsonnon-matchedCAFsandNOFs[19].miR
targetpredictionanalysisshowedthatITGA11containsatargetsiteformiR-204.Therefore,
weperformedluciferasemiRtargetreporterassayanddemonstratedthat,indeed,ITGA11
isdirectlytargetedbymiR-204,affectingITGA11expressionatbothtranscriptandprotein
levels.TogetherwithourdataonmiR-204affectingfibroblastcellmotility,thissuggests
thatthetumorsuppressiveeffectofmiR-204ismediatedviaITGA11.Nevertheless,miR-
204isonlyoneoftheseveralmiRsthatregulateITGA11.Inaddition,miR-204hasalso
beendocumentedtoaffectothermoleculesandpathwaysofcancer.Inthisline,we
showinthisstudythatseveralotherCAF-relatedmoleculesweremodulatedbymiR-204,
endorsingalsoamorecomplexroleofmiR-204inregulatingtheCAFphenotypethanonly
throughITGA11.

Ourmolecularanalysistargetedtowardsmotility-relatedmoleculesshowedthat
modulationofmiR-204expressionsignificantlyaltered,inadditiontoITGA11,themRNA
levelsofFAKandROCK2,twoothermoleculesplayinganimportantroleincellmotility
andCAFmotilephenotype.FAKhasbeenshowntobeinvolvedinactinfilaments-based
protrusions,namedfilopodiaviapolymerizationandbundlingoflinearactinfilaments
withinfanlikelamellipodia,andtherebyaffectingcelladhesionandmotility[48].FAKmay
beactivatedbyintegrins,receptortyrosinekinases(RTKs),mechanicalstimuli,cytokine
andG-proteincoupledreceptors(GPCRs),andchangesofintracellularpH(H+)[48].This
studyaddsonemorelevelofcomplexityintheregulationofFAK,showingthat,inaddition
topost-translationalmodifications,expressionofFAKtranscriptsandtotalFAKprotein
levelsareregulatedbymiR-204.ROCK2isanotheroncoproteinthatcontrolscytoskeleton
organizationandcellmotility.ROCK2overexpressionhasbeenreportedinOSCC-CAFs
andithasbeenshowntohaveaprognosticvalueforOSCCandtobeassociatedwithCAF
density[49].OurcurrentfindingsthatmiR-204targetsseveralmotility-relatedmolecules
corroboratewellwithourfunctionalresultsshowingthatmiR-204altersthemotilityof
fibroblasts,andareinlinewithpreviousobservationsofmiR-204affectingcellmotility,
althoughthishasbeenshownpreviouslyincancercellsonly[50].Furthermore,the
alterationsinCAFmotilityobservedwhenmiR-204mimicswereusedwerefollowedby
impairedOSCCcellinvasion,inlinewiththepreviousstudiespointingtotheessentialrole
ofCAFmotilityforfibroblast-ledcollectiveOSCCcellinvasion[20].Thisisanintricate
mechanismsuggestingatumor-suppressiveroleformiR-204thoughregulationofCAF
motilityviarestrictionofseveralmotility-relatedmoleculesanddirectregulationofthe
collagenreceptorintegrin↵11.
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However, it was previously unknown how miR regulation in CAFs in general, and
miR-204 expression in particular, can modulate the tumor promoting function by CAFs.
In order to identify the role of miR-204 in CAFs, CAFs and respective matched NOFs
from two OSCC patients were miR-204 modulated and used to populate the collagen
matrix of a 3D organotypic model in which OSCC cells could be tested for their invasive
potential. Increasing miR-204 expression in CAFs suppressed OSCC cell invasion. On the
contrary, when miR-204 expression was inhibited in paired NOFs, invasion of OSCC cells
increased significantly. These findings, coupled with the decreased collagen contraction
and migration of CAFs when treated with miR204 mimics, indicate a tumor suppressive
role of miR-204 expression in CAFs in OSCC by affecting fibroblast motility [20].

Our previous work on transcriptomic analysis of the same CAF and NOF strains
showed upregulation of ITGA11 in CAF derived from OSCC lesions [19]. Moreover,
we described a correlation with a CAF phenotype for CAFs expressing high levels of
ITGA11 [24] and a tumor-promoting role of ITGA11 when expressed in CAFs [46]; integrin
↵11 is a collagen I receptor, and it has been involved in cell motility [47]. In this study,
integrin ↵11 expression was increased in CAF compared with NOF strains in all five
matched pairs, confirming the previous results on non-matched CAFs and NOFs [19]. miR
target prediction analysis showed that ITGA11 contains a target site for miR-204. Therefore,
we performed luciferase miR target reporter assay and demonstrated that, indeed, ITGA11
is directly targeted by miR-204, affecting ITGA11 expression at both transcript and protein
levels. Together with our data on miR-204 affecting fibroblast cell motility, this suggests
that the tumor suppressive effect of miR-204 is mediated via ITGA11. Nevertheless, miR-
204 is only one of the several miRs that regulate ITGA11. In addition, miR-204 has also
been documented to affect other molecules and pathways of cancer. In this line, we
show in this study that several other CAF-related molecules were modulated by miR-204,
endorsing also a more complex role of miR-204 in regulating the CAF phenotype than only
through ITGA11.

Our molecular analysis targeted towards motility-related molecules showed that
modulation of miR-204 expression significantly altered, in addition to ITGA11, the mRNA
levels of FAK and ROCK2, two other molecules playing an important role in cell motility
and CAF motile phenotype. FAK has been shown to be involved in actin filaments-based
protrusions, named filopodia via polymerization and bundling of linear actin filaments
within fan like lamellipodia, and thereby affecting cell adhesion and motility [48]. FAKmay
be activated by integrins, receptor tyrosine kinases (RTKs), mechanical stimuli, cytokine
and G-protein coupled receptors (GPCRs), and changes of intracellular pH (H+) [48]. This
study adds one more level of complexity in the regulation of FAK, showing that, in addition
to post-translational modifications, expression of FAK transcripts and total FAK protein
levels are regulated by miR-204. ROCK2 is another oncoprotein that controls cytoskeleton
organization and cell motility. ROCK2 overexpression has been reported in OSCC-CAFs
and it has been shown to have a prognostic value for OSCC and to be associated with CAF
density [49]. Our current findings that miR-204 targets several motility-related molecules
corroborate well with our functional results showing that miR-204 alters the motility of
fibroblasts, and are in line with previous observations of miR-204 affecting cell motility,
although this has been shown previously in cancer cells only [50]. Furthermore, the
alterations in CAF motility observed when miR-204 mimics were used were followed by
impaired OSCC cell invasion, in line with the previous studies pointing to the essential role
of CAF motility for fibroblast-led collective OSCC cell invasion [20]. This is an intricate
mechanism suggesting a tumor-suppressive role for miR-204 though regulation of CAF
motility via restriction of several motility-related molecules and direct regulation of the
collagen receptor integrin ↵11.
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InordertoidentifytheroleofmiR-204inCAFs,CAFsandrespectivematchedNOFs
fromtwoOSCCpatientsweremiR-204modulatedandusedtopopulatethecollagen
matrixofa3DorganotypicmodelinwhichOSCCcellscouldbetestedfortheirinvasive
potential.IncreasingmiR-204expressioninCAFssuppressedOSCCcellinvasion.Onthe
contrary,whenmiR-204expressionwasinhibitedinpairedNOFs,invasionofOSCCcells
increasedsignificantly.Thesefindings,coupledwiththedecreasedcollagencontraction
andmigrationofCAFswhentreatedwithmiR204mimics,indicateatumorsuppressive
roleofmiR-204expressioninCAFsinOSCCbyaffectingfibroblastmotility[20].
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matchedpairs,confirmingthepreviousresultsonnon-matchedCAFsandNOFs[19].miR
targetpredictionanalysisshowedthatITGA11containsatargetsiteformiR-204.Therefore,
weperformedluciferasemiRtargetreporterassayanddemonstratedthat,indeed,ITGA11
isdirectlytargetedbymiR-204,affectingITGA11expressionatbothtranscriptandprotein
levels.TogetherwithourdataonmiR-204affectingfibroblastcellmotility,thissuggests
thatthetumorsuppressiveeffectofmiR-204ismediatedviaITGA11.Nevertheless,miR-
204isonlyoneoftheseveralmiRsthatregulateITGA11.Inaddition,miR-204hasalso
beendocumentedtoaffectothermoleculesandpathwaysofcancer.Inthisline,we
showinthisstudythatseveralotherCAF-relatedmoleculesweremodulatedbymiR-204,
endorsingalsoamorecomplexroleofmiR-204inregulatingtheCAFphenotypethanonly
throughITGA11.

Ourmolecularanalysistargetedtowardsmotility-relatedmoleculesshowedthat
modulationofmiR-204expressionsignificantlyaltered,inadditiontoITGA11,themRNA
levelsofFAKandROCK2,twoothermoleculesplayinganimportantroleincellmotility
andCAFmotilephenotype.FAKhasbeenshowntobeinvolvedinactinfilaments-based
protrusions,namedfilopodiaviapolymerizationandbundlingoflinearactinfilaments
withinfanlikelamellipodia,andtherebyaffectingcelladhesionandmotility[48].FAKmay
beactivatedbyintegrins,receptortyrosinekinases(RTKs),mechanicalstimuli,cytokine
andG-proteincoupledreceptors(GPCRs),andchangesofintracellularpH(H+)[48].This
studyaddsonemorelevelofcomplexityintheregulationofFAK,showingthat,inaddition
topost-translationalmodifications,expressionofFAKtranscriptsandtotalFAKprotein
levelsareregulatedbymiR-204.ROCK2isanotheroncoproteinthatcontrolscytoskeleton
organizationandcellmotility.ROCK2overexpressionhasbeenreportedinOSCC-CAFs
andithasbeenshowntohaveaprognosticvalueforOSCCandtobeassociatedwithCAF
density[49].OurcurrentfindingsthatmiR-204targetsseveralmotility-relatedmolecules
corroboratewellwithourfunctionalresultsshowingthatmiR-204altersthemotilityof
fibroblasts,andareinlinewithpreviousobservationsofmiR-204affectingcellmotility,
althoughthishasbeenshownpreviouslyincancercellsonly[50].Furthermore,the
alterationsinCAFmotilityobservedwhenmiR-204mimicswereusedwerefollowedby
impairedOSCCcellinvasion,inlinewiththepreviousstudiespointingtotheessentialrole
ofCAFmotilityforfibroblast-ledcollectiveOSCCcellinvasion[20].Thisisanintricate
mechanismsuggestingatumor-suppressiveroleformiR-204thoughregulationofCAF
motilityviarestrictionofseveralmotility-relatedmoleculesanddirectregulationofthe
collagenreceptorintegrin↵11.
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fibroblasts,andareinlinewithpreviousobservationsofmiR-204affectingcellmotility,
althoughthishasbeenshownpreviouslyincancercellsonly[50].Furthermore,the
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4. Materials and Methods
4.1. Patient Material

CAFs were isolated from biopsies of OSCC primary lesions of patients (n = 13) diag-
nosed at Haukeland University Hospital, Bergen, Norway, prior to any treatment. Matched
normal oral fibroblasts (NOFs) were also isolated from biopsies taken frommorphologically
cancer-free regions of oral mucosa of five of the OSCC patients (n = 5) (Supplementary
Table S1). Tissues from the patients who underwent neoadjuvant therapy and/or later
were confirmed HPV-positive were not included in the study. NOFs from biopsies of
normal oral mucosa of healthy, cancer-free volunteers (n = 9) were also obtained. Outliers,
one each from the CAF and NOF groups, were removed in miR-microarray data analysis.
Written consent was obtained from both OSCC patients and healthy donors. Tissues were
collected in Dulbecco’s modified Eagle’s medium (DMEM; D6429, Sigma), supplemented
with 2% antibiotic-antimycotic (AB/AM; 100 U/mL penicillin, 100 ug/mL Streptomycin,
and 25 ng/mL Amphotericin B; all from Invitrogen, Waltham, MA, USA). Ethical approval
was obtained from the regional ethical committee in Norway (West Norway; REKVest
3.2006.2620, REKVest 3.2006.1341).

4.2. Fibroblast Isolation and Cell Culture
Tissues collected were thoroughly washed in the collecting medium. Bleeding and

necrotic areas of the tissues were removed using a sterile scalpel and washed thoroughly
again. Tissues were cut into approximately 2–4 mm3 bits, and then placed on 6 cm culture
dish. Tissue bits (explants) were slightly air-dried (approximately 1–2 min) to facilitate
explants to attach on the surface of the dish. Thereafter, explants were carefully covered
with complete growth medium, DMEM with 10% heat inactivated newborn calf serum
(NBCS; 31765068, Gibco, Amarillo, TX, USA) supplemented with 1% AB/AM. The culture
dishes were then incubated in a growth chamber maintained at 37 �C and 5% CO2. Few
days later, cells with epithelial morphology that grew from the explant were scrapped off
under a microscope using pipette tips. Alternatively, cells with fibroblast morphology were
trypsin selected (trypsin detached fibroblasts earlier compared with epithelial cells; 1–2
min vs. 4–7 min). CAFs and NOFs obtained were further propagated in complete DMEM
medium without AB/AM. All functional assays were performed in matched fibroblast
pair 21.

OSCC cell lines UK1 [51] and Luc4 [52] were grown in DMEM/Nutrient Mixture
F-12 Ham (DMEM/F12; D8437, Sigma, St. Gallen, Switzerland), supplemented with 10%
NBCS, 0.4 µg/mL hydrocortisone (H0888, Sigma), 1⇥ Insulin–Transferrin–Selenium (41400-
04, Thermofisher Scientific), 50 µg/mL L-ascorbic acid (A7631, Sigma), and 10 ng/mL
epidermal growth factor (E9644, Sigma).

4.3. Total RNA Isolation and Small RNA Enrichment for miR Microarray
RNA was isolated using miRVana RNA extraction kit (AM1561, Thermo Fisher Scien-

tific, Dreieich, Germany) following the manufacturer’s protocol. In brief, sub-confluent cell
cultures were washed with tepid phosphate buffered saline (PBS), lysed with lysis/binding
buffer and phenol/chloroform was extracted. For total RNA isolation, the aqueous phase
with RNA from phenol/chloroform extraction was treated with 1.25 volume of 100%
ethanol. RNA was then captured in glass fiber filter cartridge and collected in 100 µL of
preheated (95 �C) nuclease free elution solution (0.1 mM EDTA).

For the enrichment of small RNAs (~200 nucleotides and less) for miR microarray,
50 µg of total RNA was mixed with five volumes of lysis/binding buffer. To the RNA
mixture was added 1/10 volume of homogenate additive, after which it was mixed well
and left on ice for 10 min. The RNA mixture was then mixed thoroughly with 1/3 volume
of 100% ethanol to allow capture of larger RNA in the filter cartridge. The filtrate with
small RNAs was collected, 2/3 volume of 100% ethanol was added, and it was passed
through a new filter cartridge. The cartridge was washed with Wash Solutions and, finally,
small RNA was collected in elution solution.
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4.MaterialsandMethods
4.1.PatientMaterial

CAFswereisolatedfrombiopsiesofOSCCprimarylesionsofpatients(n=13)diag-
nosedatHaukelandUniversityHospital,Bergen,Norway,priortoanytreatment.Matched
normaloralfibroblasts(NOFs)werealsoisolatedfrombiopsiestakenfrommorphologically
cancer-freeregionsoforalmucosaoffiveoftheOSCCpatients(n=5)(Supplementary
TableS1).Tissuesfromthepatientswhounderwentneoadjuvanttherapyand/orlater
wereconfirmedHPV-positivewerenotincludedinthestudy.NOFsfrombiopsiesof
normaloralmucosaofhealthy,cancer-freevolunteers(n=9)werealsoobtained.Outliers,
oneeachfromtheCAFandNOFgroups,wereremovedinmiR-microarraydataanalysis.
WrittenconsentwasobtainedfrombothOSCCpatientsandhealthydonors.Tissueswere
collectedinDulbecco’smodifiedEagle’smedium(DMEM;D6429,Sigma),supplemented
with2%antibiotic-antimycotic(AB/AM;100U/mLpenicillin,100ug/mLStreptomycin,
and25ng/mLAmphotericinB;allfromInvitrogen,Waltham,MA,USA).Ethicalapproval
wasobtainedfromtheregionalethicalcommitteeinNorway(WestNorway;REKVest
3.2006.2620,REKVest3.2006.1341).

4.2.FibroblastIsolationandCellCulture
Tissuescollectedwerethoroughlywashedinthecollectingmedium.Bleedingand

necroticareasofthetissueswereremovedusingasterilescalpelandwashedthoroughly
again.Tissueswerecutintoapproximately2–4mm3bits,andthenplacedon6cmculture
dish.Tissuebits(explants)wereslightlyair-dried(approximately1–2min)tofacilitate
explantstoattachonthesurfaceofthedish.Thereafter,explantswerecarefullycovered
withcompletegrowthmedium,DMEMwith10%heatinactivatednewborncalfserum
(NBCS;31765068,Gibco,Amarillo,TX,USA)supplementedwith1%AB/AM.Theculture
disheswerethenincubatedinagrowthchambermaintainedat37�Cand5%CO2.Few
dayslater,cellswithepithelialmorphologythatgrewfromtheexplantwerescrappedoff
underamicroscopeusingpipettetips.Alternatively,cellswithfibroblastmorphologywere
trypsinselected(trypsindetachedfibroblastsearliercomparedwithepithelialcells;1–2
minvs.4–7min).CAFsandNOFsobtainedwerefurtherpropagatedincompleteDMEM
mediumwithoutAB/AM.Allfunctionalassayswereperformedinmatchedfibroblast
pair21.

OSCCcelllinesUK1[51]andLuc4[52]weregrowninDMEM/NutrientMixture
F-12Ham(DMEM/F12;D8437,Sigma,St.Gallen,Switzerland),supplementedwith10%
NBCS,0.4µg/mLhydrocortisone(H0888,Sigma),1⇥Insulin–Transferrin–Selenium(41400-
04,ThermofisherScientific),50µg/mLL-ascorbicacid(A7631,Sigma),and10ng/mL
epidermalgrowthfactor(E9644,Sigma).

4.3.TotalRNAIsolationandSmallRNAEnrichmentformiRMicroarray
RNAwasisolatedusingmiRVanaRNAextractionkit(AM1561,ThermoFisherScien-

tific,Dreieich,Germany)followingthemanufacturer’sprotocol.Inbrief,sub-confluentcell
cultureswerewashedwithtepidphosphatebufferedsaline(PBS),lysedwithlysis/binding
bufferandphenol/chloroformwasextracted.FortotalRNAisolation,theaqueousphase
withRNAfromphenol/chloroformextractionwastreatedwith1.25volumeof100%
ethanol.RNAwasthencapturedinglassfiberfiltercartridgeandcollectedin100µLof
preheated(95�C)nucleasefreeelutionsolution(0.1mMEDTA).

FortheenrichmentofsmallRNAs(~200nucleotidesandless)formiRmicroarray,
50µgoftotalRNAwasmixedwithfivevolumesoflysis/bindingbuffer.TotheRNA
mixturewasadded1/10volumeofhomogenateadditive,afterwhichitwasmixedwell
andleftonicefor10min.TheRNAmixturewasthenmixedthoroughlywith1/3volume
of100%ethanoltoallowcaptureoflargerRNAinthefiltercartridge.Thefiltratewith
smallRNAswascollected,2/3volumeof100%ethanolwasadded,anditwaspassed
throughanewfiltercartridge.ThecartridgewaswashedwithWashSolutionsand,finally,
smallRNAwascollectedinelutionsolution.
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tific,Dreieich,Germany)followingthemanufacturer’sprotocol.Inbrief,sub-confluentcell
cultureswerewashedwithtepidphosphatebufferedsaline(PBS),lysedwithlysis/binding
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4. Materials and Methods
4.1. Patient Material

CAFs were isolated from biopsies of OSCC primary lesions of patients (n = 13) diag-
nosed at Haukeland University Hospital, Bergen, Norway, prior to any treatment. Matched
normal oral fibroblasts (NOFs) were also isolated from biopsies taken frommorphologically
cancer-free regions of oral mucosa of five of the OSCC patients (n = 5) (Supplementary
Table S1). Tissues from the patients who underwent neoadjuvant therapy and/or later
were confirmed HPV-positive were not included in the study. NOFs from biopsies of
normal oral mucosa of healthy, cancer-free volunteers (n = 9) were also obtained. Outliers,
one each from the CAF and NOF groups, were removed in miR-microarray data analysis.
Written consent was obtained from both OSCC patients and healthy donors. Tissues were
collected in Dulbecco’s modified Eagle’s medium (DMEM; D6429, Sigma), supplemented
with 2% antibiotic-antimycotic (AB/AM; 100 U/mL penicillin, 100 ug/mL Streptomycin,
and 25 ng/mL Amphotericin B; all from Invitrogen, Waltham, MA, USA). Ethical approval
was obtained from the regional ethical committee in Norway (West Norway; REKVest
3.2006.2620, REKVest 3.2006.1341).

4.2. Fibroblast Isolation and Cell Culture
Tissues collected were thoroughly washed in the collecting medium. Bleeding and

necrotic areas of the tissues were removed using a sterile scalpel and washed thoroughly
again. Tissues were cut into approximately 2–4 mm3 bits, and then placed on 6 cm culture
dish. Tissue bits (explants) were slightly air-dried (approximately 1–2 min) to facilitate
explants to attach on the surface of the dish. Thereafter, explants were carefully covered
with complete growth medium, DMEM with 10% heat inactivated newborn calf serum
(NBCS; 31765068, Gibco, Amarillo, TX, USA) supplemented with 1% AB/AM. The culture
dishes were then incubated in a growth chamber maintained at 37 �C and 5% CO2. Few
days later, cells with epithelial morphology that grew from the explant were scrapped off
under a microscope using pipette tips. Alternatively, cells with fibroblast morphology were
trypsin selected (trypsin detached fibroblasts earlier compared with epithelial cells; 1–2
min vs. 4–7 min). CAFs and NOFs obtained were further propagated in complete DMEM
medium without AB/AM. All functional assays were performed in matched fibroblast
pair 21.

OSCC cell lines UK1 [51] and Luc4 [52] were grown in DMEM/Nutrient Mixture
F-12 Ham (DMEM/F12; D8437, Sigma, St. Gallen, Switzerland), supplemented with 10%
NBCS, 0.4 µg/mL hydrocortisone (H0888, Sigma), 1⇥ Insulin–Transferrin–Selenium (41400-
04, Thermofisher Scientific), 50 µg/mL L-ascorbic acid (A7631, Sigma), and 10 ng/mL
epidermal growth factor (E9644, Sigma).

4.3. Total RNA Isolation and Small RNA Enrichment for miR Microarray
RNA was isolated using miRVana RNA extraction kit (AM1561, Thermo Fisher Scien-

tific, Dreieich, Germany) following the manufacturer’s protocol. In brief, sub-confluent cell
cultures were washed with tepid phosphate buffered saline (PBS), lysed with lysis/binding
buffer and phenol/chloroform was extracted. For total RNA isolation, the aqueous phase
with RNA from phenol/chloroform extraction was treated with 1.25 volume of 100%
ethanol. RNA was then captured in glass fiber filter cartridge and collected in 100 µL of
preheated (95 �C) nuclease free elution solution (0.1 mM EDTA).

For the enrichment of small RNAs (~200 nucleotides and less) for miR microarray,
50 µg of total RNA was mixed with five volumes of lysis/binding buffer. To the RNA
mixture was added 1/10 volume of homogenate additive, after which it was mixed well
and left on ice for 10 min. The RNA mixture was then mixed thoroughly with 1/3 volume
of 100% ethanol to allow capture of larger RNA in the filter cartridge. The filtrate with
small RNAs was collected, 2/3 volume of 100% ethanol was added, and it was passed
through a new filter cartridge. The cartridge was washed with Wash Solutions and, finally,
small RNA was collected in elution solution.
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CAFs were isolated from biopsies of OSCC primary lesions of patients (n = 13) diag-
nosed at Haukeland University Hospital, Bergen, Norway, prior to any treatment. Matched
normal oral fibroblasts (NOFs) were also isolated from biopsies taken frommorphologically
cancer-free regions of oral mucosa of five of the OSCC patients (n = 5) (Supplementary
Table S1). Tissues from the patients who underwent neoadjuvant therapy and/or later
were confirmed HPV-positive were not included in the study. NOFs from biopsies of
normal oral mucosa of healthy, cancer-free volunteers (n = 9) were also obtained. Outliers,
one each from the CAF and NOF groups, were removed in miR-microarray data analysis.
Written consent was obtained from both OSCC patients and healthy donors. Tissues were
collected in Dulbecco’s modified Eagle’s medium (DMEM; D6429, Sigma), supplemented
with 2% antibiotic-antimycotic (AB/AM; 100 U/mL penicillin, 100 ug/mL Streptomycin,
and 25 ng/mL Amphotericin B; all from Invitrogen, Waltham, MA, USA). Ethical approval
was obtained from the regional ethical committee in Norway (West Norway; REKVest
3.2006.2620, REKVest 3.2006.1341).

4.2. Fibroblast Isolation and Cell Culture
Tissues collected were thoroughly washed in the collecting medium. Bleeding and

necrotic areas of the tissues were removed using a sterile scalpel and washed thoroughly
again. Tissues were cut into approximately 2–4 mm3 bits, and then placed on 6 cm culture
dish. Tissue bits (explants) were slightly air-dried (approximately 1–2 min) to facilitate
explants to attach on the surface of the dish. Thereafter, explants were carefully covered
with complete growth medium, DMEM with 10% heat inactivated newborn calf serum
(NBCS; 31765068, Gibco, Amarillo, TX, USA) supplemented with 1% AB/AM. The culture
dishes were then incubated in a growth chamber maintained at 37 �C and 5% CO2. Few
days later, cells with epithelial morphology that grew from the explant were scrapped off
under a microscope using pipette tips. Alternatively, cells with fibroblast morphology were
trypsin selected (trypsin detached fibroblasts earlier compared with epithelial cells; 1–2
min vs. 4–7 min). CAFs and NOFs obtained were further propagated in complete DMEM
medium without AB/AM. All functional assays were performed in matched fibroblast
pair 21.

OSCC cell lines UK1 [51] and Luc4 [52] were grown in DMEM/Nutrient Mixture
F-12 Ham (DMEM/F12; D8437, Sigma, St. Gallen, Switzerland), supplemented with 10%
NBCS, 0.4 µg/mL hydrocortisone (H0888, Sigma), 1⇥ Insulin–Transferrin–Selenium (41400-
04, Thermofisher Scientific), 50 µg/mL L-ascorbic acid (A7631, Sigma), and 10 ng/mL
epidermal growth factor (E9644, Sigma).

4.3. Total RNA Isolation and Small RNA Enrichment for miR Microarray
RNA was isolated using miRVana RNA extraction kit (AM1561, Thermo Fisher Scien-

tific, Dreieich, Germany) following the manufacturer’s protocol. In brief, sub-confluent cell
cultures were washed with tepid phosphate buffered saline (PBS), lysed with lysis/binding
buffer and phenol/chloroform was extracted. For total RNA isolation, the aqueous phase
with RNA from phenol/chloroform extraction was treated with 1.25 volume of 100%
ethanol. RNA was then captured in glass fiber filter cartridge and collected in 100 µL of
preheated (95 �C) nuclease free elution solution (0.1 mM EDTA).

For the enrichment of small RNAs (~200 nucleotides and less) for miR microarray,
50 µg of total RNA was mixed with five volumes of lysis/binding buffer. To the RNA
mixture was added 1/10 volume of homogenate additive, after which it was mixed well
and left on ice for 10 min. The RNA mixture was then mixed thoroughly with 1/3 volume
of 100% ethanol to allow capture of larger RNA in the filter cartridge. The filtrate with
small RNAs was collected, 2/3 volume of 100% ethanol was added, and it was passed
through a new filter cartridge. The cartridge was washed with Wash Solutions and, finally,
small RNA was collected in elution solution.
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withRNAfromphenol/chloroformextractionwastreatedwith1.25volumeof100%
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normaloralmucosaofhealthy,cancer-freevolunteers(n=9)werealsoobtained.Outliers,
oneeachfromtheCAFandNOFgroups,wereremovedinmiR-microarraydataanalysis.
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The purity and quantity of the isolated RNAs were measured using NanoDrop®

ND-1000 Spectrophotometer and ND-1000 V3.5.2 software (Nanodrop Technologies, Wilm-
ington, DE, USA). RNA was quantified using the principle that an absorbance reading
of 1 at 260 nm wavelength is equivalent to 40 µg/mL of RNA. The blank measurement
was made with 1 µL of elution buffer; 1 µL of the RNA samples were pipetted on the
measurement pedestal and the absorbance was taken at 260 nm, 280 nm, and 230 nm
wavelength. Purity was assessed assuming that the pure RNA has an A260/A280 of 2.1
and A260/A230 of 2. Isolated RNAs were stored at �80 �C.

4.4. miR Microarray
CAFs and NOFs at early passages (p < 5) were grown in 3D in collagen gels (rat tail,

BD Biosciences, Franklin Lakes, NJ, USA) containing DMEM, NBCS, and reconstitution
buffer (2.2g NaHCO3 + 0.6 g NaOH + 4.766 mL HEPES in 100 mL double distilled water
H2O) at a volume ratio of 7:1:1:1, respectively, at the concentration of 4 ⇥ 105 cells/mL.
After 5 days in 3D culture, cells were harvested. Then, 100 ng of enriched small RNAs
isolated from the cells was converted cDNA and fed into Illumina microarray version 2
panel with miR-specific oligos. The samples were profiled for 1146 human miRs expression
(>97% coverage from miRBase release 12). Using J-Express [31,53], the data file from miR
microarray was normalized, outliers; one each from CAFs and NOFs were removed; and,
with significant analysis of microarray (SAM), significantly differentially expressed miRs
in between CAFs and NOFs were identified. The differentially regulated miRs were further
validated by miR specific reverse transcription (Applied Biosystems, Waltham, MS, USA)
and quantitative real time PCR (qRT-PCR) using Taqman assays (Supplementary Table S2).

4.5. Reverse Transcription
For miR quantification, miRs specific primers were used to synthesize specific miR

cDNAs (TaqMan MicroRNA Reverse Transcriptase kit, Applied Biosystems). In brief, 10 ng
of total RNA was mixed with miR specific primer, dNTPs, reverse transcription buffer,
RNAse inhibitor, and reverse transcriptase to the final reaction mixture volume of 15 µL.
The reaction mixture was then subjected to a thermal cycle of 16 �C for 30 min, 42 �C for
30 min, and 85 �C for 5 min in Mastercycler Gradient thermal cycler (Eppendorf).

For mRNA quantification, reverse transcription of total RNA into cDNA was carried
using Taqman Reverse Transcription kit (Applied Biosystems). In brief, 100 ng of RNA
was mixed with reverse transcription buffer, random hexamers, MgCl2, dNTPs, RNase
inhibitor, and reverse transcriptase and adjusted to a final volume of 25 µL with RNase
free water. The reaction mixture was subjected heated at 20 �C for 10 min, 48 �C for 30 min,
and 90 �C for 5 min.

4.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
miRs and mRNAs were quantified by qRT-PCR using Taqman Gene Expression assays

in ABI Prism 7900 HT sequence detector system (Applied Biosystems). In 384-well reaction
plates (Thermo Fisher Scientific), PCR reaction volume of 10 µL in each well was prepared
by mixing 1 µL of cDNA with 1 µL Taqman assay, 5 µL Universal Master Mix, and 3 µL
RNAse free water. The plate was then run at 50 �C for 2 min, 95 �C for 10 min, and 40 cycles
of 95 �C for 15 s and 60 �C for 1 min. Each sample was run in triplicate. A threshold
cycle of mRNA obtained was normalized to endogenous controls GAPDH. GAPDH was
further verified with 18S and RPL13A. miR expression was normalized to RNU48. Relative
expressions were calculated using the 2�DDCt method.

4.7. TCGA Data Analysis
TCGA data on miR-204 expression in head and neck squamous cell carcinoma (HN-

SCC) and normal oral tissues and the associated clinical data were obtained from Fire-
browse database version 2016_01_28 (http://www.firebrowse.org; accessed on 30 April
2020). HPV-positive cases, non-oral cancer cases, and cases with history of neoadjuvant
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ington,DE,USA).RNAwasquantifiedusingtheprinciplethatanabsorbancereading
of1at260nmwavelengthisequivalentto40µg/mLofRNA.Theblankmeasurement
wasmadewith1µLofelutionbuffer;1µLoftheRNAsampleswerepipettedonthe
measurementpedestalandtheabsorbancewastakenat260nm,280nm,and230nm
wavelength.PuritywasassessedassumingthatthepureRNAhasanA260/A280of2.1
andA260/A230of2.IsolatedRNAswerestoredat�80�C.

4.4.miRMicroarray
CAFsandNOFsatearlypassages(p<5)weregrownin3Dincollagengels(rattail,

BDBiosciences,FranklinLakes,NJ,USA)containingDMEM,NBCS,andreconstitution
buffer(2.2gNaHCO3+0.6gNaOH+4.766mLHEPESin100mLdoubledistilledwater
H2O)atavolumeratioof7:1:1:1,respectively,attheconcentrationof4⇥105cells/mL.
After5daysin3Dculture,cellswereharvested.Then,100ngofenrichedsmallRNAs
isolatedfromthecellswasconvertedcDNAandfedintoIlluminamicroarrayversion2
panelwithmiR-specificoligos.Thesampleswereprofiledfor1146humanmiRsexpression
(>97%coveragefrommiRBaserelease12).UsingJ-Express[31,53],thedatafilefrommiR
microarraywasnormalized,outliers;oneeachfromCAFsandNOFswereremoved;and,
withsignificantanalysisofmicroarray(SAM),significantlydifferentiallyexpressedmiRs
inbetweenCAFsandNOFswereidentified.ThedifferentiallyregulatedmiRswerefurther
validatedbymiRspecificreversetranscription(AppliedBiosystems,Waltham,MS,USA)
andquantitativerealtimePCR(qRT-PCR)usingTaqmanassays(SupplementaryTableS2).

4.5.ReverseTranscription
FormiRquantification,miRsspecificprimerswereusedtosynthesizespecificmiR

cDNAs(TaqManMicroRNAReverseTranscriptasekit,AppliedBiosystems).Inbrief,10ng
oftotalRNAwasmixedwithmiRspecificprimer,dNTPs,reversetranscriptionbuffer,
RNAseinhibitor,andreversetranscriptasetothefinalreactionmixturevolumeof15µL.
Thereactionmixturewasthensubjectedtoathermalcycleof16�Cfor30min,42�Cfor
30min,and85�Cfor5mininMastercyclerGradientthermalcycler(Eppendorf).

FormRNAquantification,reversetranscriptionoftotalRNAintocDNAwascarried
usingTaqmanReverseTranscriptionkit(AppliedBiosystems).Inbrief,100ngofRNA
wasmixedwithreversetranscriptionbuffer,randomhexamers,MgCl2,dNTPs,RNase
inhibitor,andreversetranscriptaseandadjustedtoafinalvolumeof25µLwithRNase
freewater.Thereactionmixturewassubjectedheatedat20�Cfor10min,48�Cfor30min,
and90�Cfor5min.

4.6.QuantitativeReal-TimePolymeraseChainReaction(qRT-PCR)
miRsandmRNAswerequantifiedbyqRT-PCRusingTaqmanGeneExpressionassays

inABIPrism7900HTsequencedetectorsystem(AppliedBiosystems).In384-wellreaction
plates(ThermoFisherScientific),PCRreactionvolumeof10µLineachwellwasprepared
bymixing1µLofcDNAwith1µLTaqmanassay,5µLUniversalMasterMix,and3µL
RNAsefreewater.Theplatewasthenrunat50�Cfor2min,95�Cfor10min,and40cycles
of95�Cfor15sand60�Cfor1min.Eachsamplewasrunintriplicate.Athreshold
cycleofmRNAobtainedwasnormalizedtoendogenouscontrolsGAPDH.GAPDHwas
furtherverifiedwith18SandRPL13A.miRexpressionwasnormalizedtoRNU48.Relative
expressionswerecalculatedusingthe2�DDCtmethod.

4.7.TCGADataAnalysis
TCGAdataonmiR-204expressioninheadandnecksquamouscellcarcinoma(HN-

SCC)andnormaloraltissuesandtheassociatedclinicaldatawereobtainedfromFire-
browsedatabaseversion2016_01_28(http://www.firebrowse.org;accessedon30April
2020).HPV-positivecases,non-oralcancercases,andcaseswithhistoryofneoadjuvant
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The purity and quantity of the isolated RNAs were measured using NanoDrop®

ND-1000 Spectrophotometer and ND-1000 V3.5.2 software (Nanodrop Technologies, Wilm-
ington, DE, USA). RNA was quantified using the principle that an absorbance reading
of 1 at 260 nm wavelength is equivalent to 40 µg/mL of RNA. The blank measurement
was made with 1 µL of elution buffer; 1 µL of the RNA samples were pipetted on the
measurement pedestal and the absorbance was taken at 260 nm, 280 nm, and 230 nm
wavelength. Purity was assessed assuming that the pure RNA has an A260/A280 of 2.1
and A260/A230 of 2. Isolated RNAs were stored at �80 �C.

4.4. miR Microarray
CAFs and NOFs at early passages (p < 5) were grown in 3D in collagen gels (rat tail,

BD Biosciences, Franklin Lakes, NJ, USA) containing DMEM, NBCS, and reconstitution
buffer (2.2g NaHCO3 + 0.6 g NaOH + 4.766 mL HEPES in 100 mL double distilled water
H2O) at a volume ratio of 7:1:1:1, respectively, at the concentration of 4 ⇥ 105 cells/mL.
After 5 days in 3D culture, cells were harvested. Then, 100 ng of enriched small RNAs
isolated from the cells was converted cDNA and fed into Illumina microarray version 2
panel with miR-specific oligos. The samples were profiled for 1146 human miRs expression
(>97% coverage from miRBase release 12). Using J-Express [31,53], the data file from miR
microarray was normalized, outliers; one each from CAFs and NOFs were removed; and,
with significant analysis of microarray (SAM), significantly differentially expressed miRs
in between CAFs and NOFs were identified. The differentially regulated miRs were further
validated by miR specific reverse transcription (Applied Biosystems, Waltham, MS, USA)
and quantitative real time PCR (qRT-PCR) using Taqman assays (Supplementary Table S2).

4.5. Reverse Transcription
For miR quantification, miRs specific primers were used to synthesize specific miR

cDNAs (TaqMan MicroRNA Reverse Transcriptase kit, Applied Biosystems). In brief, 10 ng
of total RNA was mixed with miR specific primer, dNTPs, reverse transcription buffer,
RNAse inhibitor, and reverse transcriptase to the final reaction mixture volume of 15 µL.
The reaction mixture was then subjected to a thermal cycle of 16 �C for 30 min, 42 �C for
30 min, and 85 �C for 5 min in Mastercycler Gradient thermal cycler (Eppendorf).

For mRNA quantification, reverse transcription of total RNA into cDNA was carried
using Taqman Reverse Transcription kit (Applied Biosystems). In brief, 100 ng of RNA
was mixed with reverse transcription buffer, random hexamers, MgCl2, dNTPs, RNase
inhibitor, and reverse transcriptase and adjusted to a final volume of 25 µL with RNase
free water. The reaction mixture was subjected heated at 20 �C for 10 min, 48 �C for 30 min,
and 90 �C for 5 min.

4.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
miRs and mRNAs were quantified by qRT-PCR using Taqman Gene Expression assays

in ABI Prism 7900 HT sequence detector system (Applied Biosystems). In 384-well reaction
plates (Thermo Fisher Scientific), PCR reaction volume of 10 µL in each well was prepared
by mixing 1 µL of cDNA with 1 µL Taqman assay, 5 µL Universal Master Mix, and 3 µL
RNAse free water. The plate was then run at 50 �C for 2 min, 95 �C for 10 min, and 40 cycles
of 95 �C for 15 s and 60 �C for 1 min. Each sample was run in triplicate. A threshold
cycle of mRNA obtained was normalized to endogenous controls GAPDH. GAPDH was
further verified with 18S and RPL13A. miR expression was normalized to RNU48. Relative
expressions were calculated using the 2�DDCt method.

4.7. TCGA Data Analysis
TCGA data on miR-204 expression in head and neck squamous cell carcinoma (HN-

SCC) and normal oral tissues and the associated clinical data were obtained from Fire-
browse database version 2016_01_28 (http://www.firebrowse.org; accessed on 30 April
2020). HPV-positive cases, non-oral cancer cases, and cases with history of neoadjuvant
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miRs and mRNAs were quantified by qRT-PCR using Taqman Gene Expression assays

in ABI Prism 7900 HT sequence detector system (Applied Biosystems). In 384-well reaction
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of 95 �C for 15 s and 60 �C for 1 min. Each sample was run in triplicate. A threshold
cycle of mRNA obtained was normalized to endogenous controls GAPDH. GAPDH was
further verified with 18S and RPL13A. miR expression was normalized to RNU48. Relative
expressions were calculated using the 2�DDCt method.

4.7. TCGA Data Analysis
TCGA data on miR-204 expression in head and neck squamous cell carcinoma (HN-

SCC) and normal oral tissues and the associated clinical data were obtained from Fire-
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wasmadewith1µLofelutionbuffer;1µLoftheRNAsampleswerepipettedonthe
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wavelength.PuritywasassessedassumingthatthepureRNAhasanA260/A280of2.1
andA260/A230of2.IsolatedRNAswerestoredat�80�C.
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CAFsandNOFsatearlypassages(p<5)weregrownin3Dincollagengels(rattail,

BDBiosciences,FranklinLakes,NJ,USA)containingDMEM,NBCS,andreconstitution
buffer(2.2gNaHCO3+0.6gNaOH+4.766mLHEPESin100mLdoubledistilledwater
H2O)atavolumeratioof7:1:1:1,respectively,attheconcentrationof4⇥105cells/mL.
After5daysin3Dculture,cellswereharvested.Then,100ngofenrichedsmallRNAs
isolatedfromthecellswasconvertedcDNAandfedintoIlluminamicroarrayversion2
panelwithmiR-specificoligos.Thesampleswereprofiledfor1146humanmiRsexpression
(>97%coveragefrommiRBaserelease12).UsingJ-Express[31,53],thedatafilefrommiR
microarraywasnormalized,outliers;oneeachfromCAFsandNOFswereremoved;and,
withsignificantanalysisofmicroarray(SAM),significantlydifferentiallyexpressedmiRs
inbetweenCAFsandNOFswereidentified.ThedifferentiallyregulatedmiRswerefurther
validatedbymiRspecificreversetranscription(AppliedBiosystems,Waltham,MS,USA)
andquantitativerealtimePCR(qRT-PCR)usingTaqmanassays(SupplementaryTableS2).

4.5.ReverseTranscription
FormiRquantification,miRsspecificprimerswereusedtosynthesizespecificmiR

cDNAs(TaqManMicroRNAReverseTranscriptasekit,AppliedBiosystems).Inbrief,10ng
oftotalRNAwasmixedwithmiRspecificprimer,dNTPs,reversetranscriptionbuffer,
RNAseinhibitor,andreversetranscriptasetothefinalreactionmixturevolumeof15µL.
Thereactionmixturewasthensubjectedtoathermalcycleof16�Cfor30min,42�Cfor
30min,and85�Cfor5mininMastercyclerGradientthermalcycler(Eppendorf).

FormRNAquantification,reversetranscriptionoftotalRNAintocDNAwascarried
usingTaqmanReverseTranscriptionkit(AppliedBiosystems).Inbrief,100ngofRNA
wasmixedwithreversetranscriptionbuffer,randomhexamers,MgCl2,dNTPs,RNase
inhibitor,andreversetranscriptaseandadjustedtoafinalvolumeof25µLwithRNase
freewater.Thereactionmixturewassubjectedheatedat20�Cfor10min,48�Cfor30min,
and90�Cfor5min.

4.6.QuantitativeReal-TimePolymeraseChainReaction(qRT-PCR)
miRsandmRNAswerequantifiedbyqRT-PCRusingTaqmanGeneExpressionassays

inABIPrism7900HTsequencedetectorsystem(AppliedBiosystems).In384-wellreaction
plates(ThermoFisherScientific),PCRreactionvolumeof10µLineachwellwasprepared
bymixing1µLofcDNAwith1µLTaqmanassay,5µLUniversalMasterMix,and3µL
RNAsefreewater.Theplatewasthenrunat50�Cfor2min,95�Cfor10min,and40cycles
of95�Cfor15sand60�Cfor1min.Eachsamplewasrunintriplicate.Athreshold
cycleofmRNAobtainedwasnormalizedtoendogenouscontrolsGAPDH.GAPDHwas
furtherverifiedwith18SandRPL13A.miRexpressionwasnormalizedtoRNU48.Relative
expressionswerecalculatedusingthe2�DDCtmethod.

4.7.TCGADataAnalysis
TCGAdataonmiR-204expressioninheadandnecksquamouscellcarcinoma(HN-

SCC)andnormaloraltissuesandtheassociatedclinicaldatawereobtainedfromFire-
browsedatabaseversion2016_01_28(http://www.firebrowse.org;accessedon30April
2020).HPV-positivecases,non-oralcancercases,andcaseswithhistoryofneoadjuvant
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expressionswerecalculatedusingthe2�DDCtmethod.

4.7.TCGADataAnalysis
TCGAdataonmiR-204expressioninheadandnecksquamouscellcarcinoma(HN-

SCC)andnormaloraltissuesandtheassociatedclinicaldatawereobtainedfromFire-
browsedatabaseversion2016_01_28(http://www.firebrowse.org;accessedon30April
2020).HPV-positivecases,non-oralcancercases,andcaseswithhistoryofneoadjuvant

Int.J.Mol.Sci.2021,22,1196012of18

ThepurityandquantityoftheisolatedRNAsweremeasuredusingNanoDrop®

ND-1000SpectrophotometerandND-1000V3.5.2software(NanodropTechnologies,Wilm-
ington,DE,USA).RNAwasquantifiedusingtheprinciplethatanabsorbancereading
of1at260nmwavelengthisequivalentto40µg/mLofRNA.Theblankmeasurement
wasmadewith1µLofelutionbuffer;1µLoftheRNAsampleswerepipettedonthe
measurementpedestalandtheabsorbancewastakenat260nm,280nm,and230nm
wavelength.PuritywasassessedassumingthatthepureRNAhasanA260/A280of2.1
andA260/A230of2.IsolatedRNAswerestoredat�80�C.

4.4.miRMicroarray
CAFsandNOFsatearlypassages(p<5)weregrownin3Dincollagengels(rattail,

BDBiosciences,FranklinLakes,NJ,USA)containingDMEM,NBCS,andreconstitution
buffer(2.2gNaHCO3+0.6gNaOH+4.766mLHEPESin100mLdoubledistilledwater
H2O)atavolumeratioof7:1:1:1,respectively,attheconcentrationof4⇥105cells/mL.
After5daysin3Dculture,cellswereharvested.Then,100ngofenrichedsmallRNAs
isolatedfromthecellswasconvertedcDNAandfedintoIlluminamicroarrayversion2
panelwithmiR-specificoligos.Thesampleswereprofiledfor1146humanmiRsexpression
(>97%coveragefrommiRBaserelease12).UsingJ-Express[31,53],thedatafilefrommiR
microarraywasnormalized,outliers;oneeachfromCAFsandNOFswereremoved;and,
withsignificantanalysisofmicroarray(SAM),significantlydifferentiallyexpressedmiRs
inbetweenCAFsandNOFswereidentified.ThedifferentiallyregulatedmiRswerefurther
validatedbymiRspecificreversetranscription(AppliedBiosystems,Waltham,MS,USA)
andquantitativerealtimePCR(qRT-PCR)usingTaqmanassays(SupplementaryTableS2).

4.5.ReverseTranscription
FormiRquantification,miRsspecificprimerswereusedtosynthesizespecificmiR

cDNAs(TaqManMicroRNAReverseTranscriptasekit,AppliedBiosystems).Inbrief,10ng
oftotalRNAwasmixedwithmiRspecificprimer,dNTPs,reversetranscriptionbuffer,
RNAseinhibitor,andreversetranscriptasetothefinalreactionmixturevolumeof15µL.
Thereactionmixturewasthensubjectedtoathermalcycleof16�Cfor30min,42�Cfor
30min,and85�Cfor5mininMastercyclerGradientthermalcycler(Eppendorf).

FormRNAquantification,reversetranscriptionoftotalRNAintocDNAwascarried
usingTaqmanReverseTranscriptionkit(AppliedBiosystems).Inbrief,100ngofRNA
wasmixedwithreversetranscriptionbuffer,randomhexamers,MgCl2,dNTPs,RNase
inhibitor,andreversetranscriptaseandadjustedtoafinalvolumeof25µLwithRNase
freewater.Thereactionmixturewassubjectedheatedat20�Cfor10min,48�Cfor30min,
and90�Cfor5min.

4.6.QuantitativeReal-TimePolymeraseChainReaction(qRT-PCR)
miRsandmRNAswerequantifiedbyqRT-PCRusingTaqmanGeneExpressionassays

inABIPrism7900HTsequencedetectorsystem(AppliedBiosystems).In384-wellreaction
plates(ThermoFisherScientific),PCRreactionvolumeof10µLineachwellwasprepared
bymixing1µLofcDNAwith1µLTaqmanassay,5µLUniversalMasterMix,and3µL
RNAsefreewater.Theplatewasthenrunat50�Cfor2min,95�Cfor10min,and40cycles
of95�Cfor15sand60�Cfor1min.Eachsamplewasrunintriplicate.Athreshold
cycleofmRNAobtainedwasnormalizedtoendogenouscontrolsGAPDH.GAPDHwas
furtherverifiedwith18SandRPL13A.miRexpressionwasnormalizedtoRNU48.Relative
expressionswerecalculatedusingthe2�DDCtmethod.

4.7.TCGADataAnalysis
TCGAdataonmiR-204expressioninheadandnecksquamouscellcarcinoma(HN-

SCC)andnormaloraltissuesandtheassociatedclinicaldatawereobtainedfromFire-
browsedatabaseversion2016_01_28(http://www.firebrowse.org;accessedon30April
2020).HPV-positivecases,non-oralcancercases,andcaseswithhistoryofneoadjuvant

Int.J.Mol.Sci.2021,22,1196012of18

ThepurityandquantityoftheisolatedRNAsweremeasuredusingNanoDrop®

ND-1000SpectrophotometerandND-1000V3.5.2software(NanodropTechnologies,Wilm-
ington,DE,USA).RNAwasquantifiedusingtheprinciplethatanabsorbancereading
of1at260nmwavelengthisequivalentto40µg/mLofRNA.Theblankmeasurement
wasmadewith1µLofelutionbuffer;1µLoftheRNAsampleswerepipettedonthe
measurementpedestalandtheabsorbancewastakenat260nm,280nm,and230nm
wavelength.PuritywasassessedassumingthatthepureRNAhasanA260/A280of2.1
andA260/A230of2.IsolatedRNAswerestoredat�80�C.

4.4.miRMicroarray
CAFsandNOFsatearlypassages(p<5)weregrownin3Dincollagengels(rattail,

BDBiosciences,FranklinLakes,NJ,USA)containingDMEM,NBCS,andreconstitution
buffer(2.2gNaHCO3+0.6gNaOH+4.766mLHEPESin100mLdoubledistilledwater
H2O)atavolumeratioof7:1:1:1,respectively,attheconcentrationof4⇥105cells/mL.
After5daysin3Dculture,cellswereharvested.Then,100ngofenrichedsmallRNAs
isolatedfromthecellswasconvertedcDNAandfedintoIlluminamicroarrayversion2
panelwithmiR-specificoligos.Thesampleswereprofiledfor1146humanmiRsexpression
(>97%coveragefrommiRBaserelease12).UsingJ-Express[31,53],thedatafilefrommiR
microarraywasnormalized,outliers;oneeachfromCAFsandNOFswereremoved;and,
withsignificantanalysisofmicroarray(SAM),significantlydifferentiallyexpressedmiRs
inbetweenCAFsandNOFswereidentified.ThedifferentiallyregulatedmiRswerefurther
validatedbymiRspecificreversetranscription(AppliedBiosystems,Waltham,MS,USA)
andquantitativerealtimePCR(qRT-PCR)usingTaqmanassays(SupplementaryTableS2).

4.5.ReverseTranscription
FormiRquantification,miRsspecificprimerswereusedtosynthesizespecificmiR

cDNAs(TaqManMicroRNAReverseTranscriptasekit,AppliedBiosystems).Inbrief,10ng
oftotalRNAwasmixedwithmiRspecificprimer,dNTPs,reversetranscriptionbuffer,
RNAseinhibitor,andreversetranscriptasetothefinalreactionmixturevolumeof15µL.
Thereactionmixturewasthensubjectedtoathermalcycleof16�Cfor30min,42�Cfor
30min,and85�Cfor5mininMastercyclerGradientthermalcycler(Eppendorf).

FormRNAquantification,reversetranscriptionoftotalRNAintocDNAwascarried
usingTaqmanReverseTranscriptionkit(AppliedBiosystems).Inbrief,100ngofRNA
wasmixedwithreversetranscriptionbuffer,randomhexamers,MgCl2,dNTPs,RNase
inhibitor,andreversetranscriptaseandadjustedtoafinalvolumeof25µLwithRNase
freewater.Thereactionmixturewassubjectedheatedat20�Cfor10min,48�Cfor30min,
and90�Cfor5min.

4.6.QuantitativeReal-TimePolymeraseChainReaction(qRT-PCR)
miRsandmRNAswerequantifiedbyqRT-PCRusingTaqmanGeneExpressionassays

inABIPrism7900HTsequencedetectorsystem(AppliedBiosystems).In384-wellreaction
plates(ThermoFisherScientific),PCRreactionvolumeof10µLineachwellwasprepared
bymixing1µLofcDNAwith1µLTaqmanassay,5µLUniversalMasterMix,and3µL
RNAsefreewater.Theplatewasthenrunat50�Cfor2min,95�Cfor10min,and40cycles
of95�Cfor15sand60�Cfor1min.Eachsamplewasrunintriplicate.Athreshold
cycleofmRNAobtainedwasnormalizedtoendogenouscontrolsGAPDH.GAPDHwas
furtherverifiedwith18SandRPL13A.miRexpressionwasnormalizedtoRNU48.Relative
expressionswerecalculatedusingthe2�DDCtmethod.

4.7.TCGADataAnalysis
TCGAdataonmiR-204expressioninheadandnecksquamouscellcarcinoma(HN-

SCC)andnormaloraltissuesandtheassociatedclinicaldatawereobtainedfromFire-
browsedatabaseversion2016_01_28(http://www.firebrowse.org;accessedon30April
2020).HPV-positivecases,non-oralcancercases,andcaseswithhistoryofneoadjuvant



Int. J. Mol. Sci. 2021, 22, 11960 13 of 18

therapy were excluded from the cohort. Therefore 251 OSCC and 21 normal oral cases
remained after exclusion. Of 21 cases with normal mucosa, data for 20 matched OSCC
cases were available.

4.8. miR Target Identification and miR Dual Luciferase Target Reporter Assay
miR target prediction by miR target prediction softwares TargetScan Release 7:1 [54],

miRmap [55] and miRDB [56] showed target conserved sites for several miRs in the 30 UTR
of ITGA11. Of the three, TargetScan and miRmap predicted target site for miR-204 in the
30 UTR of ITGA11 (30 UTR ITGA11 sequence: 50 GGCTCCAGAGGAGACTTTGAGTTGATG
GGGGCCAGGACACCAGTCCAGGTAGTGTTGAGACCCAGGCCTGTGGCCCCACCGA
GCTGGAGCGGAGAGGAAGCCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAAT
GGCGCCTGCTCCCTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTAC
TGGGAGACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCT
AACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTG 30). 30UTR sequence
of ITGA11 (NM 001004439.2) with miR-204 binding site was retrieved from UCSC genome
browser (http://genome.ucsc.edu, accessed on 17 November 2019) [57], and a plasmid
vector with luciferase upstream of 30UTR and renilla as a transfection control under differ-
ent promoters were designed using VectorBuilder. Non-complimentary mutant sequence
was introduced to the miR-204 binding site (236–242 AAAGGGA ! ATTCCCT) on 30UTR
of ITGA11 as control. Both vectors were purchased from VectorBuilder. Reduction in
luciferase signal normalized to renilla signal compared with mutant control after miR-204
mimics transfection into the cells indicates direct targeting of ITGA11 by miR-204. Lu-
ciferase and renilla activity was measured using Dual-Luciferase Reporter Assay (Promega;
E1910) following the manufacturer’s protocol using a luminometer. In brief, 5 ⇥ 104 CAFs
in each well in 24-well plates were reverse co-transfected with 250 ng of plasmid DNA
and miR-204 mimic at a 50 nM concentration in complete DMEMmedium using Lipofec-
tamineTM 3000 Transfection Reagent. Then, 48 h after transfection, growth media from
cultured cells were removed and washed with PBS solution. Thereafter, the cells were lysed
with 100 µL of 1X lysis buffer. The cell culture plate was gently rocked for about 15 min to
allow cells to lyse completely. Then, 20 µL of cell lysates were pipetted into the wells in
96-well plates and dispensed with 100 µL of luciferase substrate. Immediately, luciferase
activity was read using a Tecan Infinite M200PRO luminometer. The wells were again
dispensed with 100 µL of 1X Stop & Glo reagent and renilla luciferase activity was read.

4.9. miR-204 Modulation in Cultured Fibroblasts
Fibroblasts were reverse transfected using LipofectamineTM 3000 Transfection Reagent

(L3000015; Invitrogen) with a mimic (C-300563-05, Dharmacon, Lafayette, CO, USA), an
inhibitor (IH-300563-07, Dharmacon), and the respective controls (CN-001000-01, IN00105-
01-05, Dharmacon) of miR-204-5p at 50 nM concentration in the growth medium. Cells
were harvested for RNA or protein extraction or subjected to further experiments after 48 h
of transfection. Transfection of miR-204 mimic induced a significant increase in mir-204
levels in both CAF and NOF strains (Supplementary Figure S1), while transfection of
miR-204 inhibitor did not induce a significant change in the miR-204 levels in cultured
fibroblasts (Supplementary Figure S2).

4.10. Protein Isolation and Quantification
The cell cultures were washed twice with ice cold PBS buffer, lysed with ice cold RIPA

lysis and extraction buffer (89901, Thermo Fisher Scientific), supplemented with 1⇥ Halt
Protease and Phophatase Inhibitor (78442, Thermo Fisher Scientific), and scrapped using
sterile scrapers. The lysates were then collected in ice-cold Eppendorf tubes and centrifuged
at 14,000 rpm for 15 min. Protein supernatants were aliquoted in new Eppendorf tubes
and stored at �80 �C until use.

Total protein in the lysates was measured by DC protein assay (5000111, BioRad,
Hercules, CA, USA) in a 96-well microplate, using the manufacturer’s protocol. In brief,
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allowcellstolysecompletely.Then,20µLofcelllysateswerepipettedintothewellsin
96-wellplatesanddispensedwith100µLofluciferasesubstrate.Immediately,luciferase
activitywasreadusingaTecanInfiniteM200PROluminometer.Thewellswereagain
dispensedwith100µLof1XStop&Gloreagentandrenillaluciferaseactivitywasread.

4.9.miR-204ModulationinCulturedFibroblasts
FibroblastswerereversetransfectedusingLipofectamineTM3000TransfectionReagent

(L3000015;Invitrogen)withamimic(C-300563-05,Dharmacon,Lafayette,CO,USA),an
inhibitor(IH-300563-07,Dharmacon),andtherespectivecontrols(CN-001000-01,IN00105-
01-05,Dharmacon)ofmiR-204-5pat50nMconcentrationinthegrowthmedium.Cells
wereharvestedforRNAorproteinextractionorsubjectedtofurtherexperimentsafter48h
oftransfection.TransfectionofmiR-204mimicinducedasignificantincreaseinmir-204
levelsinbothCAFandNOFstrains(SupplementaryFigureS1),whiletransfectionof
miR-204inhibitordidnotinduceasignificantchangeinthemiR-204levelsincultured
fibroblasts(SupplementaryFigureS2).

4.10.ProteinIsolationandQuantification
ThecellcultureswerewashedtwicewithicecoldPBSbuffer,lysedwithicecoldRIPA

lysisandextractionbuffer(89901,ThermoFisherScientific),supplementedwith1⇥Halt
ProteaseandPhophataseInhibitor(78442,ThermoFisherScientific),andscrappedusing
sterilescrapers.Thelysateswerethencollectedinice-coldEppendorftubesandcentrifuged
at14,000rpmfor15min.ProteinsupernatantswerealiquotedinnewEppendorftubes
andstoredat�80�Cuntiluse.

TotalproteininthelysateswasmeasuredbyDCproteinassay(5000111,BioRad,
Hercules,CA,USA)ina96-wellmicroplate,usingthemanufacturer’sprotocol.Inbrief,

Int.J.Mol.Sci.2021,22,1196013of18

therapywereexcludedfromthecohort.Therefore251OSCCand21normaloralcases
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caseswereavailable.

4.8.miRTargetIdentificationandmiRDualLuciferaseTargetReporterAssay
miRtargetpredictionbymiRtargetpredictionsoftwaresTargetScanRelease7:1[54],

miRmap[55]andmiRDB[56]showedtargetconservedsitesforseveralmiRsinthe30UTR
ofITGA11.Ofthethree,TargetScanandmiRmappredictedtargetsiteformiR-204inthe
30UTRofITGA11(30UTRITGA11sequence:50GGCTCCAGAGGAGACTTTGAGTTGATG
GGGGCCAGGACACCAGTCCAGGTAGTGTTGAGACCCAGGCCTGTGGCCCCACCGA
GCTGGAGCGGAGAGGAAGCCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAAT
GGCGCCTGCTCCCTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTAC
TGGGAGACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCT
AACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTG30).30UTRsequence
ofITGA11(NM001004439.2)withmiR-204bindingsitewasretrievedfromUCSCgenome
browser(http://genome.ucsc.edu,accessedon17November2019)[57],andaplasmid
vectorwithluciferaseupstreamof30UTRandrenillaasatransfectioncontrolunderdiffer-
entpromotersweredesignedusingVectorBuilder.Non-complimentarymutantsequence
wasintroducedtothemiR-204bindingsite(236–242AAAGGGA!ATTCCCT)on30UTR
ofITGA11ascontrol.BothvectorswerepurchasedfromVectorBuilder.Reductionin
luciferasesignalnormalizedtorenillasignalcomparedwithmutantcontrolaftermiR-204
mimicstransfectionintothecellsindicatesdirecttargetingofITGA11bymiR-204.Lu-
ciferaseandrenillaactivitywasmeasuredusingDual-LuciferaseReporterAssay(Promega;
E1910)followingthemanufacturer’sprotocolusingaluminometer.Inbrief,5⇥104CAFs
ineachwellin24-wellplateswerereverseco-transfectedwith250ngofplasmidDNA
andmiR-204mimicata50nMconcentrationincompleteDMEMmediumusingLipofec-
tamineTM3000TransfectionReagent.Then,48haftertransfection,growthmediafrom
culturedcellswereremovedandwashedwithPBSsolution.Thereafter,thecellswerelysed
with100µLof1Xlysisbuffer.Thecellcultureplatewasgentlyrockedforabout15minto
allowcellstolysecompletely.Then,20µLofcelllysateswerepipettedintothewellsin
96-wellplatesanddispensedwith100µLofluciferasesubstrate.Immediately,luciferase
activitywasreadusingaTecanInfiniteM200PROluminometer.Thewellswereagain
dispensedwith100µLof1XStop&Gloreagentandrenillaluciferaseactivitywasread.

4.9.miR-204ModulationinCulturedFibroblasts
FibroblastswerereversetransfectedusingLipofectamineTM3000TransfectionReagent

(L3000015;Invitrogen)withamimic(C-300563-05,Dharmacon,Lafayette,CO,USA),an
inhibitor(IH-300563-07,Dharmacon),andtherespectivecontrols(CN-001000-01,IN00105-
01-05,Dharmacon)ofmiR-204-5pat50nMconcentrationinthegrowthmedium.Cells
wereharvestedforRNAorproteinextractionorsubjectedtofurtherexperimentsafter48h
oftransfection.TransfectionofmiR-204mimicinducedasignificantincreaseinmir-204
levelsinbothCAFandNOFstrains(SupplementaryFigureS1),whiletransfectionof
miR-204inhibitordidnotinduceasignificantchangeinthemiR-204levelsincultured
fibroblasts(SupplementaryFigureS2).

4.10.ProteinIsolationandQuantification
ThecellcultureswerewashedtwicewithicecoldPBSbuffer,lysedwithicecoldRIPA

lysisandextractionbuffer(89901,ThermoFisherScientific),supplementedwith1⇥Halt
ProteaseandPhophataseInhibitor(78442,ThermoFisherScientific),andscrappedusing
sterilescrapers.Thelysateswerethencollectedinice-coldEppendorftubesandcentrifuged
at14,000rpmfor15min.ProteinsupernatantswerealiquotedinnewEppendorftubes
andstoredat�80�Cuntiluse.

TotalproteininthelysateswasmeasuredbyDCproteinassay(5000111,BioRad,
Hercules,CA,USA)ina96-wellmicroplate,usingthemanufacturer’sprotocol.Inbrief,
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therapy were excluded from the cohort. Therefore 251 OSCC and 21 normal oral cases
remained after exclusion. Of 21 cases with normal mucosa, data for 20 matched OSCC
cases were available.

4.8. miR Target Identification and miR Dual Luciferase Target Reporter Assay
miR target prediction by miR target prediction softwares TargetScan Release 7:1 [54],

miRmap [55] and miRDB [56] showed target conserved sites for several miRs in the 30 UTR
of ITGA11. Of the three, TargetScan and miRmap predicted target site for miR-204 in the
30 UTR of ITGA11 (30 UTR ITGA11 sequence: 50 GGCTCCAGAGGAGACTTTGAGTTGATG
GGGGCCAGGACACCAGTCCAGGTAGTGTTGAGACCCAGGCCTGTGGCCCCACCGA
GCTGGAGCGGAGAGGAAGCCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAAT
GGCGCCTGCTCCCTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTAC
TGGGAGACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCT
AACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTG 30). 30UTR sequence
of ITGA11 (NM 001004439.2) with miR-204 binding site was retrieved from UCSC genome
browser (http://genome.ucsc.edu, accessed on 17 November 2019) [57], and a plasmid
vector with luciferase upstream of 30UTR and renilla as a transfection control under differ-
ent promoters were designed using VectorBuilder. Non-complimentary mutant sequence
was introduced to the miR-204 binding site (236–242 AAAGGGA ! ATTCCCT) on 30UTR
of ITGA11 as control. Both vectors were purchased from VectorBuilder. Reduction in
luciferase signal normalized to renilla signal compared with mutant control after miR-204
mimics transfection into the cells indicates direct targeting of ITGA11 by miR-204. Lu-
ciferase and renilla activity was measured using Dual-Luciferase Reporter Assay (Promega;
E1910) following the manufacturer’s protocol using a luminometer. In brief, 5 ⇥ 104 CAFs
in each well in 24-well plates were reverse co-transfected with 250 ng of plasmid DNA
and miR-204 mimic at a 50 nM concentration in complete DMEMmedium using Lipofec-
tamineTM 3000 Transfection Reagent. Then, 48 h after transfection, growth media from
cultured cells were removed and washed with PBS solution. Thereafter, the cells were lysed
with 100 µL of 1X lysis buffer. The cell culture plate was gently rocked for about 15 min to
allow cells to lyse completely. Then, 20 µL of cell lysates were pipetted into the wells in
96-well plates and dispensed with 100 µL of luciferase substrate. Immediately, luciferase
activity was read using a Tecan Infinite M200PRO luminometer. The wells were again
dispensed with 100 µL of 1X Stop & Glo reagent and renilla luciferase activity was read.

4.9. miR-204 Modulation in Cultured Fibroblasts
Fibroblasts were reverse transfected using LipofectamineTM 3000 Transfection Reagent

(L3000015; Invitrogen) with a mimic (C-300563-05, Dharmacon, Lafayette, CO, USA), an
inhibitor (IH-300563-07, Dharmacon), and the respective controls (CN-001000-01, IN00105-
01-05, Dharmacon) of miR-204-5p at 50 nM concentration in the growth medium. Cells
were harvested for RNA or protein extraction or subjected to further experiments after 48 h
of transfection. Transfection of miR-204 mimic induced a significant increase in mir-204
levels in both CAF and NOF strains (Supplementary Figure S1), while transfection of
miR-204 inhibitor did not induce a significant change in the miR-204 levels in cultured
fibroblasts (Supplementary Figure S2).

4.10. Protein Isolation and Quantification
The cell cultures were washed twice with ice cold PBS buffer, lysed with ice cold RIPA

lysis and extraction buffer (89901, Thermo Fisher Scientific), supplemented with 1⇥ Halt
Protease and Phophatase Inhibitor (78442, Thermo Fisher Scientific), and scrapped using
sterile scrapers. The lysates were then collected in ice-cold Eppendorf tubes and centrifuged
at 14,000 rpm for 15 min. Protein supernatants were aliquoted in new Eppendorf tubes
and stored at �80 �C until use.

Total protein in the lysates was measured by DC protein assay (5000111, BioRad,
Hercules, CA, USA) in a 96-well microplate, using the manufacturer’s protocol. In brief,
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therapy were excluded from the cohort. Therefore 251 OSCC and 21 normal oral cases
remained after exclusion. Of 21 cases with normal mucosa, data for 20 matched OSCC
cases were available.

4.8. miR Target Identification and miR Dual Luciferase Target Reporter Assay
miR target prediction by miR target prediction softwares TargetScan Release 7:1 [54],

miRmap [55] and miRDB [56] showed target conserved sites for several miRs in the 30 UTR
of ITGA11. Of the three, TargetScan and miRmap predicted target site for miR-204 in the
30 UTR of ITGA11 (30 UTR ITGA11 sequence: 50 GGCTCCAGAGGAGACTTTGAGTTGATG
GGGGCCAGGACACCAGTCCAGGTAGTGTTGAGACCCAGGCCTGTGGCCCCACCGA
GCTGGAGCGGAGAGGAAGCCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAAT
GGCGCCTGCTCCCTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTAC
TGGGAGACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCT
AACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTG 30). 30UTR sequence
of ITGA11 (NM 001004439.2) with miR-204 binding site was retrieved from UCSC genome
browser (http://genome.ucsc.edu, accessed on 17 November 2019) [57], and a plasmid
vector with luciferase upstream of 30UTR and renilla as a transfection control under differ-
ent promoters were designed using VectorBuilder. Non-complimentary mutant sequence
was introduced to the miR-204 binding site (236–242 AAAGGGA ! ATTCCCT) on 30UTR
of ITGA11 as control. Both vectors were purchased from VectorBuilder. Reduction in
luciferase signal normalized to renilla signal compared with mutant control after miR-204
mimics transfection into the cells indicates direct targeting of ITGA11 by miR-204. Lu-
ciferase and renilla activity was measured using Dual-Luciferase Reporter Assay (Promega;
E1910) following the manufacturer’s protocol using a luminometer. In brief, 5 ⇥ 104 CAFs
in each well in 24-well plates were reverse co-transfected with 250 ng of plasmid DNA
and miR-204 mimic at a 50 nM concentration in complete DMEMmedium using Lipofec-
tamineTM 3000 Transfection Reagent. Then, 48 h after transfection, growth media from
cultured cells were removed and washed with PBS solution. Thereafter, the cells were lysed
with 100 µL of 1X lysis buffer. The cell culture plate was gently rocked for about 15 min to
allow cells to lyse completely. Then, 20 µL of cell lysates were pipetted into the wells in
96-well plates and dispensed with 100 µL of luciferase substrate. Immediately, luciferase
activity was read using a Tecan Infinite M200PRO luminometer. The wells were again
dispensed with 100 µL of 1X Stop & Glo reagent and renilla luciferase activity was read.

4.9. miR-204 Modulation in Cultured Fibroblasts
Fibroblasts were reverse transfected using LipofectamineTM 3000 Transfection Reagent

(L3000015; Invitrogen) with a mimic (C-300563-05, Dharmacon, Lafayette, CO, USA), an
inhibitor (IH-300563-07, Dharmacon), and the respective controls (CN-001000-01, IN00105-
01-05, Dharmacon) of miR-204-5p at 50 nM concentration in the growth medium. Cells
were harvested for RNA or protein extraction or subjected to further experiments after 48 h
of transfection. Transfection of miR-204 mimic induced a significant increase in mir-204
levels in both CAF and NOF strains (Supplementary Figure S1), while transfection of
miR-204 inhibitor did not induce a significant change in the miR-204 levels in cultured
fibroblasts (Supplementary Figure S2).

4.10. Protein Isolation and Quantification
The cell cultures were washed twice with ice cold PBS buffer, lysed with ice cold RIPA

lysis and extraction buffer (89901, Thermo Fisher Scientific), supplemented with 1⇥ Halt
Protease and Phophatase Inhibitor (78442, Thermo Fisher Scientific), and scrapped using
sterile scrapers. The lysates were then collected in ice-cold Eppendorf tubes and centrifuged
at 14,000 rpm for 15 min. Protein supernatants were aliquoted in new Eppendorf tubes
and stored at �80 �C until use.

Total protein in the lysates was measured by DC protein assay (5000111, BioRad,
Hercules, CA, USA) in a 96-well microplate, using the manufacturer’s protocol. In brief,
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therapywereexcludedfromthecohort.Therefore251OSCCand21normaloralcases
remainedafterexclusion.Of21caseswithnormalmucosa,datafor20matchedOSCC
caseswereavailable.

4.8.miRTargetIdentificationandmiRDualLuciferaseTargetReporterAssay
miRtargetpredictionbymiRtargetpredictionsoftwaresTargetScanRelease7:1[54],

miRmap[55]andmiRDB[56]showedtargetconservedsitesforseveralmiRsinthe30UTR
ofITGA11.Ofthethree,TargetScanandmiRmappredictedtargetsiteformiR-204inthe
30UTRofITGA11(30UTRITGA11sequence:50GGCTCCAGAGGAGACTTTGAGTTGATG
GGGGCCAGGACACCAGTCCAGGTAGTGTTGAGACCCAGGCCTGTGGCCCCACCGA
GCTGGAGCGGAGAGGAAGCCAGCTGGCTTTGCACTTGACCTCATCTCCCGAGCAAT
GGCGCCTGCTCCCTCCAGAATGGAACTCAAGCTGGTTTTAAGTGGAACTGCCCTAC
TGGGAGACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCT
AACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTG30).30UTRsequence
ofITGA11(NM001004439.2)withmiR-204bindingsitewasretrievedfromUCSCgenome
browser(http://genome.ucsc.edu,accessedon17November2019)[57],andaplasmid
vectorwithluciferaseupstreamof30UTRandrenillaasatransfectioncontrolunderdiffer-
entpromotersweredesignedusingVectorBuilder.Non-complimentarymutantsequence
wasintroducedtothemiR-204bindingsite(236–242AAAGGGA!ATTCCCT)on30UTR
ofITGA11ascontrol.BothvectorswerepurchasedfromVectorBuilder.Reductionin
luciferasesignalnormalizedtorenillasignalcomparedwithmutantcontrolaftermiR-204
mimicstransfectionintothecellsindicatesdirecttargetingofITGA11bymiR-204.Lu-
ciferaseandrenillaactivitywasmeasuredusingDual-LuciferaseReporterAssay(Promega;
E1910)followingthemanufacturer’sprotocolusingaluminometer.Inbrief,5⇥104CAFs
ineachwellin24-wellplateswerereverseco-transfectedwith250ngofplasmidDNA
andmiR-204mimicata50nMconcentrationincompleteDMEMmediumusingLipofec-
tamineTM3000TransfectionReagent.Then,48haftertransfection,growthmediafrom
culturedcellswereremovedandwashedwithPBSsolution.Thereafter,thecellswerelysed
with100µLof1Xlysisbuffer.Thecellcultureplatewasgentlyrockedforabout15minto
allowcellstolysecompletely.Then,20µLofcelllysateswerepipettedintothewellsin
96-wellplatesanddispensedwith100µLofluciferasesubstrate.Immediately,luciferase
activitywasreadusingaTecanInfiniteM200PROluminometer.Thewellswereagain
dispensedwith100µLof1XStop&Gloreagentandrenillaluciferaseactivitywasread.

4.9.miR-204ModulationinCulturedFibroblasts
FibroblastswerereversetransfectedusingLipofectamineTM3000TransfectionReagent

(L3000015;Invitrogen)withamimic(C-300563-05,Dharmacon,Lafayette,CO,USA),an
inhibitor(IH-300563-07,Dharmacon),andtherespectivecontrols(CN-001000-01,IN00105-
01-05,Dharmacon)ofmiR-204-5pat50nMconcentrationinthegrowthmedium.Cells
wereharvestedforRNAorproteinextractionorsubjectedtofurtherexperimentsafter48h
oftransfection.TransfectionofmiR-204mimicinducedasignificantincreaseinmir-204
levelsinbothCAFandNOFstrains(SupplementaryFigureS1),whiletransfectionof
miR-204inhibitordidnotinduceasignificantchangeinthemiR-204levelsincultured
fibroblasts(SupplementaryFigureS2).

4.10.ProteinIsolationandQuantification
ThecellcultureswerewashedtwicewithicecoldPBSbuffer,lysedwithicecoldRIPA

lysisandextractionbuffer(89901,ThermoFisherScientific),supplementedwith1⇥Halt
ProteaseandPhophataseInhibitor(78442,ThermoFisherScientific),andscrappedusing
sterilescrapers.Thelysateswerethencollectedinice-coldEppendorftubesandcentrifuged
at14,000rpmfor15min.ProteinsupernatantswerealiquotedinnewEppendorftubes
andstoredat�80�Cuntiluse.

TotalproteininthelysateswasmeasuredbyDCproteinassay(5000111,BioRad,
Hercules,CA,USA)ina96-wellmicroplate,usingthemanufacturer’sprotocol.Inbrief,
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mimicstransfectionintothecellsindicatesdirecttargetingofITGA11bymiR-204.Lu-
ciferaseandrenillaactivitywasmeasuredusingDual-LuciferaseReporterAssay(Promega;
E1910)followingthemanufacturer’sprotocolusingaluminometer.Inbrief,5⇥104CAFs
ineachwellin24-wellplateswerereverseco-transfectedwith250ngofplasmidDNA
andmiR-204mimicata50nMconcentrationincompleteDMEMmediumusingLipofec-
tamineTM3000TransfectionReagent.Then,48haftertransfection,growthmediafrom
culturedcellswereremovedandwashedwithPBSsolution.Thereafter,thecellswerelysed
with100µLof1Xlysisbuffer.Thecellcultureplatewasgentlyrockedforabout15minto
allowcellstolysecompletely.Then,20µLofcelllysateswerepipettedintothewellsin
96-wellplatesanddispensedwith100µLofluciferasesubstrate.Immediately,luciferase
activitywasreadusingaTecanInfiniteM200PROluminometer.Thewellswereagain
dispensedwith100µLof1XStop&Gloreagentandrenillaluciferaseactivitywasread.

4.9.miR-204ModulationinCulturedFibroblasts
FibroblastswerereversetransfectedusingLipofectamineTM3000TransfectionReagent

(L3000015;Invitrogen)withamimic(C-300563-05,Dharmacon,Lafayette,CO,USA),an
inhibitor(IH-300563-07,Dharmacon),andtherespectivecontrols(CN-001000-01,IN00105-
01-05,Dharmacon)ofmiR-204-5pat50nMconcentrationinthegrowthmedium.Cells
wereharvestedforRNAorproteinextractionorsubjectedtofurtherexperimentsafter48h
oftransfection.TransfectionofmiR-204mimicinducedasignificantincreaseinmir-204
levelsinbothCAFandNOFstrains(SupplementaryFigureS1),whiletransfectionof
miR-204inhibitordidnotinduceasignificantchangeinthemiR-204levelsincultured
fibroblasts(SupplementaryFigureS2).

4.10.ProteinIsolationandQuantification
ThecellcultureswerewashedtwicewithicecoldPBSbuffer,lysedwithicecoldRIPA

lysisandextractionbuffer(89901,ThermoFisherScientific),supplementedwith1⇥Halt
ProteaseandPhophataseInhibitor(78442,ThermoFisherScientific),andscrappedusing
sterilescrapers.Thelysateswerethencollectedinice-coldEppendorftubesandcentrifuged
at14,000rpmfor15min.ProteinsupernatantswerealiquotedinnewEppendorftubes
andstoredat�80�Cuntiluse.

TotalproteininthelysateswasmeasuredbyDCproteinassay(5000111,BioRad,
Hercules,CA,USA)ina96-wellmicroplate,usingthemanufacturer’sprotocol.Inbrief,
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wereharvestedforRNAorproteinextractionorsubjectedtofurtherexperimentsafter48h
oftransfection.TransfectionofmiR-204mimicinducedasignificantincreaseinmir-204
levelsinbothCAFandNOFstrains(SupplementaryFigureS1),whiletransfectionof
miR-204inhibitordidnotinduceasignificantchangeinthemiR-204levelsincultured
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lysisandextractionbuffer(89901,ThermoFisherScientific),supplementedwith1⇥Halt
ProteaseandPhophataseInhibitor(78442,ThermoFisherScientific),andscrappedusing
sterilescrapers.Thelysateswerethencollectedinice-coldEppendorftubesandcentrifuged
at14,000rpmfor15min.ProteinsupernatantswerealiquotedinnewEppendorftubes
andstoredat�80�Cuntiluse.

TotalproteininthelysateswasmeasuredbyDCproteinassay(5000111,BioRad,
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TGGGAGACTGGGACACCTTTAACACAGACCCCTAGGGATTTAAAGGGACACCCCT
AACACACCCAGGCCCATGCCAAGGCCTCCCTCAGGCTCTGTG30).30UTRsequence
ofITGA11(NM001004439.2)withmiR-204bindingsitewasretrievedfromUCSCgenome
browser(http://genome.ucsc.edu,accessedon17November2019)[57],andaplasmid
vectorwithluciferaseupstreamof30UTRandrenillaasatransfectioncontrolunderdiffer-
entpromotersweredesignedusingVectorBuilder.Non-complimentarymutantsequence
wasintroducedtothemiR-204bindingsite(236–242AAAGGGA!ATTCCCT)on30UTR
ofITGA11ascontrol.BothvectorswerepurchasedfromVectorBuilder.Reductionin
luciferasesignalnormalizedtorenillasignalcomparedwithmutantcontrolaftermiR-204
mimicstransfectionintothecellsindicatesdirecttargetingofITGA11bymiR-204.Lu-
ciferaseandrenillaactivitywasmeasuredusingDual-LuciferaseReporterAssay(Promega;
E1910)followingthemanufacturer’sprotocolusingaluminometer.Inbrief,5⇥104CAFs
ineachwellin24-wellplateswerereverseco-transfectedwith250ngofplasmidDNA
andmiR-204mimicata50nMconcentrationincompleteDMEMmediumusingLipofec-
tamineTM3000TransfectionReagent.Then,48haftertransfection,growthmediafrom
culturedcellswereremovedandwashedwithPBSsolution.Thereafter,thecellswerelysed
with100µLof1Xlysisbuffer.Thecellcultureplatewasgentlyrockedforabout15minto
allowcellstolysecompletely.Then,20µLofcelllysateswerepipettedintothewellsin
96-wellplatesanddispensedwith100µLofluciferasesubstrate.Immediately,luciferase
activitywasreadusingaTecanInfiniteM200PROluminometer.Thewellswereagain
dispensedwith100µLof1XStop&Gloreagentandrenillaluciferaseactivitywasread.

4.9.miR-204ModulationinCulturedFibroblasts
FibroblastswerereversetransfectedusingLipofectamineTM3000TransfectionReagent

(L3000015;Invitrogen)withamimic(C-300563-05,Dharmacon,Lafayette,CO,USA),an
inhibitor(IH-300563-07,Dharmacon),andtherespectivecontrols(CN-001000-01,IN00105-
01-05,Dharmacon)ofmiR-204-5pat50nMconcentrationinthegrowthmedium.Cells
wereharvestedforRNAorproteinextractionorsubjectedtofurtherexperimentsafter48h
oftransfection.TransfectionofmiR-204mimicinducedasignificantincreaseinmir-204
levelsinbothCAFandNOFstrains(SupplementaryFigureS1),whiletransfectionof
miR-204inhibitordidnotinduceasignificantchangeinthemiR-204levelsincultured
fibroblasts(SupplementaryFigureS2).

4.10.ProteinIsolationandQuantification
ThecellcultureswerewashedtwicewithicecoldPBSbuffer,lysedwithicecoldRIPA

lysisandextractionbuffer(89901,ThermoFisherScientific),supplementedwith1⇥Halt
ProteaseandPhophataseInhibitor(78442,ThermoFisherScientific),andscrappedusing
sterilescrapers.Thelysateswerethencollectedinice-coldEppendorftubesandcentrifuged
at14,000rpmfor15min.ProteinsupernatantswerealiquotedinnewEppendorftubes
andstoredat�80�Cuntiluse.

TotalproteininthelysateswasmeasuredbyDCproteinassay(5000111,BioRad,
Hercules,CA,USA)ina96-wellmicroplate,usingthemanufacturer’sprotocol.Inbrief,
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20 µL of reagent S was mixed with 1 mL of reagent A to give a working reagent A0. Then,
1.5 µg/mL of BSA was diluted in twofold to use as standards. Five microlitres of protein
samples and standards were then pipetted into a microtiter plate, and 25 µL of reagent A0

and 200 µL of reagent B were added. The plate was gently agitated to mix the reagents,
incubated at room temperature for 15 min, and the optical density was measured at 750 nm
wavelength using (BIO-TEKR). All the samples were measured in triplicates, and blanks
were included.

4.11. Western Blotting
Fifteen micrograms of protein were mixed with 4⇥ NuPAGE LDS sample buffer

(NP0007, Invitrogen) and 10⇥ NuPAGE sample reducing agent (NP0004, Invitrogen) to
the final concentration of 1⇥. The protein mixture was heated at 95 �C for 5 min and run
on NuPAGE Novex 10% Bis-Tris Protein Gel (NP0303, Invitrogen) in 1⇥ NuPAGE MOPS
SDS Running Buffer (NP0001, Invitrogen) at 160 Volt for 90 min. Then, 500 µL of NuPAGE
Antioxidant (NP005) was added in the upper chamber immediately before applying the
voltage. Precision Plus Protein Dual Color Standard (1610374, Biorad) was used as a protein
weight marker. The resolved protein in the gel was then blotted into methanol activated
(for 1 min) Amersham Hybond P 0,45 PVDF membrane (10600069, GE Healthcare, Chicago,
IL, USA) using filter paper sandwich in 1x NuPAGE transfer buffer (NP0006, Invitrogen)
with 10% methanol and 0.2% Antioxidant at 40 Volt for 1 h. Then, 200 µL of antioxidant
was added in the upper chamber immediately before applying the voltage.

After completion of the blotting, PVDF membrane was blocked with 5% dry milk or
3% BSA prepared in 1⇥ Pierce TBS Tween 20 Buffer for 30 min. The PVDF membrane was
then incubated with primary antibody in 5% non-fat dry milk or 3% BSA for overnight at
4 �C. Thereafter, the membrane blot was washed with TBS-Tween three times for 10 min
each and incubated with secondary antibody for one hour at room temperature (anti-rabbit
from Cell Signalling, #7074, and anti-mouse from Cell Signalling, #7076). The membrane
was then washed with TBS-Tween four times for 10 min each and, finally, visualized using
SuperSignalWest Pico Chemilluminescent Substrate (34080, Thermofisher) in Image Reader
LAS 1000 (Fujifilm). Relative protein amounts in each protein bands in the captured images
were quantified using ImageJ using Gel commands. Antibodies used for Western blotting
are listed in Supplementary Table S3.

4.12. Migration Assay (2D Co-Culture)
Two-well silicone inserts (80209, ibidi) were placed in the center of 24-well plates.

Fibroblasts or OSCC cells (2 ⇥ 104 cells) were plated, and reverse transfected with miR
mimics and inhibitors) into each well. Silicone inserts were removed 48 h post-transfection
to create a uniform cell-free gap of 50 µmbetween the edges of two cell-rich zones. Thewells
were then imaged at two-hour time interval using IncuCyte Zoom using a 4⇥ objective
(EssenBioScience, Ann Arbor, MI, USA). The cell-free unoccupied area was measured using
MRI Wound Healing Tool in ImageJ.

4.13. Collagen Contraction Assay
Ninety-six-well plates were blocked overnight with 2% BSA in PBS in 37 �C incubation

chamber. Forty-eight hours post-miR modulations, fibroblasts at 5 ⇥ 105/mL density were
uniformly suspended in collagen type I matrix, as described above. Subsequently, 100 µL
of collagen cell suspension was added into each well and allowed to gel for 90 min. The
gels were then floated with 100 µL of DMEMmedium, and the change in gel dimensions
was measured at different time points.

4.14. 3D Organotypic Co-Cultures
Fibroblasts at a density of 5 ⇥ 105 cells/mL were re-suspended in collagen type I (rat

tail, 354239, BD Biosciences, Franklin Lakes, NJ, USA) matrix, and uniformly mixed with
DMEM, NBCS, and sterile reconstitution buffer in the volume ratio of 7:1:1:1, respectively.
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20µLofreagentSwasmixedwith1mLofreagentAtogiveaworkingreagentA0.Then,
1.5µg/mLofBSAwasdilutedintwofoldtouseasstandards.Fivemicrolitresofprotein
samplesandstandardswerethenpipettedintoamicrotiterplate,and25µLofreagentA0

and200µLofreagentBwereadded.Theplatewasgentlyagitatedtomixthereagents,
incubatedatroomtemperaturefor15min,andtheopticaldensitywasmeasuredat750nm
wavelengthusing(BIO-TEKR).Allthesamplesweremeasuredintriplicates,andblanks
wereincluded.

4.11.WesternBlotting
Fifteenmicrogramsofproteinweremixedwith4⇥NuPAGELDSsamplebuffer

(NP0007,Invitrogen)and10⇥NuPAGEsamplereducingagent(NP0004,Invitrogen)to
thefinalconcentrationof1⇥.Theproteinmixturewasheatedat95�Cfor5minandrun
onNuPAGENovex10%Bis-TrisProteinGel(NP0303,Invitrogen)in1⇥NuPAGEMOPS
SDSRunningBuffer(NP0001,Invitrogen)at160Voltfor90min.Then,500µLofNuPAGE
Antioxidant(NP005)wasaddedintheupperchamberimmediatelybeforeapplyingthe
voltage.PrecisionPlusProteinDualColorStandard(1610374,Biorad)wasusedasaprotein
weightmarker.Theresolvedproteininthegelwasthenblottedintomethanolactivated
(for1min)AmershamHybondP0,45PVDFmembrane(10600069,GEHealthcare,Chicago,
IL,USA)usingfilterpapersandwichin1xNuPAGEtransferbuffer(NP0006,Invitrogen)
with10%methanoland0.2%Antioxidantat40Voltfor1h.Then,200µLofantioxidant
wasaddedintheupperchamberimmediatelybeforeapplyingthevoltage.

Aftercompletionoftheblotting,PVDFmembranewasblockedwith5%drymilkor
3%BSApreparedin1⇥PierceTBSTween20Bufferfor30min.ThePVDFmembranewas
thenincubatedwithprimaryantibodyin5%non-fatdrymilkor3%BSAforovernightat
4�C.Thereafter,themembraneblotwaswashedwithTBS-Tweenthreetimesfor10min
eachandincubatedwithsecondaryantibodyforonehouratroomtemperature(anti-rabbit
fromCellSignalling,#7074,andanti-mousefromCellSignalling,#7076).Themembrane
wasthenwashedwithTBS-Tweenfourtimesfor10mineachand,finally,visualizedusing
SuperSignalWestPicoChemilluminescentSubstrate(34080,Thermofisher)inImageReader
LAS1000(Fujifilm).Relativeproteinamountsineachproteinbandsinthecapturedimages
werequantifiedusingImageJusingGelcommands.AntibodiesusedforWesternblotting
arelistedinSupplementaryTableS3.

4.12.MigrationAssay(2DCo-Culture)
Two-wellsiliconeinserts(80209,ibidi)wereplacedinthecenterof24-wellplates.

FibroblastsorOSCCcells(2⇥104cells)wereplated,andreversetransfectedwithmiR
mimicsandinhibitors)intoeachwell.Siliconeinsertswereremoved48hpost-transfection
tocreateauniformcell-freegapof50µmbetweentheedgesoftwocell-richzones.Thewells
werethenimagedattwo-hourtimeintervalusingIncuCyteZoomusinga4⇥objective
(EssenBioScience,AnnArbor,MI,USA).Thecell-freeunoccupiedareawasmeasuredusing
MRIWoundHealingToolinImageJ.

4.13.CollagenContractionAssay
Ninety-six-wellplateswereblockedovernightwith2%BSAinPBSin37�Cincubation

chamber.Forty-eighthourspost-miRmodulations,fibroblastsat5⇥105/mLdensitywere
uniformlysuspendedincollagentypeImatrix,asdescribedabove.Subsequently,100µL
ofcollagencellsuspensionwasaddedintoeachwellandallowedtogelfor90min.The
gelswerethenfloatedwith100µLofDMEMmedium,andthechangeingeldimensions
wasmeasuredatdifferenttimepoints.

4.14.3DOrganotypicCo-Cultures
Fibroblastsatadensityof5⇥105cells/mLwerere-suspendedincollagentypeI(rat

tail,354239,BDBiosciences,FranklinLakes,NJ,USA)matrix,anduniformlymixedwith
DMEM,NBCS,andsterilereconstitutionbufferinthevolumeratioof7:1:1:1,respectively.
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1.5µg/mLofBSAwasdilutedintwofoldtouseasstandards.Fivemicrolitresofprotein
samplesandstandardswerethenpipettedintoamicrotiterplate,and25µLofreagentA0

and200µLofreagentBwereadded.Theplatewasgentlyagitatedtomixthereagents,
incubatedatroomtemperaturefor15min,andtheopticaldensitywasmeasuredat750nm
wavelengthusing(BIO-TEKR).Allthesamplesweremeasuredintriplicates,andblanks
wereincluded.

4.11.WesternBlotting
Fifteenmicrogramsofproteinweremixedwith4⇥NuPAGELDSsamplebuffer

(NP0007,Invitrogen)and10⇥NuPAGEsamplereducingagent(NP0004,Invitrogen)to
thefinalconcentrationof1⇥.Theproteinmixturewasheatedat95�Cfor5minandrun
onNuPAGENovex10%Bis-TrisProteinGel(NP0303,Invitrogen)in1⇥NuPAGEMOPS
SDSRunningBuffer(NP0001,Invitrogen)at160Voltfor90min.Then,500µLofNuPAGE
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weightmarker.Theresolvedproteininthegelwasthenblottedintomethanolactivated
(for1min)AmershamHybondP0,45PVDFmembrane(10600069,GEHealthcare,Chicago,
IL,USA)usingfilterpapersandwichin1xNuPAGEtransferbuffer(NP0006,Invitrogen)
with10%methanoland0.2%Antioxidantat40Voltfor1h.Then,200µLofantioxidant
wasaddedintheupperchamberimmediatelybeforeapplyingthevoltage.

Aftercompletionoftheblotting,PVDFmembranewasblockedwith5%drymilkor
3%BSApreparedin1⇥PierceTBSTween20Bufferfor30min.ThePVDFmembranewas
thenincubatedwithprimaryantibodyin5%non-fatdrymilkor3%BSAforovernightat
4�C.Thereafter,themembraneblotwaswashedwithTBS-Tweenthreetimesfor10min
eachandincubatedwithsecondaryantibodyforonehouratroomtemperature(anti-rabbit
fromCellSignalling,#7074,andanti-mousefromCellSignalling,#7076).Themembrane
wasthenwashedwithTBS-Tweenfourtimesfor10mineachand,finally,visualizedusing
SuperSignalWestPicoChemilluminescentSubstrate(34080,Thermofisher)inImageReader
LAS1000(Fujifilm).Relativeproteinamountsineachproteinbandsinthecapturedimages
werequantifiedusingImageJusingGelcommands.AntibodiesusedforWesternblotting
arelistedinSupplementaryTableS3.

4.12.MigrationAssay(2DCo-Culture)
Two-wellsiliconeinserts(80209,ibidi)wereplacedinthecenterof24-wellplates.

FibroblastsorOSCCcells(2⇥104cells)wereplated,andreversetransfectedwithmiR
mimicsandinhibitors)intoeachwell.Siliconeinsertswereremoved48hpost-transfection
tocreateauniformcell-freegapof50µmbetweentheedgesoftwocell-richzones.Thewells
werethenimagedattwo-hourtimeintervalusingIncuCyteZoomusinga4⇥objective
(EssenBioScience,AnnArbor,MI,USA).Thecell-freeunoccupiedareawasmeasuredusing
MRIWoundHealingToolinImageJ.

4.13.CollagenContractionAssay
Ninety-six-wellplateswereblockedovernightwith2%BSAinPBSin37�Cincubation

chamber.Forty-eighthourspost-miRmodulations,fibroblastsat5⇥105/mLdensitywere
uniformlysuspendedincollagentypeImatrix,asdescribedabove.Subsequently,100µL
ofcollagencellsuspensionwasaddedintoeachwellandallowedtogelfor90min.The
gelswerethenfloatedwith100µLofDMEMmedium,andthechangeingeldimensions
wasmeasuredatdifferenttimepoints.

4.14.3DOrganotypicCo-Cultures
Fibroblastsatadensityof5⇥105cells/mLwerere-suspendedincollagentypeI(rat

tail,354239,BDBiosciences,FranklinLakes,NJ,USA)matrix,anduniformlymixedwith
DMEM,NBCS,andsterilereconstitutionbufferinthevolumeratioof7:1:1:1,respectively.
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20 µL of reagent S was mixed with 1 mL of reagent A to give a working reagent A0. Then,
1.5 µg/mL of BSA was diluted in twofold to use as standards. Five microlitres of protein
samples and standards were then pipetted into a microtiter plate, and 25 µL of reagent A0

and 200 µL of reagent B were added. The plate was gently agitated to mix the reagents,
incubated at room temperature for 15 min, and the optical density was measured at 750 nm
wavelength using (BIO-TEKR). All the samples were measured in triplicates, and blanks
were included.

4.11. Western Blotting
Fifteen micrograms of protein were mixed with 4⇥ NuPAGE LDS sample buffer

(NP0007, Invitrogen) and 10⇥ NuPAGE sample reducing agent (NP0004, Invitrogen) to
the final concentration of 1⇥. The protein mixture was heated at 95 �C for 5 min and run
on NuPAGE Novex 10% Bis-Tris Protein Gel (NP0303, Invitrogen) in 1⇥ NuPAGE MOPS
SDS Running Buffer (NP0001, Invitrogen) at 160 Volt for 90 min. Then, 500 µL of NuPAGE
Antioxidant (NP005) was added in the upper chamber immediately before applying the
voltage. Precision Plus Protein Dual Color Standard (1610374, Biorad) was used as a protein
weight marker. The resolved protein in the gel was then blotted into methanol activated
(for 1 min) Amersham Hybond P 0,45 PVDF membrane (10600069, GE Healthcare, Chicago,
IL, USA) using filter paper sandwich in 1x NuPAGE transfer buffer (NP0006, Invitrogen)
with 10% methanol and 0.2% Antioxidant at 40 Volt for 1 h. Then, 200 µL of antioxidant
was added in the upper chamber immediately before applying the voltage.

After completion of the blotting, PVDF membrane was blocked with 5% dry milk or
3% BSA prepared in 1⇥ Pierce TBS Tween 20 Buffer for 30 min. The PVDF membrane was
then incubated with primary antibody in 5% non-fat dry milk or 3% BSA for overnight at
4 �C. Thereafter, the membrane blot was washed with TBS-Tween three times for 10 min
each and incubated with secondary antibody for one hour at room temperature (anti-rabbit
from Cell Signalling, #7074, and anti-mouse from Cell Signalling, #7076). The membrane
was then washed with TBS-Tween four times for 10 min each and, finally, visualized using
SuperSignalWest Pico Chemilluminescent Substrate (34080, Thermofisher) in Image Reader
LAS 1000 (Fujifilm). Relative protein amounts in each protein bands in the captured images
were quantified using ImageJ using Gel commands. Antibodies used for Western blotting
are listed in Supplementary Table S3.

4.12. Migration Assay (2D Co-Culture)
Two-well silicone inserts (80209, ibidi) were placed in the center of 24-well plates.

Fibroblasts or OSCC cells (2 ⇥ 104 cells) were plated, and reverse transfected with miR
mimics and inhibitors) into each well. Silicone inserts were removed 48 h post-transfection
to create a uniform cell-free gap of 50 µmbetween the edges of two cell-rich zones. Thewells
were then imaged at two-hour time interval using IncuCyte Zoom using a 4⇥ objective
(EssenBioScience, Ann Arbor, MI, USA). The cell-free unoccupied area was measured using
MRI Wound Healing Tool in ImageJ.

4.13. Collagen Contraction Assay
Ninety-six-well plates were blocked overnight with 2% BSA in PBS in 37 �C incubation

chamber. Forty-eight hours post-miR modulations, fibroblasts at 5 ⇥ 105/mL density were
uniformly suspended in collagen type I matrix, as described above. Subsequently, 100 µL
of collagen cell suspension was added into each well and allowed to gel for 90 min. The
gels were then floated with 100 µL of DMEMmedium, and the change in gel dimensions
was measured at different time points.

4.14. 3D Organotypic Co-Cultures
Fibroblasts at a density of 5 ⇥ 105 cells/mL were re-suspended in collagen type I (rat

tail, 354239, BD Biosciences, Franklin Lakes, NJ, USA) matrix, and uniformly mixed with
DMEM, NBCS, and sterile reconstitution buffer in the volume ratio of 7:1:1:1, respectively.
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20 µL of reagent S was mixed with 1 mL of reagent A to give a working reagent A0. Then,
1.5 µg/mL of BSA was diluted in twofold to use as standards. Five microlitres of protein
samples and standards were then pipetted into a microtiter plate, and 25 µL of reagent A0

and 200 µL of reagent B were added. The plate was gently agitated to mix the reagents,
incubated at room temperature for 15 min, and the optical density was measured at 750 nm
wavelength using (BIO-TEKR). All the samples were measured in triplicates, and blanks
were included.

4.11. Western Blotting
Fifteen micrograms of protein were mixed with 4⇥ NuPAGE LDS sample buffer

(NP0007, Invitrogen) and 10⇥ NuPAGE sample reducing agent (NP0004, Invitrogen) to
the final concentration of 1⇥. The protein mixture was heated at 95 �C for 5 min and run
on NuPAGE Novex 10% Bis-Tris Protein Gel (NP0303, Invitrogen) in 1⇥ NuPAGE MOPS
SDS Running Buffer (NP0001, Invitrogen) at 160 Volt for 90 min. Then, 500 µL of NuPAGE
Antioxidant (NP005) was added in the upper chamber immediately before applying the
voltage. Precision Plus Protein Dual Color Standard (1610374, Biorad) was used as a protein
weight marker. The resolved protein in the gel was then blotted into methanol activated
(for 1 min) Amersham Hybond P 0,45 PVDF membrane (10600069, GE Healthcare, Chicago,
IL, USA) using filter paper sandwich in 1x NuPAGE transfer buffer (NP0006, Invitrogen)
with 10% methanol and 0.2% Antioxidant at 40 Volt for 1 h. Then, 200 µL of antioxidant
was added in the upper chamber immediately before applying the voltage.

After completion of the blotting, PVDF membrane was blocked with 5% dry milk or
3% BSA prepared in 1⇥ Pierce TBS Tween 20 Buffer for 30 min. The PVDF membrane was
then incubated with primary antibody in 5% non-fat dry milk or 3% BSA for overnight at
4 �C. Thereafter, the membrane blot was washed with TBS-Tween three times for 10 min
each and incubated with secondary antibody for one hour at room temperature (anti-rabbit
from Cell Signalling, #7074, and anti-mouse from Cell Signalling, #7076). The membrane
was then washed with TBS-Tween four times for 10 min each and, finally, visualized using
SuperSignalWest Pico Chemilluminescent Substrate (34080, Thermofisher) in Image Reader
LAS 1000 (Fujifilm). Relative protein amounts in each protein bands in the captured images
were quantified using ImageJ using Gel commands. Antibodies used for Western blotting
are listed in Supplementary Table S3.

4.12. Migration Assay (2D Co-Culture)
Two-well silicone inserts (80209, ibidi) were placed in the center of 24-well plates.

Fibroblasts or OSCC cells (2 ⇥ 104 cells) were plated, and reverse transfected with miR
mimics and inhibitors) into each well. Silicone inserts were removed 48 h post-transfection
to create a uniform cell-free gap of 50 µmbetween the edges of two cell-rich zones. Thewells
were then imaged at two-hour time interval using IncuCyte Zoom using a 4⇥ objective
(EssenBioScience, Ann Arbor, MI, USA). The cell-free unoccupied area was measured using
MRI Wound Healing Tool in ImageJ.

4.13. Collagen Contraction Assay
Ninety-six-well plates were blocked overnight with 2% BSA in PBS in 37 �C incubation

chamber. Forty-eight hours post-miR modulations, fibroblasts at 5 ⇥ 105/mL density were
uniformly suspended in collagen type I matrix, as described above. Subsequently, 100 µL
of collagen cell suspension was added into each well and allowed to gel for 90 min. The
gels were then floated with 100 µL of DMEMmedium, and the change in gel dimensions
was measured at different time points.

4.14. 3D Organotypic Co-Cultures
Fibroblasts at a density of 5 ⇥ 105 cells/mL were re-suspended in collagen type I (rat

tail, 354239, BD Biosciences, Franklin Lakes, NJ, USA) matrix, and uniformly mixed with
DMEM, NBCS, and sterile reconstitution buffer in the volume ratio of 7:1:1:1, respectively.
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20µLofreagentSwasmixedwith1mLofreagentAtogiveaworkingreagentA0.Then,
1.5µg/mLofBSAwasdilutedintwofoldtouseasstandards.Fivemicrolitresofprotein
samplesandstandardswerethenpipettedintoamicrotiterplate,and25µLofreagentA0

and200µLofreagentBwereadded.Theplatewasgentlyagitatedtomixthereagents,
incubatedatroomtemperaturefor15min,andtheopticaldensitywasmeasuredat750nm
wavelengthusing(BIO-TEKR).Allthesamplesweremeasuredintriplicates,andblanks
wereincluded.

4.11.WesternBlotting
Fifteenmicrogramsofproteinweremixedwith4⇥NuPAGELDSsamplebuffer

(NP0007,Invitrogen)and10⇥NuPAGEsamplereducingagent(NP0004,Invitrogen)to
thefinalconcentrationof1⇥.Theproteinmixturewasheatedat95�Cfor5minandrun
onNuPAGENovex10%Bis-TrisProteinGel(NP0303,Invitrogen)in1⇥NuPAGEMOPS
SDSRunningBuffer(NP0001,Invitrogen)at160Voltfor90min.Then,500µLofNuPAGE
Antioxidant(NP005)wasaddedintheupperchamberimmediatelybeforeapplyingthe
voltage.PrecisionPlusProteinDualColorStandard(1610374,Biorad)wasusedasaprotein
weightmarker.Theresolvedproteininthegelwasthenblottedintomethanolactivated
(for1min)AmershamHybondP0,45PVDFmembrane(10600069,GEHealthcare,Chicago,
IL,USA)usingfilterpapersandwichin1xNuPAGEtransferbuffer(NP0006,Invitrogen)
with10%methanoland0.2%Antioxidantat40Voltfor1h.Then,200µLofantioxidant
wasaddedintheupperchamberimmediatelybeforeapplyingthevoltage.

Aftercompletionoftheblotting,PVDFmembranewasblockedwith5%drymilkor
3%BSApreparedin1⇥PierceTBSTween20Bufferfor30min.ThePVDFmembranewas
thenincubatedwithprimaryantibodyin5%non-fatdrymilkor3%BSAforovernightat
4�C.Thereafter,themembraneblotwaswashedwithTBS-Tweenthreetimesfor10min
eachandincubatedwithsecondaryantibodyforonehouratroomtemperature(anti-rabbit
fromCellSignalling,#7074,andanti-mousefromCellSignalling,#7076).Themembrane
wasthenwashedwithTBS-Tweenfourtimesfor10mineachand,finally,visualizedusing
SuperSignalWestPicoChemilluminescentSubstrate(34080,Thermofisher)inImageReader
LAS1000(Fujifilm).Relativeproteinamountsineachproteinbandsinthecapturedimages
werequantifiedusingImageJusingGelcommands.AntibodiesusedforWesternblotting
arelistedinSupplementaryTableS3.

4.12.MigrationAssay(2DCo-Culture)
Two-wellsiliconeinserts(80209,ibidi)wereplacedinthecenterof24-wellplates.

FibroblastsorOSCCcells(2⇥104cells)wereplated,andreversetransfectedwithmiR
mimicsandinhibitors)intoeachwell.Siliconeinsertswereremoved48hpost-transfection
tocreateauniformcell-freegapof50µmbetweentheedgesoftwocell-richzones.Thewells
werethenimagedattwo-hourtimeintervalusingIncuCyteZoomusinga4⇥objective
(EssenBioScience,AnnArbor,MI,USA).Thecell-freeunoccupiedareawasmeasuredusing
MRIWoundHealingToolinImageJ.

4.13.CollagenContractionAssay
Ninety-six-wellplateswereblockedovernightwith2%BSAinPBSin37�Cincubation

chamber.Forty-eighthourspost-miRmodulations,fibroblastsat5⇥105/mLdensitywere
uniformlysuspendedincollagentypeImatrix,asdescribedabove.Subsequently,100µL
ofcollagencellsuspensionwasaddedintoeachwellandallowedtogelfor90min.The
gelswerethenfloatedwith100µLofDMEMmedium,andthechangeingeldimensions
wasmeasuredatdifferenttimepoints.

4.14.3DOrganotypicCo-Cultures
Fibroblastsatadensityof5⇥105cells/mLwerere-suspendedincollagentypeI(rat

tail,354239,BDBiosciences,FranklinLakes,NJ,USA)matrix,anduniformlymixedwith
DMEM,NBCS,andsterilereconstitutionbufferinthevolumeratioof7:1:1:1,respectively.
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weightmarker.Theresolvedproteininthegelwasthenblottedintomethanolactivated
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thenincubatedwithprimaryantibodyin5%non-fatdrymilkor3%BSAforovernightat
4�C.Thereafter,themembraneblotwaswashedwithTBS-Tweenthreetimesfor10min
eachandincubatedwithsecondaryantibodyforonehouratroomtemperature(anti-rabbit
fromCellSignalling,#7074,andanti-mousefromCellSignalling,#7076).Themembrane
wasthenwashedwithTBS-Tweenfourtimesfor10mineachand,finally,visualizedusing
SuperSignalWestPicoChemilluminescentSubstrate(34080,Thermofisher)inImageReader
LAS1000(Fujifilm).Relativeproteinamountsineachproteinbandsinthecapturedimages
werequantifiedusingImageJusingGelcommands.AntibodiesusedforWesternblotting
arelistedinSupplementaryTableS3.

4.12.MigrationAssay(2DCo-Culture)
Two-wellsiliconeinserts(80209,ibidi)wereplacedinthecenterof24-wellplates.

FibroblastsorOSCCcells(2⇥104cells)wereplated,andreversetransfectedwithmiR
mimicsandinhibitors)intoeachwell.Siliconeinsertswereremoved48hpost-transfection
tocreateauniformcell-freegapof50µmbetweentheedgesoftwocell-richzones.Thewells
werethenimagedattwo-hourtimeintervalusingIncuCyteZoomusinga4⇥objective
(EssenBioScience,AnnArbor,MI,USA).Thecell-freeunoccupiedareawasmeasuredusing
MRIWoundHealingToolinImageJ.

4.13.CollagenContractionAssay
Ninety-six-wellplateswereblockedovernightwith2%BSAinPBSin37�Cincubation

chamber.Forty-eighthourspost-miRmodulations,fibroblastsat5⇥105/mLdensitywere
uniformlysuspendedincollagentypeImatrix,asdescribedabove.Subsequently,100µL
ofcollagencellsuspensionwasaddedintoeachwellandallowedtogelfor90min.The
gelswerethenfloatedwith100µLofDMEMmedium,andthechangeingeldimensions
wasmeasuredatdifferenttimepoints.

4.14.3DOrganotypicCo-Cultures
Fibroblastsatadensityof5⇥105cells/mLwerere-suspendedincollagentypeI(rat

tail,354239,BDBiosciences,FranklinLakes,NJ,USA)matrix,anduniformlymixedwith
DMEM,NBCS,andsterilereconstitutionbufferinthevolumeratioof7:1:1:1,respectively.
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Then, 700 µL of the collagen cell suspension was dispensed into each well in 24-well plates
and allowed to gel in a humidified incubator at 37 �C. After two hours, the gels were added
to 1 mL of fibroblast growth medium to allow the cells to grow until next day. The next day,
5⇥ 105 OSCC cells were added on the top of each fibroblast gel. Another day, the gels were
transferred on the metal grids layered with a filter paper. Organotypic growth medium
(DMEM and Ham’s F12 Nutrient mixture (31765068, Thermo Fisher Scientific) in ratio 1:3,
and supplemented with Insulin-Transferrin-Selenium, hydrocortisone, and L-ascorbic acid,
as mentioned above, and NBCS replaced with 0,1% Bovine Albumin Fraction (V15260-037,
Thermo Fisher Scientific)) was added to reach the level of filter paper to allow gels to
grow at the air–medium interface. Medium was changed at each alternative day. Ten days
after culture on grid, gels were fixed overnight in 4% buffered formalin and embedded
in paraffin.

4.15. Quantification of Invasion of OSCC Cells in 3D-Organotypic Models
Tissue gels embedded in paraffin blocks were cut into 5 µm sections and stained with

hematoxylin and eosin. Invasion depth of OSCC cells in the stained organotypic sections
was measured using NDP.view2 (Hamamatsu, Naka Ward, Sunayamacho, Japan). Invasion
depth was measured as the vertical distance of invaded cancer cells from the reconstructed
basement membrane (horizontal line along the non-invading cells). Twenty measurements
at each 50 µm distance along the tissue were taken and averaged. Non-uniform thick,
curved, or tapered ends of the 3D organotypic tissues as a result of differential contraction
by the fibroblasts were excluded in the analysis.

4.16. Statistical Analysis
SAM analysis was performed to detect differentially regulated miRNAs using J-Expres

(University of Bergen, Norway), a freely available software for analyzing microarray gene
expression data [58]. Differentially expressed miRs with false discovery rate (FDR) = 0 were
considered to be significantly modulated miRs. For functional assays, and miR, mRNA, or
protein expressions data, paired and unpaired t-tests were applied to find the significant
difference in means (p < 0.05). For non-normally distributed data (D’Augostino & Pearson
test; p > 0.05), non-parametric comparisons (Mann–Whitney for unpaired comparison
between two, and Kruskal–Wallis for unpaired comparison among groups) were carried
out to find significant differences in median expression. Parametric and non-parametric
analyses were carried out as required using GraphPad Prism 7 (GraphPad, San Diego,
CA, USA).

5. Conclusions
This study demonstrates for the first time miR dysregulation in OSCC-derived CAFs

compared with NOFs and identifies twelve differentially expressed miR in CAFs isolated
from OSCC lesions compared with fibroblasts isolated from normal mucosa. One of the
dysregulated miRs, miR-204, was further investigated, and we show here for the first
time that miR-204 directly targets the ITGA11, and that its tumor-suppressive function is
mediated via alteration of CAF motility though regulating several other motility-related
molecules in addition to ITGA11.
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.3390/ijms222111960/s1.

Author Contributions: Conceptualization, S.R., A.M., H.P., S.L., E.N., O.K.V., A.C.J., D.S. and D.E.C.;
data curation, S.R.; formal analysis, S.R. and D.S.; funding acquisition, D.E.C.; investigation, S.R.,
H.P., K.C.D., B.L., K.M.H., A.K., S.L. and E.N.; methodology, S.R., A.M., H.P., K.C.D. and D.S.; project
administration, A.C.J., D.S. and D.E.C.; supervision, O.K.V., A.C.J., D.S. and D.E.C.; validation, S.R.;
visualization, S.R.; writing—original draft, S.R.; writing—review & editing, S.R., A.M., H.P., K.C.D.,
B.L., K.M.H., A.K., S.L., E.N., O.K.V., A.C.J., D.S. and D.E.C. All authors have read and agreed to the
published version of the manuscript.

Int.J.Mol.Sci.2021,22,1196015of18

Then,700µLofthecollagencellsuspensionwasdispensedintoeachwellin24-wellplates
andallowedtogelinahumidifiedincubatorat37�C.Aftertwohours,thegelswereadded
to1mLoffibroblastgrowthmediumtoallowthecellstogrowuntilnextday.Thenextday,
5⇥105OSCCcellswereaddedonthetopofeachfibroblastgel.Anotherday,thegelswere
transferredonthemetalgridslayeredwithafilterpaper.Organotypicgrowthmedium
(DMEMandHam’sF12Nutrientmixture(31765068,ThermoFisherScientific)inratio1:3,
andsupplementedwithInsulin-Transferrin-Selenium,hydrocortisone,andL-ascorbicacid,
asmentionedabove,andNBCSreplacedwith0,1%BovineAlbuminFraction(V15260-037,
ThermoFisherScientific))wasaddedtoreachtheleveloffilterpapertoallowgelsto
growattheair–mediuminterface.Mediumwaschangedateachalternativeday.Tendays
aftercultureongrid,gelswerefixedovernightin4%bufferedformalinandembedded
inparaffin.

4.15.QuantificationofInvasionofOSCCCellsin3D-OrganotypicModels
Tissuegelsembeddedinparaffinblockswerecutinto5µmsectionsandstainedwith

hematoxylinandeosin.InvasiondepthofOSCCcellsinthestainedorganotypicsections
wasmeasuredusingNDP.view2(Hamamatsu,NakaWard,Sunayamacho,Japan).Invasion
depthwasmeasuredastheverticaldistanceofinvadedcancercellsfromthereconstructed
basementmembrane(horizontallinealongthenon-invadingcells).Twentymeasurements
ateach50µmdistancealongthetissueweretakenandaveraged.Non-uniformthick,
curved,ortaperedendsofthe3Dorganotypictissuesasaresultofdifferentialcontraction
bythefibroblastswereexcludedintheanalysis.

4.16.StatisticalAnalysis
SAManalysiswasperformedtodetectdifferentiallyregulatedmiRNAsusingJ-Expres

(UniversityofBergen,Norway),afreelyavailablesoftwareforanalyzingmicroarraygene
expressiondata[58].DifferentiallyexpressedmiRswithfalsediscoveryrate(FDR)=0were
consideredtobesignificantlymodulatedmiRs.Forfunctionalassays,andmiR,mRNA,or
proteinexpressionsdata,pairedandunpairedt-testswereappliedtofindthesignificant
differenceinmeans(p<0.05).Fornon-normallydistributeddata(D’Augostino&Pearson
test;p>0.05),non-parametriccomparisons(Mann–Whitneyforunpairedcomparison
betweentwo,andKruskal–Wallisforunpairedcomparisonamonggroups)werecarried
outtofindsignificantdifferencesinmedianexpression.Parametricandnon-parametric
analyseswerecarriedoutasrequiredusingGraphPadPrism7(GraphPad,SanDiego,
CA,USA).

5.Conclusions
ThisstudydemonstratesforthefirsttimemiRdysregulationinOSCC-derivedCAFs

comparedwithNOFsandidentifiestwelvedifferentiallyexpressedmiRinCAFsisolated
fromOSCClesionscomparedwithfibroblastsisolatedfromnormalmucosa.Oneofthe
dysregulatedmiRs,miR-204,wasfurtherinvestigated,andweshowhereforthefirst
timethatmiR-204directlytargetstheITGA11,andthatitstumor-suppressivefunctionis
mediatedviaalterationofCAFmotilitythoughregulatingseveralothermotility-related
moleculesinadditiontoITGA11.
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Then, 700 µL of the collagen cell suspension was dispensed into each well in 24-well plates
and allowed to gel in a humidified incubator at 37 �C. After two hours, the gels were added
to 1 mL of fibroblast growth medium to allow the cells to grow until next day. The next day,
5⇥ 105 OSCC cells were added on the top of each fibroblast gel. Another day, the gels were
transferred on the metal grids layered with a filter paper. Organotypic growth medium
(DMEM and Ham’s F12 Nutrient mixture (31765068, Thermo Fisher Scientific) in ratio 1:3,
and supplemented with Insulin-Transferrin-Selenium, hydrocortisone, and L-ascorbic acid,
as mentioned above, and NBCS replaced with 0,1% Bovine Albumin Fraction (V15260-037,
Thermo Fisher Scientific)) was added to reach the level of filter paper to allow gels to
grow at the air–medium interface. Medium was changed at each alternative day. Ten days
after culture on grid, gels were fixed overnight in 4% buffered formalin and embedded
in paraffin.

4.15. Quantification of Invasion of OSCC Cells in 3D-Organotypic Models
Tissue gels embedded in paraffin blocks were cut into 5 µm sections and stained with

hematoxylin and eosin. Invasion depth of OSCC cells in the stained organotypic sections
was measured using NDP.view2 (Hamamatsu, Naka Ward, Sunayamacho, Japan). Invasion
depth was measured as the vertical distance of invaded cancer cells from the reconstructed
basement membrane (horizontal line along the non-invading cells). Twenty measurements
at each 50 µm distance along the tissue were taken and averaged. Non-uniform thick,
curved, or tapered ends of the 3D organotypic tissues as a result of differential contraction
by the fibroblasts were excluded in the analysis.

4.16. Statistical Analysis
SAM analysis was performed to detect differentially regulated miRNAs using J-Expres

(University of Bergen, Norway), a freely available software for analyzing microarray gene
expression data [58]. Differentially expressed miRs with false discovery rate (FDR) = 0 were
considered to be significantly modulated miRs. For functional assays, and miR, mRNA, or
protein expressions data, paired and unpaired t-tests were applied to find the significant
difference in means (p < 0.05). For non-normally distributed data (D’Augostino & Pearson
test; p > 0.05), non-parametric comparisons (Mann–Whitney for unpaired comparison
between two, and Kruskal–Wallis for unpaired comparison among groups) were carried
out to find significant differences in median expression. Parametric and non-parametric
analyses were carried out as required using GraphPad Prism 7 (GraphPad, San Diego,
CA, USA).

5. Conclusions
This study demonstrates for the first time miR dysregulation in OSCC-derived CAFs

compared with NOFs and identifies twelve differentially expressed miR in CAFs isolated
from OSCC lesions compared with fibroblasts isolated from normal mucosa. One of the
dysregulated miRs, miR-204, was further investigated, and we show here for the first
time that miR-204 directly targets the ITGA11, and that its tumor-suppressive function is
mediated via alteration of CAF motility though regulating several other motility-related
molecules in addition to ITGA11.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222111960/s1.

Author Contributions: Conceptualization, S.R., A.M., H.P., S.L., E.N., O.K.V., A.C.J., D.S. and D.E.C.;
data curation, S.R.; formal analysis, S.R. and D.S.; funding acquisition, D.E.C.; investigation, S.R.,
H.P., K.C.D., B.L., K.M.H., A.K., S.L. and E.N.; methodology, S.R., A.M., H.P., K.C.D. and D.S.; project
administration, A.C.J., D.S. and D.E.C.; supervision, O.K.V., A.C.J., D.S. and D.E.C.; validation, S.R.;
visualization, S.R.; writing—original draft, S.R.; writing—review & editing, S.R., A.M., H.P., K.C.D.,
B.L., K.M.H., A.K., S.L., E.N., O.K.V., A.C.J., D.S. and D.E.C. All authors have read and agreed to the
published version of the manuscript.

Int. J. Mol. Sci. 2021, 22, 11960 15 of 18

Then, 700 µL of the collagen cell suspension was dispensed into each well in 24-well plates
and allowed to gel in a humidified incubator at 37 �C. After two hours, the gels were added
to 1 mL of fibroblast growth medium to allow the cells to grow until next day. The next day,
5⇥ 105 OSCC cells were added on the top of each fibroblast gel. Another day, the gels were
transferred on the metal grids layered with a filter paper. Organotypic growth medium
(DMEM and Ham’s F12 Nutrient mixture (31765068, Thermo Fisher Scientific) in ratio 1:3,
and supplemented with Insulin-Transferrin-Selenium, hydrocortisone, and L-ascorbic acid,
as mentioned above, and NBCS replaced with 0,1% Bovine Albumin Fraction (V15260-037,
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test; p > 0.05), non-parametric comparisons (Mann–Whitney for unpaired comparison
between two, and Kruskal–Wallis for unpaired comparison among groups) were carried
out to find significant differences in median expression. Parametric and non-parametric
analyses were carried out as required using GraphPad Prism 7 (GraphPad, San Diego,
CA, USA).

5. Conclusions
This study demonstrates for the first time miR dysregulation in OSCC-derived CAFs
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dysregulated miRs, miR-204, was further investigated, and we show here for the first
time that miR-204 directly targets the ITGA11, and that its tumor-suppressive function is
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molecules in addition to ITGA11.
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andsupplementedwithInsulin-Transferrin-Selenium,hydrocortisone,andL-ascorbicacid,
asmentionedabove,andNBCSreplacedwith0,1%BovineAlbuminFraction(V15260-037,
ThermoFisherScientific))wasaddedtoreachtheleveloffilterpapertoallowgelsto
growattheair–mediuminterface.Mediumwaschangedateachalternativeday.Tendays
aftercultureongrid,gelswerefixedovernightin4%bufferedformalinandembedded
inparaffin.

4.15.QuantificationofInvasionofOSCCCellsin3D-OrganotypicModels
Tissuegelsembeddedinparaffinblockswerecutinto5µmsectionsandstainedwith

hematoxylinandeosin.InvasiondepthofOSCCcellsinthestainedorganotypicsections
wasmeasuredusingNDP.view2(Hamamatsu,NakaWard,Sunayamacho,Japan).Invasion
depthwasmeasuredastheverticaldistanceofinvadedcancercellsfromthereconstructed
basementmembrane(horizontallinealongthenon-invadingcells).Twentymeasurements
ateach50µmdistancealongthetissueweretakenandaveraged.Non-uniformthick,
curved,ortaperedendsofthe3Dorganotypictissuesasaresultofdifferentialcontraction
bythefibroblastswereexcludedintheanalysis.

4.16.StatisticalAnalysis
SAManalysiswasperformedtodetectdifferentiallyregulatedmiRNAsusingJ-Expres

(UniversityofBergen,Norway),afreelyavailablesoftwareforanalyzingmicroarraygene
expressiondata[58].DifferentiallyexpressedmiRswithfalsediscoveryrate(FDR)=0were
consideredtobesignificantlymodulatedmiRs.Forfunctionalassays,andmiR,mRNA,or
proteinexpressionsdata,pairedandunpairedt-testswereappliedtofindthesignificant
differenceinmeans(p<0.05).Fornon-normallydistributeddata(D’Augostino&Pearson
test;p>0.05),non-parametriccomparisons(Mann–Whitneyforunpairedcomparison
betweentwo,andKruskal–Wallisforunpairedcomparisonamonggroups)werecarried
outtofindsignificantdifferencesinmedianexpression.Parametricandnon-parametric
analyseswerecarriedoutasrequiredusingGraphPadPrism7(GraphPad,SanDiego,
CA,USA).

5.Conclusions
ThisstudydemonstratesforthefirsttimemiRdysregulationinOSCC-derivedCAFs

comparedwithNOFsandidentifiestwelvedifferentiallyexpressedmiRinCAFsisolated
fromOSCClesionscomparedwithfibroblastsisolatedfromnormalmucosa.Oneofthe
dysregulatedmiRs,miR-204,wasfurtherinvestigated,andweshowhereforthefirst
timethatmiR-204directlytargetstheITGA11,andthatitstumor-suppressivefunctionis
mediatedviaalterationofCAFmotilitythoughregulatingseveralothermotility-related
moleculesinadditiontoITGA11.
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Supplementary Table S1. Patient information  
 

ID Age 
Gender 

site TNM Differentiation Later 
metastasis 

Smoking Survival 
(months) 

Donors of CAF-NOF matched pairs 
7m 68, M gingiva T4N2M0 middle bone, lung yes 20 
8m 69, M floor of 

mouth 
T4N1M0 middle bone yes 9 

10m 51, M tongue T2N2bM0 high no - alive 
15m 66, M gingiva T4N0M0 poor - yes 1 
21m 62, M tongue T2N1M0 high lung, liver yes 8 
Donors of CAF (un-matched group) 

7 80, F buccal T2N2M0 high no no 12 
9 66, F buccal T2N2M0 high no no alive 
10 49, M tongue T3N1M0 middle no yes 96 
11 57, M tongue T4N2M0 middle - - - 
12 52, M tongue T3N1M0 poor - - - 
13 72, M floor of 

mouth 
T4N1M0 middle - yes - 

24 63, F tongue T3N1M0 high bone no 16 
25 42, M gingiva T4N1M0 high lung, bone no 12 

 

 

Supplementary Table S2. List of Taqman Assays (ThermoFisher, USA) 

Genes Taqman Assay ID 
hsa-miR-204-5p 000508 
hsa-miR-138-5p 002284 
hsa-miR-582-5p 001983 

RNU48 001006 
ITGA11 Hs00201927_m1 
PTK2 Hs01056457_m1 
EGFR Hs01076090_m1 
GAPDH Hs99999905_m1 
FAP Hs00990806_m1 
TGFB1 Hs00998130_m1 
ROCK2 Hs00178154_m1 
18s Hs99999901_s1 

TGFBR2 Hs00559660_m1 
RPL13A Hs04194366_g1 
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Supplementary Table S3. List of antibodies used for western blot.  

1o Antibodies Cat No Dilution Protein block 
ITGA11 [1] - 1:2000 5% Dry milk 
FAK (D2R2E) #13009, Cell 

Signalling 
1:1000 3%BSA 

p-FAK(Tyr397) 
(D20B1) 

#8556, Cell 
Signalling 

1:1000 3%BSA 

FAP (SP325 #ab207178 Abcam 1:1000 5% Dry milk 
TGFBR2 (E5M6F) # 41896S, Cell 

Signalling 
1:1000 5% Dry milk 

GAPDH AB9484, Abcam 1:10000 5% Dry milk 
Β-Actin #4967, Cell 

Signalling 
1:5000 5% Dry milk 

 

1. Velling T, Kusche-Gullberg M, Sejersen T, Gullberg D: cDNA cloning and chromosomal 
localization of human alpha(11) integrin. A collagen-binding, I domain-containing, 
beta(1)-associated integrin alpha-chain present in muscle tissues. J Biol Chem 1999, 
274(36):25735-25742. 
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Simple Summary: In addition to the transformation of epithelial cells, dysfunction of stroma is
crucial in carcinogenesis; cancer-associated stroma can regulate the phenotype of cancer cells and
thereby influence the clinical outcome. Our study aimed to investigate the correlation of stromal
miR-204 with progression of oral squamous cell carcinoma (OSCC) and assert its clinical utility.
We first established a chromogen-based method that combined immunohistochemistry and in situ
hybridization for exact delimitation of stroma from the tumor islands and concomitant visualization
of miRs, and have developed a guide to digital miR quantification using the publicly available
tool ImageJ and the licensed software Aperio ImageScope. We have then applied the method for
investigating stromal miR-204 as a putative prognostic biomarker on an OSCC cohort and identified
expression of miR204 in the stroma at tumor front as an independent prognostic biomarker for
this disease.

Abstract: Micro-RNAs (miRs) are emerging as important players in carcinogenesis. Their stromal
expression has been less investigated in part due to lack of methods to accurately differentiate
between tumor compartments. This study aimed to establish a robust method for dual visualization
of miR and protein (pan-cytokeratin) by combining chromogen-based in situ hybridization (ISH)
and immunohistochemistry (IHC), and to apply it to investigate stromal expression of miR204 as a
putative prognostic biomarker in oral squamous cell carcinoma (OSCC). Four different combinations
of methods were tested and ImageJ and Aperio ImageScope were used to quantify miR expression.
All four dual ISH-IHC methods tested were comparable to single ISH in terms of positive pixel area
percentage or integrated optical density of miRs staining. Based on technical simplicity, one of the
methods was chosen for further investigation of miR204 on a cohort of human papilloma virus (HPV)-
negative primary OSCC (n = 169). MiR204 stromal expression at tumor front predicted recurrence-free
survival (p = 0.032) and overall survival (p = 0.036). Multivariate Cox regression further confirmed it
as an independent prognostic biomarker in OSCC. This study provides a methodological platform
for integrative biomarker studies based on simultaneous detection and quantification of miRs and/or
protein and reveals stromal miR204 as a prognostic biomarker in OSCC.
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SimpleSummary:Inadditiontothetransformationofepithelialcells,dysfunctionofstromais
crucialincarcinogenesis;cancer-associatedstromacanregulatethephenotypeofcancercellsand
therebyinfluencetheclinicaloutcome.Ourstudyaimedtoinvestigatethecorrelationofstromal
miR-204withprogressionoforalsquamouscellcarcinoma(OSCC)andassertitsclinicalutility.
Wefirstestablishedachromogen-basedmethodthatcombinedimmunohistochemistryandinsitu
hybridizationforexactdelimitationofstromafromthetumorislandsandconcomitantvisualization
ofmiRs,andhavedevelopedaguidetodigitalmiRquantificationusingthepubliclyavailable
toolImageJandthelicensedsoftwareAperioImageScope.Wehavethenappliedthemethodfor
investigatingstromalmiR-204asaputativeprognosticbiomarkeronanOSCCcohortandidentified
expressionofmiR204inthestromaattumorfrontasanindependentprognosticbiomarkerfor
thisdisease.

Abstract:Micro-RNAs(miRs)areemergingasimportantplayersincarcinogenesis.Theirstromal
expressionhasbeenlessinvestigatedinpartduetolackofmethodstoaccuratelydifferentiate
betweentumorcompartments.Thisstudyaimedtoestablisharobustmethodfordualvisualization
ofmiRandprotein(pan-cytokeratin)bycombiningchromogen-basedinsituhybridization(ISH)
andimmunohistochemistry(IHC),andtoapplyittoinvestigatestromalexpressionofmiR204asa
putativeprognosticbiomarkerinoralsquamouscellcarcinoma(OSCC).Fourdifferentcombinations
ofmethodsweretestedandImageJandAperioImageScopewereusedtoquantifymiRexpression.
AllfourdualISH-IHCmethodstestedwerecomparabletosingleISHintermsofpositivepixelarea
percentageorintegratedopticaldensityofmiRsstaining.Basedontechnicalsimplicity,oneofthe
methodswaschosenforfurtherinvestigationofmiR204onacohortofhumanpapillomavirus(HPV)-
negativeprimaryOSCC(n=169).MiR204stromalexpressionattumorfrontpredictedrecurrence-free
survival(p=0.032)andoverallsurvival(p=0.036).MultivariateCoxregressionfurtherconfirmedit
asanindependentprognosticbiomarkerinOSCC.Thisstudyprovidesamethodologicalplatform
forintegrativebiomarkerstudiesbasedonsimultaneousdetectionandquantificationofmiRsand/or
proteinandrevealsstromalmiR204asaprognosticbiomarkerinOSCC.

Keywords:mir204;oralcancer;stroma;biomarker;chromogen;insituhybridization;immunohisto-
chemistry
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crucialincarcinogenesis;cancer-associatedstromacanregulatethephenotypeofcancercellsand
therebyinfluencetheclinicaloutcome.Ourstudyaimedtoinvestigatethecorrelationofstromal
miR-204withprogressionoforalsquamouscellcarcinoma(OSCC)andassertitsclinicalutility.
Wefirstestablishedachromogen-basedmethodthatcombinedimmunohistochemistryandinsitu
hybridizationforexactdelimitationofstromafromthetumorislandsandconcomitantvisualization
ofmiRs,andhavedevelopedaguidetodigitalmiRquantificationusingthepubliclyavailable
toolImageJandthelicensedsoftwareAperioImageScope.Wehavethenappliedthemethodfor
investigatingstromalmiR-204asaputativeprognosticbiomarkeronanOSCCcohortandidentified
expressionofmiR204inthestromaattumorfrontasanindependentprognosticbiomarkerfor
thisdisease.

Abstract:Micro-RNAs(miRs)areemergingasimportantplayersincarcinogenesis.Theirstromal
expressionhasbeenlessinvestigatedinpartduetolackofmethodstoaccuratelydifferentiate
betweentumorcompartments.Thisstudyaimedtoestablisharobustmethodfordualvisualization
ofmiRandprotein(pan-cytokeratin)bycombiningchromogen-basedinsituhybridization(ISH)
andimmunohistochemistry(IHC),andtoapplyittoinvestigatestromalexpressionofmiR204asa
putativeprognosticbiomarkerinoralsquamouscellcarcinoma(OSCC).Fourdifferentcombinations
ofmethodsweretestedandImageJandAperioImageScopewereusedtoquantifymiRexpression.
AllfourdualISH-IHCmethodstestedwerecomparabletosingleISHintermsofpositivepixelarea
percentageorintegratedopticaldensityofmiRsstaining.Basedontechnicalsimplicity,oneofthe
methodswaschosenforfurtherinvestigationofmiR204onacohortofhumanpapillomavirus(HPV)-
negativeprimaryOSCC(n=169).MiR204stromalexpressionattumorfrontpredictedrecurrence-free
survival(p=0.032)andoverallsurvival(p=0.036).MultivariateCoxregressionfurtherconfirmedit
asanindependentprognosticbiomarkerinOSCC.Thisstudyprovidesamethodologicalplatform
forintegrativebiomarkerstudiesbasedonsimultaneousdetectionandquantificationofmiRsand/or
proteinandrevealsstromalmiR204asaprognosticbiomarkerinOSCC.

Keywords:mir204;oralcancer;stroma;biomarker;chromogen;insituhybridization;immunohisto-
chemistry

Cancers2021,13,1307.https://doi.org/10.3390/cancers13061307https://www.mdpi.com/journal/cancers

cancers

Article

Combined In Situ Hybridization and Immunohistochemistry
on Archival Tissues Reveals Stromal microRNA-204 as
Prognostic Biomarker for Oral Squamous Cell Carcinoma

Saroj Rajthala 1,2, Harsh Dongre 1,2, Himalaya Parajuli 1,2 , Anjie Min 3, Elisabeth Sivy Nginamau 1,2,4,
Arild Kvalheim 5, Stein Lybak 6, Dipak Sapkota 7, Anne Christine Johannessen 1,2,4 and Daniela
Elena Costea 1,2,4,*

!"#!$%&'(!
!"#$%&'

Citation: Rajthala, S.; Dongre, H.;

Parajuli, H.; Min, A.; Nginamau, E.S.;

Kvalheim, A.; Lybak, S.; Sapkota, D.;

Johannessen, A.C.; Costea, D.E.

Combined In Situ Hybridization and

Immunohistochemistry on Archival

Tissues Reveals Stromal

microRNA-204 as Prognostic

Biomarker for Oral Squamous Cell

Carcinoma. Cancers 2021, 13, 1307.

https://doi.org/10.3390/

cancers13061307

Academic Editor: Sven Otto

Received: 6 February 2021

Accepted: 13 March 2021

Published: 15 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Gade Laboratory for Pathology, Department of Clinical Medicine, Faculty of Medicine, University of Bergen,
N-5020 Bergen, Norway; saroj.rajthala@uib.no (S.R.); harsh.dongre@uib.no (H.D.);
himalaya.parajuli@uib.no (H.P.); elisabeth.nginamau@uib.no (E.S.N.); anne.johannessen@uib.no (A.C.J.)

2 Centre for Cancer Biomarkers (CCBIO), Faculty of Medicine, University of Bergen, N-5020 Bergen, Norway
3 Department of Oral Maxillofacial Surgery, Xiangya Hospital, Central South University,

Changsha 410083, China; william0732@csu.edu.cn
4 Department of Pathology, Haukeland University Hospital, N-5021 Bergen, Norway
5 Oral Surgery Private Referral Practice “Tannteam”, N-5221 Nesttun, Norway; post@tannteam.no
6 Head and Neck Clinic, Haukeland University Hospital, N-5021 Bergen, Norway; stein.lybak@helse-bergen.no
7 Institute of Oral Biology, Faculty of Dentistry, University of Oslo, N-0316 Oslo, Norway;

dipak.sapkota@odont.uio.no
* Correspondence: daniela.costea@uib.no; Tel.: +47-5597-2565

Simple Summary: In addition to the transformation of epithelial cells, dysfunction of stroma is
crucial in carcinogenesis; cancer-associated stroma can regulate the phenotype of cancer cells and
thereby influence the clinical outcome. Our study aimed to investigate the correlation of stromal
miR-204 with progression of oral squamous cell carcinoma (OSCC) and assert its clinical utility.
We first established a chromogen-based method that combined immunohistochemistry and in situ
hybridization for exact delimitation of stroma from the tumor islands and concomitant visualization
of miRs, and have developed a guide to digital miR quantification using the publicly available
tool ImageJ and the licensed software Aperio ImageScope. We have then applied the method for
investigating stromal miR-204 as a putative prognostic biomarker on an OSCC cohort and identified
expression of miR204 in the stroma at tumor front as an independent prognostic biomarker for
this disease.

Abstract: Micro-RNAs (miRs) are emerging as important players in carcinogenesis. Their stromal
expression has been less investigated in part due to lack of methods to accurately differentiate
between tumor compartments. This study aimed to establish a robust method for dual visualization
of miR and protein (pan-cytokeratin) by combining chromogen-based in situ hybridization (ISH)
and immunohistochemistry (IHC), and to apply it to investigate stromal expression of miR204 as a
putative prognostic biomarker in oral squamous cell carcinoma (OSCC). Four different combinations
of methods were tested and ImageJ and Aperio ImageScope were used to quantify miR expression.
All four dual ISH-IHC methods tested were comparable to single ISH in terms of positive pixel area
percentage or integrated optical density of miRs staining. Based on technical simplicity, one of the
methods was chosen for further investigation of miR204 on a cohort of human papilloma virus (HPV)-
negative primary OSCC (n = 169). MiR204 stromal expression at tumor front predicted recurrence-free
survival (p = 0.032) and overall survival (p = 0.036). Multivariate Cox regression further confirmed it
as an independent prognostic biomarker in OSCC. This study provides a methodological platform
for integrative biomarker studies based on simultaneous detection and quantification of miRs and/or
protein and reveals stromal miR204 as a prognostic biomarker in OSCC.

Keywords: mir204; oral cancer; stroma; biomarker; chromogen; in situ hybridization; immunohisto-
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Simple Summary: In addition to the transformation of epithelial cells, dysfunction of stroma is
crucial in carcinogenesis; cancer-associated stroma can regulate the phenotype of cancer cells and
thereby influence the clinical outcome. Our study aimed to investigate the correlation of stromal
miR-204 with progression of oral squamous cell carcinoma (OSCC) and assert its clinical utility.
We first established a chromogen-based method that combined immunohistochemistry and in situ
hybridization for exact delimitation of stroma from the tumor islands and concomitant visualization
of miRs, and have developed a guide to digital miR quantification using the publicly available
tool ImageJ and the licensed software Aperio ImageScope. We have then applied the method for
investigating stromal miR-204 as a putative prognostic biomarker on an OSCC cohort and identified
expression of miR204 in the stroma at tumor front as an independent prognostic biomarker for
this disease.

Abstract: Micro-RNAs (miRs) are emerging as important players in carcinogenesis. Their stromal
expression has been less investigated in part due to lack of methods to accurately differentiate
between tumor compartments. This study aimed to establish a robust method for dual visualization
of miR and protein (pan-cytokeratin) by combining chromogen-based in situ hybridization (ISH)
and immunohistochemistry (IHC), and to apply it to investigate stromal expression of miR204 as a
putative prognostic biomarker in oral squamous cell carcinoma (OSCC). Four different combinations
of methods were tested and ImageJ and Aperio ImageScope were used to quantify miR expression.
All four dual ISH-IHC methods tested were comparable to single ISH in terms of positive pixel area
percentage or integrated optical density of miRs staining. Based on technical simplicity, one of the
methods was chosen for further investigation of miR204 on a cohort of human papilloma virus (HPV)-
negative primary OSCC (n = 169). MiR204 stromal expression at tumor front predicted recurrence-free
survival (p = 0.032) and overall survival (p = 0.036). Multivariate Cox regression further confirmed it
as an independent prognostic biomarker in OSCC. This study provides a methodological platform
for integrative biomarker studies based on simultaneous detection and quantification of miRs and/or
protein and reveals stromal miR204 as a prognostic biomarker in OSCC.
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SimpleSummary:Inadditiontothetransformationofepithelialcells,dysfunctionofstromais
crucialincarcinogenesis;cancer-associatedstromacanregulatethephenotypeofcancercellsand
therebyinfluencetheclinicaloutcome.Ourstudyaimedtoinvestigatethecorrelationofstromal
miR-204withprogressionoforalsquamouscellcarcinoma(OSCC)andassertitsclinicalutility.
Wefirstestablishedachromogen-basedmethodthatcombinedimmunohistochemistryandinsitu
hybridizationforexactdelimitationofstromafromthetumorislandsandconcomitantvisualization
ofmiRs,andhavedevelopedaguidetodigitalmiRquantificationusingthepubliclyavailable
toolImageJandthelicensedsoftwareAperioImageScope.Wehavethenappliedthemethodfor
investigatingstromalmiR-204asaputativeprognosticbiomarkeronanOSCCcohortandidentified
expressionofmiR204inthestromaattumorfrontasanindependentprognosticbiomarkerfor
thisdisease.

Abstract:Micro-RNAs(miRs)areemergingasimportantplayersincarcinogenesis.Theirstromal
expressionhasbeenlessinvestigatedinpartduetolackofmethodstoaccuratelydifferentiate
betweentumorcompartments.Thisstudyaimedtoestablisharobustmethodfordualvisualization
ofmiRandprotein(pan-cytokeratin)bycombiningchromogen-basedinsituhybridization(ISH)
andimmunohistochemistry(IHC),andtoapplyittoinvestigatestromalexpressionofmiR204asa
putativeprognosticbiomarkerinoralsquamouscellcarcinoma(OSCC).Fourdifferentcombinations
ofmethodsweretestedandImageJandAperioImageScopewereusedtoquantifymiRexpression.
AllfourdualISH-IHCmethodstestedwerecomparabletosingleISHintermsofpositivepixelarea
percentageorintegratedopticaldensityofmiRsstaining.Basedontechnicalsimplicity,oneofthe
methodswaschosenforfurtherinvestigationofmiR204onacohortofhumanpapillomavirus(HPV)-
negativeprimaryOSCC(n=169).MiR204stromalexpressionattumorfrontpredictedrecurrence-free
survival(p=0.032)andoverallsurvival(p=0.036).MultivariateCoxregressionfurtherconfirmedit
asanindependentprognosticbiomarkerinOSCC.Thisstudyprovidesamethodologicalplatform
forintegrativebiomarkerstudiesbasedonsimultaneousdetectionandquantificationofmiRsand/or
proteinandrevealsstromalmiR204asaprognosticbiomarkerinOSCC.
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SimpleSummary:Inadditiontothetransformationofepithelialcells,dysfunctionofstromais
crucialincarcinogenesis;cancer-associatedstromacanregulatethephenotypeofcancercellsand
therebyinfluencetheclinicaloutcome.Ourstudyaimedtoinvestigatethecorrelationofstromal
miR-204withprogressionoforalsquamouscellcarcinoma(OSCC)andassertitsclinicalutility.
Wefirstestablishedachromogen-basedmethodthatcombinedimmunohistochemistryandinsitu
hybridizationforexactdelimitationofstromafromthetumorislandsandconcomitantvisualization
ofmiRs,andhavedevelopedaguidetodigitalmiRquantificationusingthepubliclyavailable
toolImageJandthelicensedsoftwareAperioImageScope.Wehavethenappliedthemethodfor
investigatingstromalmiR-204asaputativeprognosticbiomarkeronanOSCCcohortandidentified
expressionofmiR204inthestromaattumorfrontasanindependentprognosticbiomarkerfor
thisdisease.

Abstract:Micro-RNAs(miRs)areemergingasimportantplayersincarcinogenesis.Theirstromal
expressionhasbeenlessinvestigatedinpartduetolackofmethodstoaccuratelydifferentiate
betweentumorcompartments.Thisstudyaimedtoestablisharobustmethodfordualvisualization
ofmiRandprotein(pan-cytokeratin)bycombiningchromogen-basedinsituhybridization(ISH)
andimmunohistochemistry(IHC),andtoapplyittoinvestigatestromalexpressionofmiR204asa
putativeprognosticbiomarkerinoralsquamouscellcarcinoma(OSCC).Fourdifferentcombinations
ofmethodsweretestedandImageJandAperioImageScopewereusedtoquantifymiRexpression.
AllfourdualISH-IHCmethodstestedwerecomparabletosingleISHintermsofpositivepixelarea
percentageorintegratedopticaldensityofmiRsstaining.Basedontechnicalsimplicity,oneofthe
methodswaschosenforfurtherinvestigationofmiR204onacohortofhumanpapillomavirus(HPV)-
negativeprimaryOSCC(n=169).MiR204stromalexpressionattumorfrontpredictedrecurrence-free
survival(p=0.032)andoverallsurvival(p=0.036).MultivariateCoxregressionfurtherconfirmedit
asanindependentprognosticbiomarkerinOSCC.Thisstudyprovidesamethodologicalplatform
forintegrativebiomarkerstudiesbasedonsimultaneousdetectionandquantificationofmiRsand/or
proteinandrevealsstromalmiR204asaprognosticbiomarkerinOSCC.
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1. Introduction
In addition to the transformation of epithelial cells, dysfunction of stroma is crucial

in carcinogenesis [1,2]. The abnormal stroma surrounding carcinoma cells is referred to
as reactive tumor stroma or cancer-associated stroma. Cancer-associated stroma com-
prises non-cancer cell constituents including cancer-associated fibroblasts, immune cells,
adipocytes, endothelial cells, pericytes, nerves, extracellular matrix and secretomes synthe-
sized by cells [1,3]. Cancer-associated stroma can regulate the phenotype of cancer cells
and thereby influence the clinical outcome [1].

Better understanding of the role of cancer-associated stroma in carcinoma progres-
sion and therapeutic outcome has led to an increasing interest for stromal biomarkers
in recent years. With the emergence of micro-RNAs (miRs) as important players in car-
cinogenesis [4–7], the hunt for new biomarkers has expanded to cancer-specific miRs in
several biological specimens including blood [8,9], saliva [10], urine [11], stool [12], and
tumors [13]. miRs control gene expression by targeting mRNA for cleavage or translational
repression using a protein complex known as RNA-inducing silencing complex [7,14].
Several miRs have been found to promote or suppress cancer progression, and thereby are
called oncogenic or tumor suppressor miRs [4–7].

As an example of putative tumor suppressor miR, miR-204 expression has been
shown to decrease in several cancers [15–19]. In favor of its role as a tumor suppressor
there are several studies showing anti-tumorigenic effects of miR-204 in both in vitro and
in vivo animal studies [15–21]. Decreased expression of miR-204 has been associated with
poor survival in breast cancer [17], gastric cancer [16], endometrial cancer [19], acute
myeloid leukemia [22], medulloblastoma [20], and neuroblastoma [23]. Expression of
miR-204 in neuroblastoma cells and gastric cancer cell lines increased their sensitivity to
cisplatin [23], 5-fluorouracil, and oxaloplatin, respectively [16]. These studies support
the notion that expression of miR-204 in cancer cells could be used both as prognostic
marker and for targeted treatment. The same trend of decreased miR-204 expression
in cancer cells with disease progression has been also described for oral squamous cell
carcinoma (OSCC) [24–26]. Decreased expression of miR-204 in tumor cells was associated
with increased lymph node incidence [27] and increased distant metastasis [26] in animal
models of OSCC. Similarly, loweredmiR-204 expressionwas shown to predict poor survival
in OSCC [27].

Nevertheless, despite these studies on the expression and role of miR-204 in several
cancers, including OSCC, there is a complete gap of knowledge in miR-204 function in
the tumor stroma of carcinomas, including OSCC. All the above-mentioned studies were
based on qRT-PCR, microarray, and sequencing techniques and were thus conducted
selectively on cancer cells or on whole tumor tissues, which eludes the spatial distribution
and regulation of miR-204 in different tumor compartments. Therefore, our study aimed
to investigate the correlation of stromal miR-204 with OSCC progression and assert its
clinical utility.

Since single and poorly differentiated invading carcinoma cells are difficult to recog-
nize without specific markers, thus leading to false positive results by erroneously being
included in the quantification of the stroma, we aimed firstly to establish robust methods of
combining miR in situ hybridization (ISH) with immunohistochemistry (IHC) for epithelial
markers, e.g., pan-cytokeratin (pan-CK), for a more precise quantification of miRs in specific
tumor compartments. We chose two oncogenic miRs, miR-21 and miR-155, for establish-
ing the method since they were previously reported in the literature to have a biological
relevance for OSCC and had different expression patterns which we thought would help
in evaluating the double staining method we wanted to establish. Both miR-155 [28,29]
and miR-21 [13] were shown to be overexpressed in OSCC tissues and were previously
found to predict poor prognosis. Previous studies by single ISH found that miR-21 was
primarily expressed in the tumor stroma and in some tumor-associated blood vessels with
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1.Introduction
Inadditiontothetransformationofepithelialcells,dysfunctionofstromaiscrucial

incarcinogenesis[1,2].Theabnormalstromasurroundingcarcinomacellsisreferredto
asreactivetumorstromaorcancer-associatedstroma.Cancer-associatedstromacom-
prisesnon-cancercellconstituentsincludingcancer-associatedfibroblasts,immunecells,
adipocytes,endothelialcells,pericytes,nerves,extracellularmatrixandsecretomessynthe-
sizedbycells[1,3].Cancer-associatedstromacanregulatethephenotypeofcancercells
andtherebyinfluencetheclinicaloutcome[1].

Betterunderstandingoftheroleofcancer-associatedstromaincarcinomaprogres-
sionandtherapeuticoutcomehasledtoanincreasinginterestforstromalbiomarkers
inrecentyears.Withtheemergenceofmicro-RNAs(miRs)asimportantplayersincar-
cinogenesis[4–7],thehuntfornewbiomarkershasexpandedtocancer-specificmiRsin
severalbiologicalspecimensincludingblood[8,9],saliva[10],urine[11],stool[12],and
tumors[13].miRscontrolgeneexpressionbytargetingmRNAforcleavageortranslational
repressionusingaproteincomplexknownasRNA-inducingsilencingcomplex[7,14].
SeveralmiRshavebeenfoundtopromoteorsuppresscancerprogression,andtherebyare
calledoncogenicortumorsuppressormiRs[4–7].

AsanexampleofputativetumorsuppressormiR,miR-204expressionhasbeen
showntodecreaseinseveralcancers[15–19].Infavorofitsroleasatumorsuppressor
thereareseveralstudiesshowinganti-tumorigeniceffectsofmiR-204inbothinvitroand
invivoanimalstudies[15–21].DecreasedexpressionofmiR-204hasbeenassociatedwith
poorsurvivalinbreastcancer[17],gastriccancer[16],endometrialcancer[19],acute
myeloidleukemia[22],medulloblastoma[20],andneuroblastoma[23].Expressionof
miR-204inneuroblastomacellsandgastriccancercelllinesincreasedtheirsensitivityto
cisplatin[23],5-fluorouracil,andoxaloplatin,respectively[16].Thesestudiessupport
thenotionthatexpressionofmiR-204incancercellscouldbeusedbothasprognostic
markerandfortargetedtreatment.ThesametrendofdecreasedmiR-204expression
incancercellswithdiseaseprogressionhasbeenalsodescribedfororalsquamouscell
carcinoma(OSCC)[24–26].DecreasedexpressionofmiR-204intumorcellswasassociated
withincreasedlymphnodeincidence[27]andincreaseddistantmetastasis[26]inanimal
modelsofOSCC.Similarly,loweredmiR-204expressionwasshowntopredictpoorsurvival
inOSCC[27].

Nevertheless,despitethesestudiesontheexpressionandroleofmiR-204inseveral
cancers,includingOSCC,thereisacompletegapofknowledgeinmiR-204functionin
thetumorstromaofcarcinomas,includingOSCC.Alltheabove-mentionedstudieswere
basedonqRT-PCR,microarray,andsequencingtechniquesandwerethusconducted
selectivelyoncancercellsoronwholetumortissues,whicheludesthespatialdistribution
andregulationofmiR-204indifferenttumorcompartments.Therefore,ourstudyaimed
toinvestigatethecorrelationofstromalmiR-204withOSCCprogressionandassertits
clinicalutility.

Sincesingleandpoorlydifferentiatedinvadingcarcinomacellsaredifficulttorecog-
nizewithoutspecificmarkers,thusleadingtofalsepositiveresultsbyerroneouslybeing
includedinthequantificationofthestroma,weaimedfirstlytoestablishrobustmethodsof
combiningmiRinsituhybridization(ISH)withimmunohistochemistry(IHC)forepithelial
markers,e.g.,pan-cytokeratin(pan-CK),foramoreprecisequantificationofmiRsinspecific
tumorcompartments.WechosetwooncogenicmiRs,miR-21andmiR-155,forestablish-
ingthemethodsincetheywerepreviouslyreportedintheliteraturetohaveabiological
relevanceforOSCCandhaddifferentexpressionpatternswhichwethoughtwouldhelp
inevaluatingthedoublestainingmethodwewantedtoestablish.BothmiR-155[28,29]
andmiR-21[13]wereshowntobeoverexpressedinOSCCtissuesandwerepreviously
foundtopredictpoorprognosis.PreviousstudiesbysingleISHfoundthatmiR-21was
primarilyexpressedinthetumorstromaandinsometumor-associatedbloodvesselswith
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sized by cells [1,3]. Cancer-associated stroma can regulate the phenotype of cancer cells
and thereby influence the clinical outcome [1].

Better understanding of the role of cancer-associated stroma in carcinoma progres-
sion and therapeutic outcome has led to an increasing interest for stromal biomarkers
in recent years. With the emergence of micro-RNAs (miRs) as important players in car-
cinogenesis [4–7], the hunt for new biomarkers has expanded to cancer-specific miRs in
several biological specimens including blood [8,9], saliva [10], urine [11], stool [12], and
tumors [13]. miRs control gene expression by targeting mRNA for cleavage or translational
repression using a protein complex known as RNA-inducing silencing complex [7,14].
Several miRs have been found to promote or suppress cancer progression, and thereby are
called oncogenic or tumor suppressor miRs [4–7].

As an example of putative tumor suppressor miR, miR-204 expression has been
shown to decrease in several cancers [15–19]. In favor of its role as a tumor suppressor
there are several studies showing anti-tumorigenic effects of miR-204 in both in vitro and
in vivo animal studies [15–21]. Decreased expression of miR-204 has been associated with
poor survival in breast cancer [17], gastric cancer [16], endometrial cancer [19], acute
myeloid leukemia [22], medulloblastoma [20], and neuroblastoma [23]. Expression of
miR-204 in neuroblastoma cells and gastric cancer cell lines increased their sensitivity to
cisplatin [23], 5-fluorouracil, and oxaloplatin, respectively [16]. These studies support
the notion that expression of miR-204 in cancer cells could be used both as prognostic
marker and for targeted treatment. The same trend of decreased miR-204 expression
in cancer cells with disease progression has been also described for oral squamous cell
carcinoma (OSCC) [24–26]. Decreased expression of miR-204 in tumor cells was associated
with increased lymph node incidence [27] and increased distant metastasis [26] in animal
models of OSCC. Similarly, loweredmiR-204 expressionwas shown to predict poor survival
in OSCC [27].

Nevertheless, despite these studies on the expression and role of miR-204 in several
cancers, including OSCC, there is a complete gap of knowledge in miR-204 function in
the tumor stroma of carcinomas, including OSCC. All the above-mentioned studies were
based on qRT-PCR, microarray, and sequencing techniques and were thus conducted
selectively on cancer cells or on whole tumor tissues, which eludes the spatial distribution
and regulation of miR-204 in different tumor compartments. Therefore, our study aimed
to investigate the correlation of stromal miR-204 with OSCC progression and assert its
clinical utility.

Since single and poorly differentiated invading carcinoma cells are difficult to recog-
nize without specific markers, thus leading to false positive results by erroneously being
included in the quantification of the stroma, we aimed firstly to establish robust methods of
combining miR in situ hybridization (ISH) with immunohistochemistry (IHC) for epithelial
markers, e.g., pan-cytokeratin (pan-CK), for a more precise quantification of miRs in specific
tumor compartments. We chose two oncogenic miRs, miR-21 and miR-155, for establish-
ing the method since they were previously reported in the literature to have a biological
relevance for OSCC and had different expression patterns which we thought would help
in evaluating the double staining method we wanted to establish. Both miR-155 [28,29]
and miR-21 [13] were shown to be overexpressed in OSCC tissues and were previously
found to predict poor prognosis. Previous studies by single ISH found that miR-21 was
primarily expressed in the tumor stroma and in some tumor-associated blood vessels with
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incarcinogenesis[1,2].Theabnormalstromasurroundingcarcinomacellsisreferredto
asreactivetumorstromaorcancer-associatedstroma.Cancer-associatedstromacom-
prisesnon-cancercellconstituentsincludingcancer-associatedfibroblasts,immunecells,
adipocytes,endothelialcells,pericytes,nerves,extracellularmatrixandsecretomessynthe-
sizedbycells[1,3].Cancer-associatedstromacanregulatethephenotypeofcancercells
andtherebyinfluencetheclinicaloutcome[1].

Betterunderstandingoftheroleofcancer-associatedstromaincarcinomaprogres-
sionandtherapeuticoutcomehasledtoanincreasinginterestforstromalbiomarkers
inrecentyears.Withtheemergenceofmicro-RNAs(miRs)asimportantplayersincar-
cinogenesis[4–7],thehuntfornewbiomarkershasexpandedtocancer-specificmiRsin
severalbiologicalspecimensincludingblood[8,9],saliva[10],urine[11],stool[12],and
tumors[13].miRscontrolgeneexpressionbytargetingmRNAforcleavageortranslational
repressionusingaproteincomplexknownasRNA-inducingsilencingcomplex[7,14].
SeveralmiRshavebeenfoundtopromoteorsuppresscancerprogression,andtherebyare
calledoncogenicortumorsuppressormiRs[4–7].

AsanexampleofputativetumorsuppressormiR,miR-204expressionhasbeen
showntodecreaseinseveralcancers[15–19].Infavorofitsroleasatumorsuppressor
thereareseveralstudiesshowinganti-tumorigeniceffectsofmiR-204inbothinvitroand
invivoanimalstudies[15–21].DecreasedexpressionofmiR-204hasbeenassociatedwith
poorsurvivalinbreastcancer[17],gastriccancer[16],endometrialcancer[19],acute
myeloidleukemia[22],medulloblastoma[20],andneuroblastoma[23].Expressionof
miR-204inneuroblastomacellsandgastriccancercelllinesincreasedtheirsensitivityto
cisplatin[23],5-fluorouracil,andoxaloplatin,respectively[16].Thesestudiessupport
thenotionthatexpressionofmiR-204incancercellscouldbeusedbothasprognostic
markerandfortargetedtreatment.ThesametrendofdecreasedmiR-204expression
incancercellswithdiseaseprogressionhasbeenalsodescribedfororalsquamouscell
carcinoma(OSCC)[24–26].DecreasedexpressionofmiR-204intumorcellswasassociated
withincreasedlymphnodeincidence[27]andincreaseddistantmetastasis[26]inanimal
modelsofOSCC.Similarly,loweredmiR-204expressionwasshowntopredictpoorsurvival
inOSCC[27].

Nevertheless,despitethesestudiesontheexpressionandroleofmiR-204inseveral
cancers,includingOSCC,thereisacompletegapofknowledgeinmiR-204functionin
thetumorstromaofcarcinomas,includingOSCC.Alltheabove-mentionedstudieswere
basedonqRT-PCR,microarray,andsequencingtechniquesandwerethusconducted
selectivelyoncancercellsoronwholetumortissues,whicheludesthespatialdistribution
andregulationofmiR-204indifferenttumorcompartments.Therefore,ourstudyaimed
toinvestigatethecorrelationofstromalmiR-204withOSCCprogressionandassertits
clinicalutility.

Sincesingleandpoorlydifferentiatedinvadingcarcinomacellsaredifficulttorecog-
nizewithoutspecificmarkers,thusleadingtofalsepositiveresultsbyerroneouslybeing
includedinthequantificationofthestroma,weaimedfirstlytoestablishrobustmethodsof
combiningmiRinsituhybridization(ISH)withimmunohistochemistry(IHC)forepithelial
markers,e.g.,pan-cytokeratin(pan-CK),foramoreprecisequantificationofmiRsinspecific
tumorcompartments.WechosetwooncogenicmiRs,miR-21andmiR-155,forestablish-
ingthemethodsincetheywerepreviouslyreportedintheliteraturetohaveabiological
relevanceforOSCCandhaddifferentexpressionpatternswhichwethoughtwouldhelp
inevaluatingthedoublestainingmethodwewantedtoestablish.BothmiR-155[28,29]
andmiR-21[13]wereshowntobeoverexpressedinOSCCtissuesandwerepreviously
foundtopredictpoorprognosis.PreviousstudiesbysingleISHfoundthatmiR-21was
primarilyexpressedinthetumorstromaandinsometumor-associatedbloodvesselswith
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no expression in the adjacent normal epithelia or stroma [13], while miR155 was reported
to be located in the cancer nests, inflammatory area, and vascular endothelium [28]. Here,
we present robust ISH-IHC combination methods and a guide to digital miR quantification
using the publicly available tool ImageJ and the licensed software Aperio ImageScope.
By applying them to a well-annotated OSCC cohort of patients we show that stromal
expression of miR-204 at the tumor front is an independent prognostic biomarker in OSCC.

2. Materials and Methods
2.1. In Situ Hybridization (ISH)

ISH was performed following a modified protocol, while adhering to the staining
principles in the Instruction Manual v3.0 (Exiqon A/S Vedbæk, Denmark). In brief, 3 µm
formalin fixed paraffin embedded (FFPE) tissue sections were deparaffinized in xylene
and rehydrated in a series of decreasing alcohol concentrations. To expose miR probes, we
incubated tissue sections with 15 µg/mL Proteinase K solution (90,000; Exiqon) at 37 �C
for 10 min, after a titration experiment that established the optimal unmasking treatment
while maintaining tissue morphology. Tissues were then pre-hybridized with ISH buffer
(90,000;) for 30 min, and then hybridized with locked nucleic acid-based digoxigenin
(DIG)-labeled miR binding oligonucleotides at corresponding hybridization temperatures.
miR-155-5p (619862-360; Exiqon) was hybridized at 48 �C; miR-21-5p (619870-360; Exiqon)
and miR-204-5p (619857-360; Exiqon) were hybridized at 53 �C for 2 h. Optimal hybridiza-
tion temperature for the individual miR target probes was determined using melting
temperature-based temperature series test, and optimal concentration was determined
using series of miR target probe concentration. Tissues were then washed stringently in
decreasing concentrations of saline-sodium citrate (SSC) buffer (S66391L; MilliporeSigma,
Munich, Germany) at corresponding hybridization temperatures. Following stringent
wash, tissues were blocked in 2% sheep serum (013-000-121; Jackson ImmunoResearch,
West Grove, PA, USA) and 1% bovine serum albumin (BSA). Tissues were then incubated
with alkaline phosphatase (ALP)-linked anti-DIG Fc fragments (11093274910; Roche, Basel,
Switzerland) at 1:400 concentration overnight at room temperature (RT). The following
day, tissues were incubated with ALP substrate-Nitro blue tetrazolium chloride/5-Bromo-
4-chloro-3-indolyl phosphate (NBT-BCIP) (11681451001; Roche) at 30 �C for 2 h or at RT
overnight. The reaction was stopped using KTBT buffer, counterstained with nuclear fast
red and mounted in xylene-based medium Pertex (00871.1000-EX; Histolab Products AB,
Västra Frölunda, Sweden). Levamisole (X3021; Agilent Dako, Santa Clara, CA, USA) was
used to block endogenous ALP activity. No probe and scramble oligonucletotide were
used as negative controls; small nuclear RNA-U6 was used as positive control.

2.2. Immunohistochemistry (IHC)
FFPE tissue sections were deparaffinized, rehydrated, antigen retrieved using Pro-

teinase K, and blocked in sheep serum and BSA solution as described above in ISH sec-
tion. p16INK4a antigen was retrieved by boiling tissue sections in Tris-EDTA (pH 9) in a
microwave oven for 15 minutes. Thereafter, tissue sections were incubated with mono-
clonal mouse anti-human primary antibody (pan-CK 1:800, Clone MNF116, Agilent Dako;
p16INK4a 1:1000, G175-405, BD Pharmingen, NewYork, NJ, USA) at RT for 1 h. A Dako
Envision+ System-HRP (DAB) kit (K4007; Agilent Dako) was used for the subsequent steps.
Tissue endogenous peroxidase activity was blocked with peroxidase block for 5 min. There-
after, sections were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibody for 30 min and visualized with diaminobenzidine (DAB) substrate at RT. Tissues
were counterstained with fast red and mounted with Pertex.

2.3. Combined miR ISH and IHC staining
ISH of miR and IHC of pan-CK were performed on the same tissue section following

themethods described above, and in different order sequences as illustrated in the flowchart
(Figure 1).
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noexpressionintheadjacentnormalepitheliaorstroma[13],whilemiR155wasreported
tobelocatedinthecancernests,inflammatoryarea,andvascularendothelium[28].Here,
wepresentrobustISH-IHCcombinationmethodsandaguidetodigitalmiRquantification
usingthepubliclyavailabletoolImageJandthelicensedsoftwareAperioImageScope.
Byapplyingthemtoawell-annotatedOSCCcohortofpatientsweshowthatstromal
expressionofmiR-204atthetumorfrontisanindependentprognosticbiomarkerinOSCC.

2.MaterialsandMethods
2.1.InSituHybridization(ISH)

ISHwasperformedfollowingamodifiedprotocol,whileadheringtothestaining
principlesintheInstructionManualv3.0(ExiqonA/SVedbæk,Denmark).Inbrief,3µm
formalinfixedparaffinembedded(FFPE)tissuesectionsweredeparaffinizedinxylene
andrehydratedinaseriesofdecreasingalcoholconcentrations.ToexposemiRprobes,we
incubatedtissuesectionswith15µg/mLProteinaseKsolution(90,000;Exiqon)at37�C
for10min,afteratitrationexperimentthatestablishedtheoptimalunmaskingtreatment
whilemaintainingtissuemorphology.Tissueswerethenpre-hybridizedwithISHbuffer
(90,000;)for30min,andthenhybridizedwithlockednucleicacid-baseddigoxigenin
(DIG)-labeledmiRbindingoligonucleotidesatcorrespondinghybridizationtemperatures.
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VästraFrölunda,Sweden).Levamisole(X3021;AgilentDako,SantaClara,CA,USA)was
usedtoblockendogenousALPactivity.Noprobeandscrambleoligonucletotidewere
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after,sectionswereincubatedwithhorseradishperoxidase(HRP)-conjugatedsecondary
antibodyfor30minandvisualizedwithdiaminobenzidine(DAB)substrateatRT.Tissues
werecounterstainedwithfastredandmountedwithPertex.

2.3.CombinedmiRISHandIHCstaining
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no expression in the adjacent normal epithelia or stroma [13], while miR155 was reported
to be located in the cancer nests, inflammatory area, and vascular endothelium [28]. Here,
we present robust ISH-IHC combination methods and a guide to digital miR quantification
using the publicly available tool ImageJ and the licensed software Aperio ImageScope.
By applying them to a well-annotated OSCC cohort of patients we show that stromal
expression of miR-204 at the tumor front is an independent prognostic biomarker in OSCC.

2. Materials and Methods
2.1. In Situ Hybridization (ISH)

ISH was performed following a modified protocol, while adhering to the staining
principles in the Instruction Manual v3.0 (Exiqon A/S Vedbæk, Denmark). In brief, 3 µm
formalin fixed paraffin embedded (FFPE) tissue sections were deparaffinized in xylene
and rehydrated in a series of decreasing alcohol concentrations. To expose miR probes, we
incubated tissue sections with 15 µg/mL Proteinase K solution (90,000; Exiqon) at 37 �C
for 10 min, after a titration experiment that established the optimal unmasking treatment
while maintaining tissue morphology. Tissues were then pre-hybridized with ISH buffer
(90,000;) for 30 min, and then hybridized with locked nucleic acid-based digoxigenin
(DIG)-labeled miR binding oligonucleotides at corresponding hybridization temperatures.
miR-155-5p (619862-360; Exiqon) was hybridized at 48 �C; miR-21-5p (619870-360; Exiqon)
and miR-204-5p (619857-360; Exiqon) were hybridized at 53 �C for 2 h. Optimal hybridiza-
tion temperature for the individual miR target probes was determined using melting
temperature-based temperature series test, and optimal concentration was determined
using series of miR target probe concentration. Tissues were then washed stringently in
decreasing concentrations of saline-sodium citrate (SSC) buffer (S66391L; MilliporeSigma,
Munich, Germany) at corresponding hybridization temperatures. Following stringent
wash, tissues were blocked in 2% sheep serum (013-000-121; Jackson ImmunoResearch,
West Grove, PA, USA) and 1% bovine serum albumin (BSA). Tissues were then incubated
with alkaline phosphatase (ALP)-linked anti-DIG Fc fragments (11093274910; Roche, Basel,
Switzerland) at 1:400 concentration overnight at room temperature (RT). The following
day, tissues were incubated with ALP substrate-Nitro blue tetrazolium chloride/5-Bromo-
4-chloro-3-indolyl phosphate (NBT-BCIP) (11681451001; Roche) at 30 �C for 2 h or at RT
overnight. The reaction was stopped using KTBT buffer, counterstained with nuclear fast
red and mounted in xylene-based medium Pertex (00871.1000-EX; Histolab Products AB,
Västra Frölunda, Sweden). Levamisole (X3021; Agilent Dako, Santa Clara, CA, USA) was
used to block endogenous ALP activity. No probe and scramble oligonucletotide were
used as negative controls; small nuclear RNA-U6 was used as positive control.

2.2. Immunohistochemistry (IHC)
FFPE tissue sections were deparaffinized, rehydrated, antigen retrieved using Pro-

teinase K, and blocked in sheep serum and BSA solution as described above in ISH sec-
tion. p16INK4a antigen was retrieved by boiling tissue sections in Tris-EDTA (pH 9) in a
microwave oven for 15 minutes. Thereafter, tissue sections were incubated with mono-
clonal mouse anti-human primary antibody (pan-CK 1:800, Clone MNF116, Agilent Dako;
p16INK4a 1:1000, G175-405, BD Pharmingen, NewYork, NJ, USA) at RT for 1 h. A Dako
Envision+ System-HRP (DAB) kit (K4007; Agilent Dako) was used for the subsequent steps.
Tissue endogenous peroxidase activity was blocked with peroxidase block for 5 min. There-
after, sections were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibody for 30 min and visualized with diaminobenzidine (DAB) substrate at RT. Tissues
were counterstained with fast red and mounted with Pertex.

2.3. Combined miR ISH and IHC staining
ISH of miR and IHC of pan-CK were performed on the same tissue section following

themethods described above, and in different order sequences as illustrated in the flowchart
(Figure 1).
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4-chloro-3-indolyl phosphate (NBT-BCIP) (11681451001; Roche) at 30 �C for 2 h or at RT
overnight. The reaction was stopped using KTBT buffer, counterstained with nuclear fast
red and mounted in xylene-based medium Pertex (00871.1000-EX; Histolab Products AB,
Västra Frölunda, Sweden). Levamisole (X3021; Agilent Dako, Santa Clara, CA, USA) was
used to block endogenous ALP activity. No probe and scramble oligonucletotide were
used as negative controls; small nuclear RNA-U6 was used as positive control.

2.2. Immunohistochemistry (IHC)
FFPE tissue sections were deparaffinized, rehydrated, antigen retrieved using Pro-

teinase K, and blocked in sheep serum and BSA solution as described above in ISH sec-
tion. p16INK4a antigen was retrieved by boiling tissue sections in Tris-EDTA (pH 9) in a
microwave oven for 15 minutes. Thereafter, tissue sections were incubated with mono-
clonal mouse anti-human primary antibody (pan-CK 1:800, Clone MNF116, Agilent Dako;
p16INK4a 1:1000, G175-405, BD Pharmingen, NewYork, NJ, USA) at RT for 1 h. A Dako
Envision+ System-HRP (DAB) kit (K4007; Agilent Dako) was used for the subsequent steps.
Tissue endogenous peroxidase activity was blocked with peroxidase block for 5 min. There-
after, sections were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibody for 30 min and visualized with diaminobenzidine (DAB) substrate at RT. Tissues
were counterstained with fast red and mounted with Pertex.

2.3. Combined miR ISH and IHC staining
ISH of miR and IHC of pan-CK were performed on the same tissue section following
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temperature-basedtemperatureseriestest,andoptimalconcentrationwasdetermined
usingseriesofmiRtargetprobeconcentration.Tissueswerethenwashedstringentlyin
decreasingconcentrationsofsaline-sodiumcitrate(SSC)buffer(S66391L;MilliporeSigma,
Munich,Germany)atcorrespondinghybridizationtemperatures.Followingstringent
wash,tissueswereblockedin2%sheepserum(013-000-121;JacksonImmunoResearch,
WestGrove,PA,USA)and1%bovineserumalbumin(BSA).Tissueswerethenincubated
withalkalinephosphatase(ALP)-linkedanti-DIGFcfragments(11093274910;Roche,Basel,
Switzerland)at1:400concentrationovernightatroomtemperature(RT).Thefollowing
day,tissueswereincubatedwithALPsubstrate-Nitrobluetetrazoliumchloride/5-Bromo-
4-chloro-3-indolylphosphate(NBT-BCIP)(11681451001;Roche)at30�Cfor2horatRT
overnight.ThereactionwasstoppedusingKTBTbuffer,counterstainedwithnuclearfast
redandmountedinxylene-basedmediumPertex(00871.1000-EX;HistolabProductsAB,
VästraFrölunda,Sweden).Levamisole(X3021;AgilentDako,SantaClara,CA,USA)was
usedtoblockendogenousALPactivity.Noprobeandscrambleoligonucletotidewere
usedasnegativecontrols;smallnuclearRNA-U6wasusedaspositivecontrol.

2.2.Immunohistochemistry(IHC)
FFPEtissuesectionsweredeparaffinized,rehydrated,antigenretrievedusingPro-

teinaseK,andblockedinsheepserumandBSAsolutionasdescribedaboveinISHsec-
tion.p16INK4aantigenwasretrievedbyboilingtissuesectionsinTris-EDTA(pH9)ina
microwaveovenfor15minutes.Thereafter,tissuesectionswereincubatedwithmono-
clonalmouseanti-humanprimaryantibody(pan-CK1:800,CloneMNF116,AgilentDako;
p16INK4a1:1000,G175-405,BDPharmingen,NewYork,NJ,USA)atRTfor1h.ADako
Envision+System-HRP(DAB)kit(K4007;AgilentDako)wasusedforthesubsequentsteps.
Tissueendogenousperoxidaseactivitywasblockedwithperoxidaseblockfor5min.There-
after,sectionswereincubatedwithhorseradishperoxidase(HRP)-conjugatedsecondary
antibodyfor30minandvisualizedwithdiaminobenzidine(DAB)substrateatRT.Tissues
werecounterstainedwithfastredandmountedwithPertex.

2.3.CombinedmiRISHandIHCstaining
ISHofmiRandIHCofpan-CKwereperformedonthesametissuesectionfollowing

themethodsdescribedabove,andindifferentordersequencesasillustratedintheflowchart
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2.MaterialsandMethods
2.1.InSituHybridization(ISH)

ISHwasperformedfollowingamodifiedprotocol,whileadheringtothestaining
principlesintheInstructionManualv3.0(ExiqonA/SVedbæk,Denmark).Inbrief,3µm
formalinfixedparaffinembedded(FFPE)tissuesectionsweredeparaffinizedinxylene
andrehydratedinaseriesofdecreasingalcoholconcentrations.ToexposemiRprobes,we
incubatedtissuesectionswith15µg/mLProteinaseKsolution(90,000;Exiqon)at37�C
for10min,afteratitrationexperimentthatestablishedtheoptimalunmaskingtreatment
whilemaintainingtissuemorphology.Tissueswerethenpre-hybridizedwithISHbuffer
(90,000;)for30min,andthenhybridizedwithlockednucleicacid-baseddigoxigenin
(DIG)-labeledmiRbindingoligonucleotidesatcorrespondinghybridizationtemperatures.
miR-155-5p(619862-360;Exiqon)washybridizedat48�C;miR-21-5p(619870-360;Exiqon)
andmiR-204-5p(619857-360;Exiqon)werehybridizedat53�Cfor2h.Optimalhybridiza-
tiontemperaturefortheindividualmiRtargetprobeswasdeterminedusingmelting
temperature-basedtemperatureseriestest,andoptimalconcentrationwasdetermined
usingseriesofmiRtargetprobeconcentration.Tissueswerethenwashedstringentlyin
decreasingconcentrationsofsaline-sodiumcitrate(SSC)buffer(S66391L;MilliporeSigma,
Munich,Germany)atcorrespondinghybridizationtemperatures.Followingstringent
wash,tissueswereblockedin2%sheepserum(013-000-121;JacksonImmunoResearch,
WestGrove,PA,USA)and1%bovineserumalbumin(BSA).Tissueswerethenincubated
withalkalinephosphatase(ALP)-linkedanti-DIGFcfragments(11093274910;Roche,Basel,
Switzerland)at1:400concentrationovernightatroomtemperature(RT).Thefollowing
day,tissueswereincubatedwithALPsubstrate-Nitrobluetetrazoliumchloride/5-Bromo-
4-chloro-3-indolylphosphate(NBT-BCIP)(11681451001;Roche)at30�Cfor2horatRT
overnight.ThereactionwasstoppedusingKTBTbuffer,counterstainedwithnuclearfast
redandmountedinxylene-basedmediumPertex(00871.1000-EX;HistolabProductsAB,
VästraFrölunda,Sweden).Levamisole(X3021;AgilentDako,SantaClara,CA,USA)was
usedtoblockendogenousALPactivity.Noprobeandscrambleoligonucletotidewere
usedasnegativecontrols;smallnuclearRNA-U6wasusedaspositivecontrol.

2.2.Immunohistochemistry(IHC)
FFPEtissuesectionsweredeparaffinized,rehydrated,antigenretrievedusingPro-

teinaseK,andblockedinsheepserumandBSAsolutionasdescribedaboveinISHsec-
tion.p16INK4aantigenwasretrievedbyboilingtissuesectionsinTris-EDTA(pH9)ina
microwaveovenfor15minutes.Thereafter,tissuesectionswereincubatedwithmono-
clonalmouseanti-humanprimaryantibody(pan-CK1:800,CloneMNF116,AgilentDako;
p16INK4a1:1000,G175-405,BDPharmingen,NewYork,NJ,USA)atRTfor1h.ADako
Envision+System-HRP(DAB)kit(K4007;AgilentDako)wasusedforthesubsequentsteps.
Tissueendogenousperoxidaseactivitywasblockedwithperoxidaseblockfor5min.There-
after,sectionswereincubatedwithhorseradishperoxidase(HRP)-conjugatedsecondary
antibodyfor30minandvisualizedwithdiaminobenzidine(DAB)substrateatRT.Tissues
werecounterstainedwithfastredandmountedwithPertex.

2.3.CombinedmiRISHandIHCstaining
ISHofmiRandIHCofpan-CKwereperformedonthesametissuesectionfollowing

themethodsdescribedabove,andindifferentordersequencesasillustratedintheflowchart
(Figure1).
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Figure 1. Flowchart depicting the ISH-IHC (in situ hybridization with immunohistochemistry) 

Figure 1. Flowchart depicting the ISH-IHC (in situ hybridization with immunohistochemistry) combinations employed in
the double staining method.

2.4. Image Acquisition and Quantification
Images for the stained tissues were acquired at 40⇥ objective using a whole slide

scanner (Hamamatsu NanoZoomer-XR, Shizuoka, Japan). RGB vectors for NBT-BCIP, DAB
and fast red were acquired using images from tissues stained with individual dye using
“From ROI” interactive option in the Color Deconvolution plugin for ImageJ. Acquired
RGB vectors for the stains were then integrated into Java for Color Deconvolution. Images
were then color deconvoluted to resolve miR stain (NBT-BCIP) from fast red and DAB
(Figure 1). Color threshold for NBT-BCIP was set to 195 to exclude background, and
thereafter, positive pixel area percentage (PPAP) and integrated optical density (IOD;
normalized to analysed area) of miR staining were measured. Mean pixel intensity was
converted to OD using the function OD = log10 (255/mean pixel intensity); IOD was
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obtained as product of OD and positive pixel area stained and normalized to region of
interest. The same measurements for the miR staining were made using other software,
AperioI (Leica Biosystems, Wetzlar, Germany), using the same principles and criteria used
in ImageJ. PPAP and IOD were quantified in the stroma regions of tumor center and tumor
front of approximately 0.4–0.8 mm2. Five to seven hot spots, i.e., areas with highest staining
intensity, were chosen for the quantification. Blood vessels, glands, muscles, and nerves
were excluded from the study. For the methodological comparisons, similar regions in
the tissue sections stained by different combination methods were chosen. MiR-21 and
miR-204 were quantified both at tumor center and invasive tumor front. The invasive
tumor front was defined as a 100 µm broad tissue area around the outermost invasive
tumor islands.

2.5. Study Cohort
The study cohort consisted of patients older than 18 years with primary diagnosis of

OSCC between 1998 and 2012 and surgically, radio-, or combinatory treated at Haukeland
University Hospital, Bergen, Norway (n = 169). Patients with neoadjuvant treatment,
missing tissue blocks, and missing clinical information were excluded from the study.
The clinical information (age, gender, smoking and alcohol use, localization, TNM stage,
co-morbidities, recurrency, last date of follow-up, survival) was obtained from patients’
medical electronic journals and is presented in Table S1. FFPE tissue blocks containing the
tumor front with surrounding stroma and adjacent normal human oral mucosa (NHOM)
were selected for the study. Serial sections of 3–4 µm thickness were cut using a microtome
(HistoCore Biocut, Leica Biosystems), mounted on glass slides (Superforst Plus from
Thermo Fisher Scientific, Waltham, MA, USA), fixed on slides by incubation at 58 �C for
2 hours and stored at 4 �C until use. RNA contamination was avoided during cutting and
handling using gloves and RNase decontaminating solution (RNase Zap, Thermo Fisher,
Scientific). Tumor specimens were screened for human papillomavirus (HPV) infection
with the surrogate marker p16INK4a by IHC. Nine cases (5.53%) displaying strong nuclear
and cytoplasmic staining in more than 70–80% of the tumor cells and were excluded from
the study. Finally, a total of 160 HPV-negative OSCC cases (age range: 27–93; mean = 65.25;
median = 65) were included in the study. The mean follow-up time was 8.6 years, and
the 5-year survival rate was 40%. Adequacy in sample size for the Cox regression was
met as suggested by Peduzzi et al. [30]. NHOM from clinically healthy donors was also
collected during wisdom tooth extraction (n = 14). Informed consents were obtained for the
research use of tissues and clinical data. This study was approved by the regional ethical
committee in Norway (REKVest 3.2006.2620 REKVest 3.2006.1341) and followed REMARK
criteria [31].

2.6. Evaluation of Clinical and Pathological Parameters
Staging of OSCC (TNM) was done at the point of diagnosis according to the American

Joint Committee on Cancer manual 6th edition. Tumor depth of invasion (DI), which is the
distance from a theoretically reconstructed normal mucosal line to the deepest invasion
point [32], and tumor budding (TB), which is defined as a single cell or a cluster of less
than five cancer cells, were evaluated as described earlier [33]. Worst pattern of invasion
(WPI) was scored as described by Brandwein-Gensler et al. [34]. Histological scoring
was performed on scanned pan-cytokeratin stained images by an experienced pathologist
(E.S.N).

2.7. RNA Extraction and Quantitative Reverse-Transcriptase Polymerase Chain
Reaction (qRT-PCR)

Approximately 10% of cohort samples (16 samples) were randomly selected and
used for validation of miR-204 expression by using qRT-PCR. Three to four 10 µm freshly
cut sections from FFPE samples were collected in RNase-free microtubes and RNA was
isolated using miRNeasy FFPEkit (Qiagen, Oslo, Noway) according to the manufacturer’s
guidelines. The paraffin around tissues was trimmed prior to sectioning, and the sections
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obtainedasproductofODandpositivepixelareastainedandnormalizedtoregionof
interest.ThesamemeasurementsforthemiRstainingweremadeusingothersoftware,
AperioI(LeicaBiosystems,Wetzlar,Germany),usingthesameprinciplesandcriteriaused
inImageJ.PPAPandIODwerequantifiedinthestromaregionsoftumorcenterandtumor
frontofapproximately0.4–0.8mm2.Fivetosevenhotspots,i.e.,areaswithhigheststaining
intensity,werechosenforthequantification.Bloodvessels,glands,muscles,andnerves
wereexcludedfromthestudy.Forthemethodologicalcomparisons,similarregionsin
thetissuesectionsstainedbydifferentcombinationmethodswerechosen.MiR-21and
miR-204werequantifiedbothattumorcenterandinvasivetumorfront.Theinvasive
tumorfrontwasdefinedasa100µmbroadtissueareaaroundtheoutermostinvasive
tumorislands.

2.5.StudyCohort
Thestudycohortconsistedofpatientsolderthan18yearswithprimarydiagnosisof

OSCCbetween1998and2012andsurgically,radio-,orcombinatorytreatedatHaukeland
UniversityHospital,Bergen,Norway(n=169).Patientswithneoadjuvanttreatment,
missingtissueblocks,andmissingclinicalinformationwereexcludedfromthestudy.
Theclinicalinformation(age,gender,smokingandalcoholuse,localization,TNMstage,
co-morbidities,recurrency,lastdateoffollow-up,survival)wasobtainedfrompatients’
medicalelectronicjournalsandispresentedinTableS1.FFPEtissueblockscontainingthe
tumorfrontwithsurroundingstromaandadjacentnormalhumanoralmucosa(NHOM)
wereselectedforthestudy.Serialsectionsof3–4µmthicknesswerecutusingamicrotome
(HistoCoreBiocut,LeicaBiosystems),mountedonglassslides(SuperforstPlusfrom
ThermoFisherScientific,Waltham,MA,USA),fixedonslidesbyincubationat58�Cfor
2hoursandstoredat4�Cuntiluse.RNAcontaminationwasavoidedduringcuttingand
handlingusingglovesandRNasedecontaminatingsolution(RNaseZap,ThermoFisher,
Scientific).Tumorspecimenswerescreenedforhumanpapillomavirus(HPV)infection
withthesurrogatemarkerp16INK4abyIHC.Ninecases(5.53%)displayingstrongnuclear
andcytoplasmicstaininginmorethan70–80%ofthetumorcellsandwereexcludedfrom
thestudy.Finally,atotalof160HPV-negativeOSCCcases(agerange:27–93;mean=65.25;
median=65)wereincludedinthestudy.Themeanfollow-uptimewas8.6years,and
the5-yearsurvivalratewas40%.AdequacyinsamplesizefortheCoxregressionwas
metassuggestedbyPeduzzietal.[30].NHOMfromclinicallyhealthydonorswasalso
collectedduringwisdomtoothextraction(n=14).Informedconsentswereobtainedforthe
researchuseoftissuesandclinicaldata.Thisstudywasapprovedbytheregionalethical
committeeinNorway(REKVest3.2006.2620REKVest3.2006.1341)andfollowedREMARK
criteria[31].

2.6.EvaluationofClinicalandPathologicalParameters
StagingofOSCC(TNM)wasdoneatthepointofdiagnosisaccordingtotheAmerican

JointCommitteeonCancermanual6thedition.Tumordepthofinvasion(DI),whichisthe
distancefromatheoreticallyreconstructednormalmucosallinetothedeepestinvasion
point[32],andtumorbudding(TB),whichisdefinedasasinglecelloraclusterofless
thanfivecancercells,wereevaluatedasdescribedearlier[33].Worstpatternofinvasion
(WPI)wasscoredasdescribedbyBrandwein-Gensleretal.[34].Histologicalscoring
wasperformedonscannedpan-cytokeratinstainedimagesbyanexperiencedpathologist
(E.S.N).

2.7.RNAExtractionandQuantitativeReverse-TranscriptasePolymeraseChain
Reaction(qRT-PCR)

Approximately10%ofcohortsamples(16samples)wererandomlyselectedand
usedforvalidationofmiR-204expressionbyusingqRT-PCR.Threetofour10µmfreshly
cutsectionsfromFFPEsampleswerecollectedinRNase-freemicrotubesandRNAwas
isolatedusingmiRNeasyFFPEkit(Qiagen,Oslo,Noway)accordingtothemanufacturer’s
guidelines.Theparaffinaroundtissueswastrimmedpriortosectioning,andthesections
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StagingofOSCC(TNM)wasdoneatthepointofdiagnosisaccordingtotheAmerican

JointCommitteeonCancermanual6thedition.Tumordepthofinvasion(DI),whichisthe
distancefromatheoreticallyreconstructednormalmucosallinetothedeepestinvasion
point[32],andtumorbudding(TB),whichisdefinedasasinglecelloraclusterofless
thanfivecancercells,wereevaluatedasdescribedearlier[33].Worstpatternofinvasion
(WPI)wasscoredasdescribedbyBrandwein-Gensleretal.[34].Histologicalscoring
wasperformedonscannedpan-cytokeratinstainedimagesbyanexperiencedpathologist
(E.S.N).

2.7.RNAExtractionandQuantitativeReverse-TranscriptasePolymeraseChain
Reaction(qRT-PCR)

Approximately10%ofcohortsamples(16samples)wererandomlyselectedand
usedforvalidationofmiR-204expressionbyusingqRT-PCR.Threetofour10µmfreshly
cutsectionsfromFFPEsampleswerecollectedinRNase-freemicrotubesandRNAwas
isolatedusingmiRNeasyFFPEkit(Qiagen,Oslo,Noway)accordingtothemanufacturer’s
guidelines.Theparaffinaroundtissueswastrimmedpriortosectioning,andthesections

Cancers 2021, 13, 1307 5 of 20

obtained as product of OD and positive pixel area stained and normalized to region of
interest. The same measurements for the miR staining were made using other software,
AperioI (Leica Biosystems, Wetzlar, Germany), using the same principles and criteria used
in ImageJ. PPAP and IOD were quantified in the stroma regions of tumor center and tumor
front of approximately 0.4–0.8 mm2. Five to seven hot spots, i.e., areas with highest staining
intensity, were chosen for the quantification. Blood vessels, glands, muscles, and nerves
were excluded from the study. For the methodological comparisons, similar regions in
the tissue sections stained by different combination methods were chosen. MiR-21 and
miR-204 were quantified both at tumor center and invasive tumor front. The invasive
tumor front was defined as a 100 µm broad tissue area around the outermost invasive
tumor islands.

2.5. Study Cohort
The study cohort consisted of patients older than 18 years with primary diagnosis of

OSCC between 1998 and 2012 and surgically, radio-, or combinatory treated at Haukeland
University Hospital, Bergen, Norway (n = 169). Patients with neoadjuvant treatment,
missing tissue blocks, and missing clinical information were excluded from the study.
The clinical information (age, gender, smoking and alcohol use, localization, TNM stage,
co-morbidities, recurrency, last date of follow-up, survival) was obtained from patients’
medical electronic journals and is presented in Table S1. FFPE tissue blocks containing the
tumor front with surrounding stroma and adjacent normal human oral mucosa (NHOM)
were selected for the study. Serial sections of 3–4 µm thickness were cut using a microtome
(HistoCore Biocut, Leica Biosystems), mounted on glass slides (Superforst Plus from
Thermo Fisher Scientific, Waltham, MA, USA), fixed on slides by incubation at 58 �C for
2 hours and stored at 4 �C until use. RNA contamination was avoided during cutting and
handling using gloves and RNase decontaminating solution (RNase Zap, Thermo Fisher,
Scientific). Tumor specimens were screened for human papillomavirus (HPV) infection
with the surrogate marker p16INK4a by IHC. Nine cases (5.53%) displaying strong nuclear
and cytoplasmic staining in more than 70–80% of the tumor cells and were excluded from
the study. Finally, a total of 160 HPV-negative OSCC cases (age range: 27–93; mean = 65.25;
median = 65) were included in the study. The mean follow-up time was 8.6 years, and
the 5-year survival rate was 40%. Adequacy in sample size for the Cox regression was
met as suggested by Peduzzi et al. [30]. NHOM from clinically healthy donors was also
collected during wisdom tooth extraction (n = 14). Informed consents were obtained for the
research use of tissues and clinical data. This study was approved by the regional ethical
committee in Norway (REKVest 3.2006.2620 REKVest 3.2006.1341) and followed REMARK
criteria [31].

2.6. Evaluation of Clinical and Pathological Parameters
Staging of OSCC (TNM) was done at the point of diagnosis according to the American

Joint Committee on Cancer manual 6th edition. Tumor depth of invasion (DI), which is the
distance from a theoretically reconstructed normal mucosal line to the deepest invasion
point [32], and tumor budding (TB), which is defined as a single cell or a cluster of less
than five cancer cells, were evaluated as described earlier [33]. Worst pattern of invasion
(WPI) was scored as described by Brandwein-Gensler et al. [34]. Histological scoring
was performed on scanned pan-cytokeratin stained images by an experienced pathologist
(E.S.N).

2.7. RNA Extraction and Quantitative Reverse-Transcriptase Polymerase Chain
Reaction (qRT-PCR)

Approximately 10% of cohort samples (16 samples) were randomly selected and
used for validation of miR-204 expression by using qRT-PCR. Three to four 10 µm freshly
cut sections from FFPE samples were collected in RNase-free microtubes and RNA was
isolated using miRNeasy FFPEkit (Qiagen, Oslo, Noway) according to the manufacturer’s
guidelines. The paraffin around tissues was trimmed prior to sectioning, and the sections
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obtained as product of OD and positive pixel area stained and normalized to region of
interest. The same measurements for the miR staining were made using other software,
AperioI (Leica Biosystems, Wetzlar, Germany), using the same principles and criteria used
in ImageJ. PPAP and IOD were quantified in the stroma regions of tumor center and tumor
front of approximately 0.4–0.8 mm2. Five to seven hot spots, i.e., areas with highest staining
intensity, were chosen for the quantification. Blood vessels, glands, muscles, and nerves
were excluded from the study. For the methodological comparisons, similar regions in
the tissue sections stained by different combination methods were chosen. MiR-21 and
miR-204 were quantified both at tumor center and invasive tumor front. The invasive
tumor front was defined as a 100 µm broad tissue area around the outermost invasive
tumor islands.

2.5. Study Cohort
The study cohort consisted of patients older than 18 years with primary diagnosis of

OSCC between 1998 and 2012 and surgically, radio-, or combinatory treated at Haukeland
University Hospital, Bergen, Norway (n = 169). Patients with neoadjuvant treatment,
missing tissue blocks, and missing clinical information were excluded from the study.
The clinical information (age, gender, smoking and alcohol use, localization, TNM stage,
co-morbidities, recurrency, last date of follow-up, survival) was obtained from patients’
medical electronic journals and is presented in Table S1. FFPE tissue blocks containing the
tumor front with surrounding stroma and adjacent normal human oral mucosa (NHOM)
were selected for the study. Serial sections of 3–4 µm thickness were cut using a microtome
(HistoCore Biocut, Leica Biosystems), mounted on glass slides (Superforst Plus from
Thermo Fisher Scientific, Waltham, MA, USA), fixed on slides by incubation at 58 �C for
2 hours and stored at 4 �C until use. RNA contamination was avoided during cutting and
handling using gloves and RNase decontaminating solution (RNase Zap, Thermo Fisher,
Scientific). Tumor specimens were screened for human papillomavirus (HPV) infection
with the surrogate marker p16INK4a by IHC. Nine cases (5.53%) displaying strong nuclear
and cytoplasmic staining in more than 70–80% of the tumor cells and were excluded from
the study. Finally, a total of 160 HPV-negative OSCC cases (age range: 27–93; mean = 65.25;
median = 65) were included in the study. The mean follow-up time was 8.6 years, and
the 5-year survival rate was 40%. Adequacy in sample size for the Cox regression was
met as suggested by Peduzzi et al. [30]. NHOM from clinically healthy donors was also
collected during wisdom tooth extraction (n = 14). Informed consents were obtained for the
research use of tissues and clinical data. This study was approved by the regional ethical
committee in Norway (REKVest 3.2006.2620 REKVest 3.2006.1341) and followed REMARK
criteria [31].

2.6. Evaluation of Clinical and Pathological Parameters
Staging of OSCC (TNM) was done at the point of diagnosis according to the American

Joint Committee on Cancer manual 6th edition. Tumor depth of invasion (DI), which is the
distance from a theoretically reconstructed normal mucosal line to the deepest invasion
point [32], and tumor budding (TB), which is defined as a single cell or a cluster of less
than five cancer cells, were evaluated as described earlier [33]. Worst pattern of invasion
(WPI) was scored as described by Brandwein-Gensler et al. [34]. Histological scoring
was performed on scanned pan-cytokeratin stained images by an experienced pathologist
(E.S.N).

2.7. RNA Extraction and Quantitative Reverse-Transcriptase Polymerase Chain
Reaction (qRT-PCR)

Approximately 10% of cohort samples (16 samples) were randomly selected and
used for validation of miR-204 expression by using qRT-PCR. Three to four 10 µm freshly
cut sections from FFPE samples were collected in RNase-free microtubes and RNA was
isolated using miRNeasy FFPEkit (Qiagen, Oslo, Noway) according to the manufacturer’s
guidelines. The paraffin around tissues was trimmed prior to sectioning, and the sections
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obtainedasproductofODandpositivepixelareastainedandnormalizedtoregionof
interest.ThesamemeasurementsforthemiRstainingweremadeusingothersoftware,
AperioI(LeicaBiosystems,Wetzlar,Germany),usingthesameprinciplesandcriteriaused
inImageJ.PPAPandIODwerequantifiedinthestromaregionsoftumorcenterandtumor
frontofapproximately0.4–0.8mm2.Fivetosevenhotspots,i.e.,areaswithhigheststaining
intensity,werechosenforthequantification.Bloodvessels,glands,muscles,andnerves
wereexcludedfromthestudy.Forthemethodologicalcomparisons,similarregionsin
thetissuesectionsstainedbydifferentcombinationmethodswerechosen.MiR-21and
miR-204werequantifiedbothattumorcenterandinvasivetumorfront.Theinvasive
tumorfrontwasdefinedasa100µmbroadtissueareaaroundtheoutermostinvasive
tumorislands.

2.5.StudyCohort
Thestudycohortconsistedofpatientsolderthan18yearswithprimarydiagnosisof

OSCCbetween1998and2012andsurgically,radio-,orcombinatorytreatedatHaukeland
UniversityHospital,Bergen,Norway(n=169).Patientswithneoadjuvanttreatment,
missingtissueblocks,andmissingclinicalinformationwereexcludedfromthestudy.
Theclinicalinformation(age,gender,smokingandalcoholuse,localization,TNMstage,
co-morbidities,recurrency,lastdateoffollow-up,survival)wasobtainedfrompatients’
medicalelectronicjournalsandispresentedinTableS1.FFPEtissueblockscontainingthe
tumorfrontwithsurroundingstromaandadjacentnormalhumanoralmucosa(NHOM)
wereselectedforthestudy.Serialsectionsof3–4µmthicknesswerecutusingamicrotome
(HistoCoreBiocut,LeicaBiosystems),mountedonglassslides(SuperforstPlusfrom
ThermoFisherScientific,Waltham,MA,USA),fixedonslidesbyincubationat58�Cfor
2hoursandstoredat4�Cuntiluse.RNAcontaminationwasavoidedduringcuttingand
handlingusingglovesandRNasedecontaminatingsolution(RNaseZap,ThermoFisher,
Scientific).Tumorspecimenswerescreenedforhumanpapillomavirus(HPV)infection
withthesurrogatemarkerp16INK4abyIHC.Ninecases(5.53%)displayingstrongnuclear
andcytoplasmicstaininginmorethan70–80%ofthetumorcellsandwereexcludedfrom
thestudy.Finally,atotalof160HPV-negativeOSCCcases(agerange:27–93;mean=65.25;
median=65)wereincludedinthestudy.Themeanfollow-uptimewas8.6years,and
the5-yearsurvivalratewas40%.AdequacyinsamplesizefortheCoxregressionwas
metassuggestedbyPeduzzietal.[30].NHOMfromclinicallyhealthydonorswasalso
collectedduringwisdomtoothextraction(n=14).Informedconsentswereobtainedforthe
researchuseoftissuesandclinicaldata.Thisstudywasapprovedbytheregionalethical
committeeinNorway(REKVest3.2006.2620REKVest3.2006.1341)andfollowedREMARK
criteria[31].

2.6.EvaluationofClinicalandPathologicalParameters
StagingofOSCC(TNM)wasdoneatthepointofdiagnosisaccordingtotheAmerican

JointCommitteeonCancermanual6thedition.Tumordepthofinvasion(DI),whichisthe
distancefromatheoreticallyreconstructednormalmucosallinetothedeepestinvasion
point[32],andtumorbudding(TB),whichisdefinedasasinglecelloraclusterofless
thanfivecancercells,wereevaluatedasdescribedearlier[33].Worstpatternofinvasion
(WPI)wasscoredasdescribedbyBrandwein-Gensleretal.[34].Histologicalscoring
wasperformedonscannedpan-cytokeratinstainedimagesbyanexperiencedpathologist
(E.S.N).

2.7.RNAExtractionandQuantitativeReverse-TranscriptasePolymeraseChain
Reaction(qRT-PCR)

Approximately10%ofcohortsamples(16samples)wererandomlyselectedand
usedforvalidationofmiR-204expressionbyusingqRT-PCR.Threetofour10µmfreshly
cutsectionsfromFFPEsampleswerecollectedinRNase-freemicrotubesandRNAwas
isolatedusingmiRNeasyFFPEkit(Qiagen,Oslo,Noway)accordingtothemanufacturer’s
guidelines.Theparaffinaroundtissueswastrimmedpriortosectioning,andthesections
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committeeinNorway(REKVest3.2006.2620REKVest3.2006.1341)andfollowedREMARK
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2.6.EvaluationofClinicalandPathologicalParameters
StagingofOSCC(TNM)wasdoneatthepointofdiagnosisaccordingtotheAmerican
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distancefromatheoreticallyreconstructednormalmucosallinetothedeepestinvasion
point[32],andtumorbudding(TB),whichisdefinedasasinglecelloraclusterofless
thanfivecancercells,wereevaluatedasdescribedearlier[33].Worstpatternofinvasion
(WPI)wasscoredasdescribedbyBrandwein-Gensleretal.[34].Histologicalscoring
wasperformedonscannedpan-cytokeratinstainedimagesbyanexperiencedpathologist
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Approximately10%ofcohortsamples(16samples)wererandomlyselectedand
usedforvalidationofmiR-204expressionbyusingqRT-PCR.Threetofour10µmfreshly
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metassuggestedbyPeduzzietal.[30].NHOMfromclinicallyhealthydonorswasalso
collectedduringwisdomtoothextraction(n=14).Informedconsentswereobtainedforthe
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were macrodissected in order to select mainly the tumor front, removing the bulk of the
tumor center or the normal surrounding tissue. Briefly, each sample was treated with
deparaffinization solution, to remove excess paraffin. This was followed by mixing with
buffer PKD and Proteinase K digestion with heat treatment (at 56 �C for 15min and at
80 �C for 15min). The DNA/RNA phases were separated by centrifugation at 20,000 g for
15 min. To further purify RNA, DNase treatment was applied to remove genomic DNA
contamination. Each sample was then mixed with ethanol and transferred onto RNeasy
MinElute spin columns. Following the manufacturer’s protocol of washing with RPE
buffer, the RNA was subsequently eluted in 15 µL RNase-free water. RNA concentrations
were measured using NanoDrop 1000 (Thermo Fisher Scientific). The RNA yield varied
from 50 to 1800 ng/µL and the purity ranged from 1.7 to 1.99 (A260/A280 ratio).

Three RT reactions were performed for each sample (with 200 ng of input RNA for
each reaction) in a 15 µL reaction using the TaqMan microRNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA). RT primers were specific for each of the
following miR: RNU6B (assay ID: 001093), RNU48 (assay ID: 001006), and hsa-miR-204
(assay ID: 000508). qRT-PCR reactions were performed on cDNA products and thus
obtained with TaqMan Fast Advanced master mix II (Applied biosystems) according to
the manufacturer’s protocol. PCR reactions were performed on a 7500 Fast Real-time PCR
system (Applied Biosystems), with each reaction run in duplicates.

For analysis, the expression level of miR-204 was normalized to the mean of internal
controls (RNU6B and RNU48) and the relative difference (DCt) was correlated with quanti-
fied ISH values (PPAP). Pearson correlation plot was used to establish significance and the
data are represented as QQ plots (GraphPad Prism, v9, GraphPad Software, San Diego,
CA, USA).

2.8. Statistical Analysis
Survival functions (overall survival (OS) and recurrence-free survival (RFS)) of clinico-

pathological parameters, including miR-204 expression in the tumor stroma, were plotted
using the Kaplan–Meir (KM) method. Test of equality for survival distribution of the
variables within the parameters was carried using the log-rank test (Mantel–Cox). Risks
of clinicopathological parameters in the OS and RFS of the OSCC patients were further
examined by univariate survival analysis using Cox’s proportional regression. Parameters
with variables that exhibited significant risk difference in the OS and RFS in the univariate
analysis were entered into the multivariate model to examine the risk adjusted to confound-
ing variables. The proportional hazard assumptions, i.e., if the baseline hazard function
was proportional or not, was checked graphically for all parameters with Log minus log
function plot before regression analysis. Additionally, time-dependent covariates were
modeled to check the proportionality of hazards over time (p < 0.05 indicates change of
predictor over time). Tests of independence of clinicopathological parameters with miR-204
expression were assessed using Pearson’s chi-squared test. Kolmogorov–Smirnov test,
Shapiro–Wilk test, histogram, and Q–Q plots were used to test the normality for the miR
expressions. Tumor stroma expressions of miR-204 in the tumor front and tumor center
were categorized into higher and lower expression group by the median expression value.
Mann–Whitney U or Wilcoxon match-paired signed rank test was performed to find sig-
nificant differences in miR in between high and low expression groups. Paired Student’s
t-test was conducted to detect significant differences in mean of the PPAP and IOD for the
miR expression in between control (single miR ISH) and double staining methods. The
statistical analysis was performed using GraphPad Prism Version 7.0 (GraphPad Software)
or IBM SPSS Statistics Version 25.0 (IBM Corp, Armonk, NY, USA).

3. Results
3.1. miRs Expression and Their Co-Localization with pan-CK

Diverse spatial distribution of the expression of the investigated miRs was observed
in OSCC tissues. miR-21 staining was confined to reactive tumor stroma (Figure 2), with
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weremacrodissectedinordertoselectmainlythetumorfront,removingthebulkofthe
tumorcenterorthenormalsurroundingtissue.Briefly,eachsamplewastreatedwith
deparaffinizationsolution,toremoveexcessparaffin.Thiswasfollowedbymixingwith
bufferPKDandProteinaseKdigestionwithheattreatment(at56�Cfor15minandat
80�Cfor15min).TheDNA/RNAphaseswereseparatedbycentrifugationat20,000gfor
15min.TofurtherpurifyRNA,DNasetreatmentwasappliedtoremovegenomicDNA
contamination.EachsamplewasthenmixedwithethanolandtransferredontoRNeasy
MinElutespincolumns.Followingthemanufacturer’sprotocolofwashingwithRPE
buffer,theRNAwassubsequentlyelutedin15µLRNase-freewater.RNAconcentrations
weremeasuredusingNanoDrop1000(ThermoFisherScientific).TheRNAyieldvaried
from50to1800ng/µLandthepurityrangedfrom1.7to1.99(A260/A280ratio).

ThreeRTreactionswereperformedforeachsample(with200ngofinputRNAfor
eachreaction)ina15µLreactionusingtheTaqManmicroRNAreversetranscriptionkit
(AppliedBiosystems,FosterCity,CA,USA).RTprimerswerespecificforeachofthe
followingmiR:RNU6B(assayID:001093),RNU48(assayID:001006),andhsa-miR-204
(assayID:000508).qRT-PCRreactionswereperformedoncDNAproductsandthus
obtainedwithTaqManFastAdvancedmastermixII(Appliedbiosystems)accordingto
themanufacturer’sprotocol.PCRreactionswereperformedona7500FastReal-timePCR
system(AppliedBiosystems),witheachreactionruninduplicates.

Foranalysis,theexpressionlevelofmiR-204wasnormalizedtothemeanofinternal
controls(RNU6BandRNU48)andtherelativedifference(DCt)wascorrelatedwithquanti-
fiedISHvalues(PPAP).Pearsoncorrelationplotwasusedtoestablishsignificanceandthe
dataarerepresentedasQQplots(GraphPadPrism,v9,GraphPadSoftware,SanDiego,
CA,USA).

2.8.StatisticalAnalysis
Survivalfunctions(overallsurvival(OS)andrecurrence-freesurvival(RFS))ofclinico-

pathologicalparameters,includingmiR-204expressioninthetumorstroma,wereplotted
usingtheKaplan–Meir(KM)method.Testofequalityforsurvivaldistributionofthe
variableswithintheparameterswascarriedusingthelog-ranktest(Mantel–Cox).Risks
ofclinicopathologicalparametersintheOSandRFSoftheOSCCpatientswerefurther
examinedbyunivariatesurvivalanalysisusingCox’sproportionalregression.Parameters
withvariablesthatexhibitedsignificantriskdifferenceintheOSandRFSintheunivariate
analysiswereenteredintothemultivariatemodeltoexaminetheriskadjustedtoconfound-
ingvariables.Theproportionalhazardassumptions,i.e.,ifthebaselinehazardfunction
wasproportionalornot,wascheckedgraphicallyforallparameterswithLogminuslog
functionplotbeforeregressionanalysis.Additionally,time-dependentcovariateswere
modeledtochecktheproportionalityofhazardsovertime(p<0.05indicateschangeof
predictorovertime).TestsofindependenceofclinicopathologicalparameterswithmiR-204
expressionwereassessedusingPearson’schi-squaredtest.Kolmogorov–Smirnovtest,
Shapiro–Wilktest,histogram,andQ–QplotswereusedtotestthenormalityforthemiR
expressions.TumorstromaexpressionsofmiR-204inthetumorfrontandtumorcenter
werecategorizedintohigherandlowerexpressiongroupbythemedianexpressionvalue.
Mann–WhitneyUorWilcoxonmatch-pairedsignedranktestwasperformedtofindsig-
nificantdifferencesinmiRinbetweenhighandlowexpressiongroups.PairedStudent’s
t-testwasconductedtodetectsignificantdifferencesinmeanofthePPAPandIODforthe
miRexpressioninbetweencontrol(singlemiRISH)anddoublestainingmethods.The
statisticalanalysiswasperformedusingGraphPadPrismVersion7.0(GraphPadSoftware)
orIBMSPSSStatisticsVersion25.0(IBMCorp,Armonk,NY,USA).

3.Results
3.1.miRsExpressionandTheirCo-Localizationwithpan-CK

DiversespatialdistributionoftheexpressionoftheinvestigatedmiRswasobserved
inOSCCtissues.miR-21stainingwasconfinedtoreactivetumorstroma(Figure2),with
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weremacrodissectedinordertoselectmainlythetumorfront,removingthebulkofthe
tumorcenterorthenormalsurroundingtissue.Briefly,eachsamplewastreatedwith
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were macrodissected in order to select mainly the tumor front, removing the bulk of the
tumor center or the normal surrounding tissue. Briefly, each sample was treated with
deparaffinization solution, to remove excess paraffin. This was followed by mixing with
buffer PKD and Proteinase K digestion with heat treatment (at 56 �C for 15min and at
80 �C for 15min). The DNA/RNA phases were separated by centrifugation at 20,000 g for
15 min. To further purify RNA, DNase treatment was applied to remove genomic DNA
contamination. Each sample was then mixed with ethanol and transferred onto RNeasy
MinElute spin columns. Following the manufacturer’s protocol of washing with RPE
buffer, the RNA was subsequently eluted in 15 µL RNase-free water. RNA concentrations
were measured using NanoDrop 1000 (Thermo Fisher Scientific). The RNA yield varied
from 50 to 1800 ng/µL and the purity ranged from 1.7 to 1.99 (A260/A280 ratio).

Three RT reactions were performed for each sample (with 200 ng of input RNA for
each reaction) in a 15 µL reaction using the TaqMan microRNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA). RT primers were specific for each of the
following miR: RNU6B (assay ID: 001093), RNU48 (assay ID: 001006), and hsa-miR-204
(assay ID: 000508). qRT-PCR reactions were performed on cDNA products and thus
obtained with TaqMan Fast Advanced master mix II (Applied biosystems) according to
the manufacturer’s protocol. PCR reactions were performed on a 7500 Fast Real-time PCR
system (Applied Biosystems), with each reaction run in duplicates.

For analysis, the expression level of miR-204 was normalized to the mean of internal
controls (RNU6B and RNU48) and the relative difference (DCt) was correlated with quanti-
fied ISH values (PPAP). Pearson correlation plot was used to establish significance and the
data are represented as QQ plots (GraphPad Prism, v9, GraphPad Software, San Diego,
CA, USA).

2.8. Statistical Analysis
Survival functions (overall survival (OS) and recurrence-free survival (RFS)) of clinico-

pathological parameters, including miR-204 expression in the tumor stroma, were plotted
using the Kaplan–Meir (KM) method. Test of equality for survival distribution of the
variables within the parameters was carried using the log-rank test (Mantel–Cox). Risks
of clinicopathological parameters in the OS and RFS of the OSCC patients were further
examined by univariate survival analysis using Cox’s proportional regression. Parameters
with variables that exhibited significant risk difference in the OS and RFS in the univariate
analysis were entered into the multivariate model to examine the risk adjusted to confound-
ing variables. The proportional hazard assumptions, i.e., if the baseline hazard function
was proportional or not, was checked graphically for all parameters with Log minus log
function plot before regression analysis. Additionally, time-dependent covariates were
modeled to check the proportionality of hazards over time (p < 0.05 indicates change of
predictor over time). Tests of independence of clinicopathological parameters with miR-204
expression were assessed using Pearson’s chi-squared test. Kolmogorov–Smirnov test,
Shapiro–Wilk test, histogram, and Q–Q plots were used to test the normality for the miR
expressions. Tumor stroma expressions of miR-204 in the tumor front and tumor center
were categorized into higher and lower expression group by the median expression value.
Mann–Whitney U or Wilcoxon match-paired signed rank test was performed to find sig-
nificant differences in miR in between high and low expression groups. Paired Student’s
t-test was conducted to detect significant differences in mean of the PPAP and IOD for the
miR expression in between control (single miR ISH) and double staining methods. The
statistical analysis was performed using GraphPad Prism Version 7.0 (GraphPad Software)
or IBM SPSS Statistics Version 25.0 (IBM Corp, Armonk, NY, USA).

3. Results
3.1. miRs Expression and Their Co-Localization with pan-CK

Diverse spatial distribution of the expression of the investigated miRs was observed
in OSCC tissues. miR-21 staining was confined to reactive tumor stroma (Figure 2), with
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controls (RNU6B and RNU48) and the relative difference (DCt) was correlated with quanti-
fied ISH values (PPAP). Pearson correlation plot was used to establish significance and the
data are represented as QQ plots (GraphPad Prism, v9, GraphPad Software, San Diego,
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Survival functions (overall survival (OS) and recurrence-free survival (RFS)) of clinico-

pathological parameters, including miR-204 expression in the tumor stroma, were plotted
using the Kaplan–Meir (KM) method. Test of equality for survival distribution of the
variables within the parameters was carried using the log-rank test (Mantel–Cox). Risks
of clinicopathological parameters in the OS and RFS of the OSCC patients were further
examined by univariate survival analysis using Cox’s proportional regression. Parameters
with variables that exhibited significant risk difference in the OS and RFS in the univariate
analysis were entered into the multivariate model to examine the risk adjusted to confound-
ing variables. The proportional hazard assumptions, i.e., if the baseline hazard function
was proportional or not, was checked graphically for all parameters with Log minus log
function plot before regression analysis. Additionally, time-dependent covariates were
modeled to check the proportionality of hazards over time (p < 0.05 indicates change of
predictor over time). Tests of independence of clinicopathological parameters with miR-204
expression were assessed using Pearson’s chi-squared test. Kolmogorov–Smirnov test,
Shapiro–Wilk test, histogram, and Q–Q plots were used to test the normality for the miR
expressions. Tumor stroma expressions of miR-204 in the tumor front and tumor center
were categorized into higher and lower expression group by the median expression value.
Mann–Whitney U or Wilcoxon match-paired signed rank test was performed to find sig-
nificant differences in miR in between high and low expression groups. Paired Student’s
t-test was conducted to detect significant differences in mean of the PPAP and IOD for the
miR expression in between control (single miR ISH) and double staining methods. The
statistical analysis was performed using GraphPad Prism Version 7.0 (GraphPad Software)
or IBM SPSS Statistics Version 25.0 (IBM Corp, Armonk, NY, USA).

3. Results
3.1. miRs Expression and Their Co-Localization with pan-CK

Diverse spatial distribution of the expression of the investigated miRs was observed
in OSCC tissues. miR-21 staining was confined to reactive tumor stroma (Figure 2), with

Cancers2021,13,13076of20

weremacrodissectedinordertoselectmainlythetumorfront,removingthebulkofthe
tumorcenterorthenormalsurroundingtissue.Briefly,eachsamplewastreatedwith
deparaffinizationsolution,toremoveexcessparaffin.Thiswasfollowedbymixingwith
bufferPKDandProteinaseKdigestionwithheattreatment(at56�Cfor15minandat
80�Cfor15min).TheDNA/RNAphaseswereseparatedbycentrifugationat20,000gfor
15min.TofurtherpurifyRNA,DNasetreatmentwasappliedtoremovegenomicDNA
contamination.EachsamplewasthenmixedwithethanolandtransferredontoRNeasy
MinElutespincolumns.Followingthemanufacturer’sprotocolofwashingwithRPE
buffer,theRNAwassubsequentlyelutedin15µLRNase-freewater.RNAconcentrations
weremeasuredusingNanoDrop1000(ThermoFisherScientific).TheRNAyieldvaried
from50to1800ng/µLandthepurityrangedfrom1.7to1.99(A260/A280ratio).

ThreeRTreactionswereperformedforeachsample(with200ngofinputRNAfor
eachreaction)ina15µLreactionusingtheTaqManmicroRNAreversetranscriptionkit
(AppliedBiosystems,FosterCity,CA,USA).RTprimerswerespecificforeachofthe
followingmiR:RNU6B(assayID:001093),RNU48(assayID:001006),andhsa-miR-204
(assayID:000508).qRT-PCRreactionswereperformedoncDNAproductsandthus
obtainedwithTaqManFastAdvancedmastermixII(Appliedbiosystems)accordingto
themanufacturer’sprotocol.PCRreactionswereperformedona7500FastReal-timePCR
system(AppliedBiosystems),witheachreactionruninduplicates.

Foranalysis,theexpressionlevelofmiR-204wasnormalizedtothemeanofinternal
controls(RNU6BandRNU48)andtherelativedifference(DCt)wascorrelatedwithquanti-
fiedISHvalues(PPAP).Pearsoncorrelationplotwasusedtoestablishsignificanceandthe
dataarerepresentedasQQplots(GraphPadPrism,v9,GraphPadSoftware,SanDiego,
CA,USA).

2.8.StatisticalAnalysis
Survivalfunctions(overallsurvival(OS)andrecurrence-freesurvival(RFS))ofclinico-

pathologicalparameters,includingmiR-204expressioninthetumorstroma,wereplotted
usingtheKaplan–Meir(KM)method.Testofequalityforsurvivaldistributionofthe
variableswithintheparameterswascarriedusingthelog-ranktest(Mantel–Cox).Risks
ofclinicopathologicalparametersintheOSandRFSoftheOSCCpatientswerefurther
examinedbyunivariatesurvivalanalysisusingCox’sproportionalregression.Parameters
withvariablesthatexhibitedsignificantriskdifferenceintheOSandRFSintheunivariate
analysiswereenteredintothemultivariatemodeltoexaminetheriskadjustedtoconfound-
ingvariables.Theproportionalhazardassumptions,i.e.,ifthebaselinehazardfunction
wasproportionalornot,wascheckedgraphicallyforallparameterswithLogminuslog
functionplotbeforeregressionanalysis.Additionally,time-dependentcovariateswere
modeledtochecktheproportionalityofhazardsovertime(p<0.05indicateschangeof
predictorovertime).TestsofindependenceofclinicopathologicalparameterswithmiR-204
expressionwereassessedusingPearson’schi-squaredtest.Kolmogorov–Smirnovtest,
Shapiro–Wilktest,histogram,andQ–QplotswereusedtotestthenormalityforthemiR
expressions.TumorstromaexpressionsofmiR-204inthetumorfrontandtumorcenter
werecategorizedintohigherandlowerexpressiongroupbythemedianexpressionvalue.
Mann–WhitneyUorWilcoxonmatch-pairedsignedranktestwasperformedtofindsig-
nificantdifferencesinmiRinbetweenhighandlowexpressiongroups.PairedStudent’s
t-testwasconductedtodetectsignificantdifferencesinmeanofthePPAPandIODforthe
miRexpressioninbetweencontrol(singlemiRISH)anddoublestainingmethods.The
statisticalanalysiswasperformedusingGraphPadPrismVersion7.0(GraphPadSoftware)
orIBMSPSSStatisticsVersion25.0(IBMCorp,Armonk,NY,USA).

3.Results
3.1.miRsExpressionandTheirCo-Localizationwithpan-CK

DiversespatialdistributionoftheexpressionoftheinvestigatedmiRswasobserved
inOSCCtissues.miR-21stainingwasconfinedtoreactivetumorstroma(Figure2),with
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functionplotbeforeregressionanalysis.Additionally,time-dependentcovariateswere
modeledtochecktheproportionalityofhazardsovertime(p<0.05indicateschangeof
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variableswithintheparameterswascarriedusingthelog-ranktest(Mantel–Cox).Risks
ofclinicopathologicalparametersintheOSandRFSoftheOSCCpatientswerefurther
examinedbyunivariatesurvivalanalysisusingCox’sproportionalregression.Parameters
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ingvariables.Theproportionalhazardassumptions,i.e.,ifthebaselinehazardfunction
wasproportionalornot,wascheckedgraphicallyforallparameterswithLogminuslog
functionplotbeforeregressionanalysis.Additionally,time-dependentcovariateswere
modeledtochecktheproportionalityofhazardsovertime(p<0.05indicateschangeof
predictorovertime).TestsofindependenceofclinicopathologicalparameterswithmiR-204
expressionwereassessedusingPearson’schi-squaredtest.Kolmogorov–Smirnovtest,
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3.Results
3.1.miRsExpressionandTheirCo-Localizationwithpan-CK

DiversespatialdistributionoftheexpressionoftheinvestigatedmiRswasobserved
inOSCCtissues.miR-21stainingwasconfinedtoreactivetumorstroma(Figure2),with
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higher staining intensity at tumor center compared to tumor front (Figure 2). The staining
was observed almost exclusively in the cytoplasm of cells with a fibroblast-like appearance.
Expression of both miR-155 (Figure 2) and miR-204 (Figure 2) was both epithelial and
stromal; in the stroma it was localized both in fibroblast-like cells and lymphocytes. The
abundance of the lymphocytic infiltrate varied from case to case, as shown in Figure 2
which depicts cases with poor (A,E), intermediate (C,F), and intense (B,D) lymphocytic
infiltrate. Negative controls did not give any color signal (Figure 2). At 48 �C, scramble
oligonucleotides nonspecifically bound to the tissue, and hence could not be used as
negative control for miR-155 that hybridizes at 48 �C.

 

Figure 2. Representative images of ISH for various miRs: single ISH for miR-21 (A), miR-155 (B),
and miR-204 (C); U6—positive control (D), scramble oligonucleotide with no target site—negative
control (E), negative control without miR-binding probe (F), double ISH-IHC for miR-21 and pan-CK
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higher staining intensity at tumor center compared to tumor front (Figure 2). The staining
was observed almost exclusively in the cytoplasm of cells with a fibroblast-like appearance.
Expression of both miR-155 (Figure 2) and miR-204 (Figure 2) was both epithelial and
stromal; in the stroma it was localized both in fibroblast-like cells and lymphocytes. The
abundance of the lymphocytic infiltrate varied from case to case, as shown in Figure 2
which depicts cases with poor (A,E), intermediate (C,F), and intense (B,D) lymphocytic
infiltrate. Negative controls did not give any color signal (Figure 2). At 48 �C, scramble
oligonucleotides nonspecifically bound to the tissue, and hence could not be used as
negative control for miR-155 that hybridizes at 48 �C.
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and miR-204 (C); U6—positive control (D), scramble oligonucleotide with no target site—negative
control (E), negative control without miR-binding probe (F), double ISH-IHC for miR-21 and pan-CK
using method 3 (G) showing intense staining at tumor center (H) and weaker staining at tumor front
(I) as quantified using AperioI in (J). Original magnification: 10⇥; scale bar: 100 µm.

The epithelial marker pan-CK was specific to tumor cells in all double-stained tissue
sections, as expected. No co-localization between pan-CK and miR-21 was observed, in line
with previous studies that reported expression of miR21 exclusively in the tumor stroma of
carcinomas, including OSCC [13]; however, both miR-155 (Figure 3) and miR-204 (Figure 4)
colocalized with pan-CK in the epithelial islands. No nonspecific anti-DIG Fab binding or
non-specific NBT-BCIP reaction to alkaline phosphatase was detected in negative controls
run with scramble negative controls or without oligonucleotide probes.
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Figure 3. Representative images for combined miR ISH (miR-21 and miR-155) and IHC (pan-CK).
Serial sections of the tissue were stained for miR alone (M0.ISH) or miRs ISH was combined with IHC
of pan-CK (M1.ISH+IHC; M2.ISH-Fab+IHC+NBT-BCIP; M3.ISH-Fab+1oAb-2oAb+NBT-BCIP+DAB.
M4. IHC+ISH). Scramble negative control or no probe control (Neg-Ctrl) was run for miR-21 and
miR-155, respectively. Since no differences were observed, only scramble negative controls are
presented. Original magnification: 5⇥; scale bar: 500 µm. Inset: original magnification: 20⇥; scale
bar: 100 µm.
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Figure 4. Representative images from a double stained section for miR-204 and pan-CK in tumor (A), peritumor (B), and
normal mucosa (C) in OSCC. Original magnification: 20⇥; scale bar: 100 µm. (D) Wilcoxon test for the paired variables
(tumor front (TF), tumor centre (TC), and peritumor (PT)). Mann–Whitney U test for all other comparisons (independent).
**** p < 0.0001; *** p < 0.0005; ** p < 0.001; * = p < 0.05.

3.2. Effects of IHC on ISH and Vice Versa
Quantitative assessment of miR signals using color deconvolution (Figure 5) in both

ImageJ and AperioI software did not show significant differences in positive pixel area
percentage (PPAP) or integrated optical density (IOD) between the control and the dual
staining methods (Figure 6). Irrespective of the order of procedures in the combined double
staining methods, and whether there was co-localization or not, both pan-CK and miRs
were accessible to either binding antibody or probes, respectively, after their preceding
stain (Figure 3).

 
Figure 5. Color deconvolution of a representative image from a double stained section for miR-21 

Figure 5. Color deconvolution of a representative image from a double stained section for miR-21 and pan-CK. (A) OSCC
(oral squamous cell carcinoma) section stained for miR-21 (blue; NBT-BCIP), pan-CK (brown; DAB) and counter stained
(red; acid fast red). Image A was color deconvoluted into individual color images: (B) (NBT-BCIP), (C) (DAB), and (D) (acid
fast red). Color deconvolution using RGB vectors for black color instead for DAB (brown) for the same image took away
non-NBT-BCIP signals ((E); indicated by arrows in (B), while overexposing brown (F) and red (G). Original magnification:
20⇥; scale bar: 100 µm. Vectors used: Nuclear fast red (NFR)-NBT-BCIP-DAB (NFR: R=0.350, G = 0.840, B = 0.408; NBT-BCIP:
R = 0.677, G = 0.627, B = 0.384; DAB: R = 0.443, G = 0.598, B = 0.667), and NFR-NBT-BCIP-BLACK (NFR: R = 0.375, G = 0.827,
B = 0.416; NBT-BCIP: R = 0.647, G = 0.649, B = 0.398; BLACK: R = 0.588, G = 0.578, B = 0.565).
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Figure 6. Graphs depicting quantification of miRs (miR-21 and miR-155) detected by different methods and using two
different software. Means of positive pixel area percentage (PPAP, 1A and 1B) and integrated optical density (IOD, 1C and
1D) of miR signal in single ISH (control method: M0) and various combinations of double staining methods (M1-M4) were
compared using paired Student�s t-test. No miR probe served as negative control tissue (Neg Ctrl). Two different types
of image analysis software were used for the quantification: ImageJ (1A,1C,2E,2F) and Aperio (1B and 1D). In 2E and 2F,
measurements include both tumor and stroma. Same symbols in the graphs indicate same tissue.
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3.3. Contribution of Noise to miR Signal in the Double Staining Methods
Overall, higher PPAP and IOD for the miR stains were detected by AperioI compared

to ImageJ. The contribution of noise in the PPAP and IOD measurements of miR signals
were assessed against the negative controls. PPAPs of 0.044–0.22% and 0.29–4.49%, and
IODs of 0–0.2 ⇥ 10�5 and 1.3 ⇥ 10�3–5 ⇥ 10�5 were observed for ImageJ and AperioI,
respectively (Figure 6(1)), while they were nearly absent when the whole image (tumor
epithelium and stroma) was analyzed (Figure 6(2)). Of note, the background contributing
to true signals in general comes from the dark fibers present in the images (arrow Figure 5B).
Color deconvolution using RGB vectors obtained for black color instead for brown (DAB)
took away this unspecific signal from darkly stained tissues (DAB saturated) and dark
fibers (Figure 5E), and therefore the latter was used in the successive color deconvolution
of the images.

Since all methods gave comparable results, the least technically challenging and most
straightforward method (M3) was chosen for miR-204 staining of the OSCC cohort. AperioI
was chosen for the quantification of the staining for the cohort due to the more convenient
use of the deconvolution plugin and the automated quantification steps.

3.4. Cohort Description and Prognostic Significance of Clinico-Pathological Parameters
Tests of associations in between clinicopathological parameters (Pearson’s Chi-square:

Phi and Cramer’s V test ) showed significant association of WPI type 4 (p = 0.042), high
tumor budding (p = 0.051), and late tumor stage group (3 and 4) (p = 0.027) with higher
recurrence. Higher tumor budding (p = 0.019) and late tumor stage (p = 0.000) were
associated with increased risk of lymph node metastasis. Localization of tumor in gingiva
(p = 0.001) compared to tongue, and poor histological degree of differentiation (p = 0.007)
were associated with late tumor stages. Tumor budding showed significant association with
WPI (p = 0.001) and histological degree of differentiation (p = 0.004). Significant association
between tumor stage and depth of invasion (p = 0.000), alcohol and gender (p = 0.005),
smoking and gender (p = 0.001), smoking and alcohol (p = 0.000), age and gender (p = 0.001,
higher proportion of males were in the age group >65), age and tumor site (p = 0.031),
and age and smoking (p = 0.001, lower proportion of smokers in age group >65) were
also observed. KM survival analysis of the clinicopathological parameters demonstrated
significantly lower OS for lymph node metastasis and late tumor stage groups (Figure 7).
For age groups, age group greater than 65 showed poorer OS compared to the younger
group. OS was poorer with poorer histological degree of differentiation and when the
site of tumor was the gingiva (Figure 7). Subsequent univariate Cox regression of the
clinicopathological variables showed significant increase in relative risk of death for age
group >65 years, late stage tumor, and lymph node metastasis. Tumor site in gingiva
and poor histological degree of differentiation also showed significant increase in OS risk
(Table 1). Multivariate Cox regression of the significant parameters in the univariate model
revealed age and tumor stage as the independent predictors of the OS (Table 2). Only
tumor stage showed significant association with RFS in the univariate analysis (Table 1).
Late tumor stages approximately doubled the risk of recurrence compared to early tumor
stages (Table 2).
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group.OSwaspoorerwithpoorerhistologicaldegreeofdifferentiationandwhenthe
siteoftumorwasthegingiva(Figure7).SubsequentunivariateCoxregressionofthe
clinicopathologicalvariablesshowedsignificantincreaseinrelativeriskofdeathforage
group>65years,latestagetumor,andlymphnodemetastasis.Tumorsiteingingiva
andpoorhistologicaldegreeofdifferentiationalsoshowedsignificantincreaseinOSrisk
(Table1).MultivariateCoxregressionofthesignificantparametersintheunivariatemodel
revealedageandtumorstageastheindependentpredictorsoftheOS(Table2).Only
tumorstageshowedsignificantassociationwithRFSintheunivariateanalysis(Table1).
Latetumorstagesapproximatelydoubledtheriskofrecurrencecomparedtoearlytumor
stages(Table2).
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3.3. Contribution of Noise to miR Signal in the Double Staining Methods
Overall, higher PPAP and IOD for the miR stains were detected by AperioI compared

to ImageJ. The contribution of noise in the PPAP and IOD measurements of miR signals
were assessed against the negative controls. PPAPs of 0.044–0.22% and 0.29–4.49%, and
IODs of 0–0.2 ⇥ 10�5 and 1.3 ⇥ 10�3–5 ⇥ 10�5 were observed for ImageJ and AperioI,
respectively (Figure 6(1)), while they were nearly absent when the whole image (tumor
epithelium and stroma) was analyzed (Figure 6(2)). Of note, the background contributing
to true signals in general comes from the dark fibers present in the images (arrow Figure 5B).
Color deconvolution using RGB vectors obtained for black color instead for brown (DAB)
took away this unspecific signal from darkly stained tissues (DAB saturated) and dark
fibers (Figure 5E), and therefore the latter was used in the successive color deconvolution
of the images.

Since all methods gave comparable results, the least technically challenging and most
straightforward method (M3) was chosen for miR-204 staining of the OSCC cohort. AperioI
was chosen for the quantification of the staining for the cohort due to the more convenient
use of the deconvolution plugin and the automated quantification steps.

3.4. Cohort Description and Prognostic Significance of Clinico-Pathological Parameters
Tests of associations in between clinicopathological parameters (Pearson’s Chi-square:

Phi and Cramer’s V test ) showed significant association of WPI type 4 (p = 0.042), high
tumor budding (p = 0.051), and late tumor stage group (3 and 4) (p = 0.027) with higher
recurrence. Higher tumor budding (p = 0.019) and late tumor stage (p = 0.000) were
associated with increased risk of lymph node metastasis. Localization of tumor in gingiva
(p = 0.001) compared to tongue, and poor histological degree of differentiation (p = 0.007)
were associated with late tumor stages. Tumor budding showed significant association with
WPI (p = 0.001) and histological degree of differentiation (p = 0.004). Significant association
between tumor stage and depth of invasion (p = 0.000), alcohol and gender (p = 0.005),
smoking and gender (p = 0.001), smoking and alcohol (p = 0.000), age and gender (p = 0.001,
higher proportion of males were in the age group >65), age and tumor site (p = 0.031),
and age and smoking (p = 0.001, lower proportion of smokers in age group >65) were
also observed. KM survival analysis of the clinicopathological parameters demonstrated
significantly lower OS for lymph node metastasis and late tumor stage groups (Figure 7).
For age groups, age group greater than 65 showed poorer OS compared to the younger
group. OS was poorer with poorer histological degree of differentiation and when the
site of tumor was the gingiva (Figure 7). Subsequent univariate Cox regression of the
clinicopathological variables showed significant increase in relative risk of death for age
group >65 years, late stage tumor, and lymph node metastasis. Tumor site in gingiva
and poor histological degree of differentiation also showed significant increase in OS risk
(Table 1). Multivariate Cox regression of the significant parameters in the univariate model
revealed age and tumor stage as the independent predictors of the OS (Table 2). Only
tumor stage showed significant association with RFS in the univariate analysis (Table 1).
Late tumor stages approximately doubled the risk of recurrence compared to early tumor
stages (Table 2).
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wereassociatedwithlatetumorstages.Tumorbuddingshowedsignificantassociationwith
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higherproportionofmaleswereintheagegroup>65),ageandtumorsite(p=0.031),
andageandsmoking(p=0.001,lowerproportionofsmokersinagegroup>65)were
alsoobserved.KMsurvivalanalysisoftheclinicopathologicalparametersdemonstrated
significantlylowerOSforlymphnodemetastasisandlatetumorstagegroups(Figure7).
Foragegroups,agegroupgreaterthan65showedpoorerOScomparedtotheyounger
group.OSwaspoorerwithpoorerhistologicaldegreeofdifferentiationandwhenthe
siteoftumorwasthegingiva(Figure7).SubsequentunivariateCoxregressionofthe
clinicopathologicalvariablesshowedsignificantincreaseinrelativeriskofdeathforage
group>65years,latestagetumor,andlymphnodemetastasis.Tumorsiteingingiva
andpoorhistologicaldegreeofdifferentiationalsoshowedsignificantincreaseinOSrisk
(Table1).MultivariateCoxregressionofthesignificantparametersintheunivariatemodel
revealedageandtumorstageastheindependentpredictorsoftheOS(Table2).Only
tumorstageshowedsignificantassociationwithRFSintheunivariateanalysis(Table1).
Latetumorstagesapproximatelydoubledtheriskofrecurrencecomparedtoearlytumor
stages(Table2).
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Figure 7. Kaplan–Meir plots of the survival functions (overall survival and recurrence-free survival)
for sub-groups defined by different clinicopathological parameters and associated p-values (log-rank
test). Only parameters with significant (p < 0.05) or near significant survival differences are shown.

Table 1. Univariate estimates of the risks of the clinicopathological parameters by Cox regression.

Parameters N (%) Overall Survival Recurrence Free Survival

p-Value HR (95% CI) p-Value HR (95% CI)

miR-204_TF
0.04 0.036Low 67 (41.9) 1 1

High 65 (40.8) 0.657 (0.44–0.98) 0.56 (0.33–0.96)

miR-204_TC
0.234 0.245Low 79 (49.4) 1 1

High 79 (49.4) 0.804 (0.56–1.15) 0.75 (80.46–1.22)

Age (years)
0.003 0.33365 85 (53.1) 1 1

>65 74 (46.3) 1.73 (1.20–2.48) 0.27 (0.78–2.08)

Gender
0.296 0.191Female 58 (36.3) 1 1

Male 102 (60.5) 1.22 (0.84–0.18) 1.42 (0.84–2.38)

Alcohol
0.137 0.51Low-Normal 51 (31.9) 1 1

Moderate-High 35 (21.9) 1.47 (0.89–2.43) 1.23 (0.63–2.55)

Smoking
0.44 0.287No 49 (30.6) 1 1

Yes 75 (46.9) 1.18 (0.78–1.79) 1.37 (0.77–2.46)
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Table 1. Cont.

Parameters N (%) Overall Survival Recurrence Free Survival

p-Value HR (95% CI) p-Value HR (95% CI)

Tumor site
0.063 0.591Tongue 71 (44.4) 1 1

Gingiva 42 (26.3) 1.50 (0.98–2.30) 1.10 (0.77–1.56)

Stage
0.001 0.004Early (1&2) 76 (47.5) 1 1

Late (3&4) 84 (52.5) 1.90 (1.32–2.75) 2.11 (1.27–3.50)

T stage 0.005 0.032
T1 1 1
T2 0.002 1.90 (1.13–3.21) 0.107 1.82 (0.88–3.77)
T3 0.104 1.63 (0.90–2.929 0.178 1.76 (0.77–4.02)
T4 0 2.47 (1.50–4.07) 0.003 2.86 (1.42–5.77)

Lymph node
0.031 0.108No metastasis 112 870) 1 1

Metastasis 48 (30) 1.51 (1.04–2.2) 1.52 (0.91–2.54)

Distant metastasis
0.113 0.662No 139 (86.9) 1 1

Yes 21 (13.1) 0.677 (0.42–0.10) 1.19 (0.54–2.61)

Depth of invasion
0.21 0.261Superficial (<4mm) 41 (25.6) 1 1

Deep (�4mm) 46 (28.7) 1.376 (0.84–0.27) 1.51 (0.74–3.10)

Tumor budding score
0.647 0.19Low (<5 buds) 72 (45) 1 1

High (�5 buds) 58 (36) 1.097 (0.74–1.63) 1.43 (0.84–2.43)

Histological degree of
differentiation

Well diff 72 (45) 0.053 1 0.392 1
Poor diff 58 (36) 1.55 (0.99–2.4) 1.32 (0.70–2.47)

Worst pattern of invasion
Type 1–3 19 (11.9) 0.578 1 0.187 1
Type 4 111 (69.4) 1.47(0.89–2.43) 1.99 (0.72–5.50)

Table 2. Multivariate Cox regression for the significant parameters from the univariate model and miR expressions.

Parameters N (%) a Overall Survival b Recurrence Free Survival

p-Value HR (95% CI) p-Value HR (95% CI)

miR-204_TF
0.048 0.033Low 67 (41.9) 1 1

High 65 (40.8) 0.668 (0.45–1.00) 0.55(0.32–0.95)

miR-204_TC
0.26 0.193Low 79 (49.4) 1 1

High 79 (49.4) 0.812 (0.56–1.17) 0.72 (0.44–1.22)

Age (years)
0.00465 85 (53.1) 1

>65 74 (46.3) 1.80 (1.20–2.70)

Stage
0.005 0.004Early (1&2) 76 (47.5) 1 1

Late (3&4) 84 (52.5) 1.78 (1.12–2.67) 2.11 (1.27–3.50)

Lymph node
0.108No metastasis 112 870) 1

Metastasis 48 (30) 1.057 (1.04–2.2)
a Adjusted for age and tumor stage; b Adjusted for tumor stage.
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ParametersN(%)OverallSurvivalRecurrenceFreeSurvival

p-ValueHR(95%CI)p-ValueHR(95%CI)

Tumorsite
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Gingiva42(26.3)1.50(0.98–2.30)1.10(0.77–1.56)

Stage
0.0010.004 Early(1&2)76(47.5)11

Late(3&4)84(52.5)1.90(1.32–2.75)2.11(1.27–3.50)

Tstage0.0050.032
T111
T20.0021.90(1.13–3.21)0.1071.82(0.88–3.77)
T30.1041.63(0.90–2.9290.1781.76(0.77–4.02)
T402.47(1.50–4.07)0.0032.86(1.42–5.77)

Lymphnode
0.0310.108 Nometastasis112870)11

Metastasis48(30)1.51(1.04–2.2)1.52(0.91–2.54)

Distantmetastasis
0.1130.662 No139(86.9)11

Yes21(13.1)0.677(0.42–0.10)1.19(0.54–2.61)

Depthofinvasion
0.210.261 Superficial(<4mm)41(25.6)11

Deep(�4mm)46(28.7)1.376(0.84–0.27)1.51(0.74–3.10)

Tumorbuddingscore
0.6470.19 Low(<5buds)72(45)11

High(�5buds)58(36)1.097(0.74–1.63)1.43(0.84–2.43)

Histologicaldegreeof
differentiation

Welldiff72(45)0.05310.3921
Poordiff58(36)1.55(0.99–2.4)1.32(0.70–2.47)

Worstpatternofinvasion
Type1–319(11.9)0.57810.1871
Type4111(69.4)1.47(0.89–2.43)1.99(0.72–5.50)

Table2.MultivariateCoxregressionforthesignificantparametersfromtheunivariatemodelandmiRexpressions.

ParametersN(%)aOverallSurvivalbRecurrenceFreeSurvival

p-ValueHR(95%CI)p-ValueHR(95%CI)

miR-204_TF
0.0480.033 Low67(41.9)11

High65(40.8)0.668(0.45–1.00)0.55(0.32–0.95)

miR-204_TC
0.260.193 Low79(49.4)11

High79(49.4)0.812(0.56–1.17)0.72(0.44–1.22)

Age(years)
0.004 6585(53.1)1

>6574(46.3)1.80(1.20–2.70)

Stage
0.0050.004 Early(1&2)76(47.5)11

Late(3&4)84(52.5)1.78(1.12–2.67)2.11(1.27–3.50)

Lymphnode
0.108 Nometastasis112870)1

Metastasis48(30)1.057(1.04–2.2)
aAdjustedforageandtumorstage;bAdjustedfortumorstage.
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Late (3&4) 84 (52.5) 1.90 (1.32–2.75) 2.11 (1.27–3.50)

T stage 0.005 0.032
T1 1 1
T2 0.002 1.90 (1.13–3.21) 0.107 1.82 (0.88–3.77)
T3 0.104 1.63 (0.90–2.929 0.178 1.76 (0.77–4.02)
T4 0 2.47 (1.50–4.07) 0.003 2.86 (1.42–5.77)

Lymph node
0.031 0.108No metastasis 112 870) 1 1

Metastasis 48 (30) 1.51 (1.04–2.2) 1.52 (0.91–2.54)

Distant metastasis
0.113 0.662No 139 (86.9) 1 1

Yes 21 (13.1) 0.677 (0.42–0.10) 1.19 (0.54–2.61)

Depth of invasion
0.21 0.261Superficial (<4mm) 41 (25.6) 1 1

Deep (�4mm) 46 (28.7) 1.376 (0.84–0.27) 1.51 (0.74–3.10)

Tumor budding score
0.647 0.19Low (<5 buds) 72 (45) 1 1

High (�5 buds) 58 (36) 1.097 (0.74–1.63) 1.43 (0.84–2.43)

Histological degree of
differentiation

Well diff 72 (45) 0.053 1 0.392 1
Poor diff 58 (36) 1.55 (0.99–2.4) 1.32 (0.70–2.47)

Worst pattern of invasion
Type 1–3 19 (11.9) 0.578 1 0.187 1
Type 4 111 (69.4) 1.47(0.89–2.43) 1.99 (0.72–5.50)

Table 2. Multivariate Cox regression for the significant parameters from the univariate model and miR expressions.

Parameters N (%) a Overall Survival b Recurrence Free Survival

p-Value HR (95% CI) p-Value HR (95% CI)

miR-204_TF
0.048 0.033Low 67 (41.9) 1 1

High 65 (40.8) 0.668 (0.45–1.00) 0.55(0.32–0.95)

miR-204_TC
0.26 0.193Low 79 (49.4) 1 1

High 79 (49.4) 0.812 (0.56–1.17) 0.72 (0.44–1.22)

Age (years)
0.00465 85 (53.1) 1

>65 74 (46.3) 1.80 (1.20–2.70)

Stage
0.005 0.004Early (1&2) 76 (47.5) 1 1

Late (3&4) 84 (52.5) 1.78 (1.12–2.67) 2.11 (1.27–3.50)

Lymph node
0.108No metastasis 112 870) 1

Metastasis 48 (30) 1.057 (1.04–2.2)
a Adjusted for age and tumor stage; b Adjusted for tumor stage.
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3.5. Expression of miR-204 in NHOM and OSCC
Expression of miR-204 was very low in the connective tissue subjacent to normal oral

mucosa, followed by significantly higher expression in the peritumoral regions, stroma of
tumor front, and tumor center, in ascending order (Figure 4). However, both intertumor
and intratumor heterogeneity in stromal expression of miR-204 was observed in OSCC
samples (Figure 4). A subset of OSCCs expressed stromal miR-204 at a comparative level to
the connective tissue of NHOM. Another subset of OSCC tissues showed higher expression
of stromal miR-204, with higher expression in the stroma of the tumor center compared
to the stroma of the tumor front. Nevertheless, concurrent expression of miR-204 in the
stroma in tumor center and stroma in the tumor front was observed, with Spearman’s
rho correlation revealing a very strong significant correlation (rs = 0.903; p = 0.000). A
concomitant expression of miR-204 in the stroma and tumor cells was also observed
(Figure 4A). Since qRT-PCR is widely accepted as the gold standard for miR expression
analyses, to further validate that the double ISH-IHC method is sensitive and specific
enough for quantification of miR-204 in FFPE samples we performed qRT-PCR on 10% of
the cohort samples (16 randomly selected tissue samples). The correlation analysis revealed
a significant correlation (Pearson r = 0.60; p = 0.01) between the two methods (Figure S1).

3.6. Prognostic Significance of Stromal miR-204
A Pearson Chi-square test of miR-204 expression with the clinical variables showed

significant association (p = 0.018) of miR-204 expression in the stroma of the tumor center
with histological degree of differentiation. Near significant association (p = 0.052) with
the same was observed for miR-204 expression in the stroma of the tumor front. For all
other variables, no association was found. The test showed independence of age, gender,
smoking, and alcohol with all the clinical variables, except for association of age with
death (p < 0.001). Further association tests by Spearman rho correlation between miR-204
expressions with the clinical variables showed significant positive association of stromal
miR-204 in the tumor center with histological degree of differentiation (r =�0.189; p < 0.05),
i.e., increased histological differentiation was linked to higher miR-204 expression.

KM analysis of survival difference of the miR-204 high and miR-204 low group in the
stroma in the tumor front predicted significantly better OS and RFS for high miR-204 group.
Though statistical significance was not obtained, similar survival distribution appeared
for the stromal miR-204 groups in the tumor center (Figure 8). In line with KM analysis,
univariate Cox regression showed significant reduction in the relative risk of dying by
34.3% and recurrence by 46% for the miR-204 high group. miR-204 expression predicted
similar outcomes in the multivariate model after adjusting for the age and tumor stage for
OS and adjusting for stage in RFS (Table 2).
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othervariables,noassociationwasfound.Thetestshowedindependenceofage,gender,
smoking,andalcoholwithalltheclinicalvariables,exceptforassociationofagewith
death(p<0.001).FurtherassociationtestsbySpearmanrhocorrelationbetweenmiR-204
expressionswiththeclinicalvariablesshowedsignificantpositiveassociationofstromal
miR-204inthetumorcenterwithhistologicaldegreeofdifferentiation(r=�0.189;p<0.05),
i.e.,increasedhistologicaldifferentiationwaslinkedtohighermiR-204expression.

KManalysisofsurvivaldifferenceofthemiR-204highandmiR-204lowgroupinthe
stromainthetumorfrontpredictedsignificantlybetterOSandRFSforhighmiR-204group.
Thoughstatisticalsignificancewasnotobtained,similarsurvivaldistributionappeared
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34.3%andrecurrenceby46%forthemiR-204highgroup.miR-204expressionpredicted
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OSandadjustingforstageinRFS(Table2).
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3.5. Expression of miR-204 in NHOM and OSCC
Expression of miR-204 was very low in the connective tissue subjacent to normal oral

mucosa, followed by significantly higher expression in the peritumoral regions, stroma of
tumor front, and tumor center, in ascending order (Figure 4). However, both intertumor
and intratumor heterogeneity in stromal expression of miR-204 was observed in OSCC
samples (Figure 4). A subset of OSCCs expressed stromal miR-204 at a comparative level to
the connective tissue of NHOM. Another subset of OSCC tissues showed higher expression
of stromal miR-204, with higher expression in the stroma of the tumor center compared
to the stroma of the tumor front. Nevertheless, concurrent expression of miR-204 in the
stroma in tumor center and stroma in the tumor front was observed, with Spearman’s
rho correlation revealing a very strong significant correlation (rs = 0.903; p = 0.000). A
concomitant expression of miR-204 in the stroma and tumor cells was also observed
(Figure 4A). Since qRT-PCR is widely accepted as the gold standard for miR expression
analyses, to further validate that the double ISH-IHC method is sensitive and specific
enough for quantification of miR-204 in FFPE samples we performed qRT-PCR on 10% of
the cohort samples (16 randomly selected tissue samples). The correlation analysis revealed
a significant correlation (Pearson r = 0.60; p = 0.01) between the two methods (Figure S1).

3.6. Prognostic Significance of Stromal miR-204
A Pearson Chi-square test of miR-204 expression with the clinical variables showed

significant association (p = 0.018) of miR-204 expression in the stroma of the tumor center
with histological degree of differentiation. Near significant association (p = 0.052) with
the same was observed for miR-204 expression in the stroma of the tumor front. For all
other variables, no association was found. The test showed independence of age, gender,
smoking, and alcohol with all the clinical variables, except for association of age with
death (p < 0.001). Further association tests by Spearman rho correlation between miR-204
expressions with the clinical variables showed significant positive association of stromal
miR-204 in the tumor center with histological degree of differentiation (r =�0.189; p < 0.05),
i.e., increased histological differentiation was linked to higher miR-204 expression.

KM analysis of survival difference of the miR-204 high and miR-204 low group in the
stroma in the tumor front predicted significantly better OS and RFS for high miR-204 group.
Though statistical significance was not obtained, similar survival distribution appeared
for the stromal miR-204 groups in the tumor center (Figure 8). In line with KM analysis,
univariate Cox regression showed significant reduction in the relative risk of dying by
34.3% and recurrence by 46% for the miR-204 high group. miR-204 expression predicted
similar outcomes in the multivariate model after adjusting for the age and tumor stage for
OS and adjusting for stage in RFS (Table 2).
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Figure 8. Kaplan–Meir survival plots (overall survival and recurrence-free survival) for low and high
miR-204 expression groups in the stroma at the tumor front (A,C) and tumor center (B,D). p values
are derived from log-rank test.

4. Discussion
Information on spatial location and distribution of miR in cancer tissues that is obtain-

able through miRs staining is more informative than the PCR-based methods and provides
details on the role of cell- or tissue compartment-specific miRs in cancer. In addition,
while staining of miRs informs us about their presence/absence in comparison to the
normal adjacent tissues and hence their involvement in carcinogenesis, concomitant IHC
for proteins can provide better mechanistic insights into cancer progression by miRs. Thus,
dual staining of miR and protein provides superior information that might be used for a
more accurate stratification of patients compared to individual detection of biomarkers. In
our study, the double staining allowed us to accurately identify tumor stroma. Methods
employing dual staining of miR and protein in same tissue section have been achieved
recently in some studies, mostly using fluorochromes [13,35–37] or chromogens Nuovo [38].
A major drawback with the established methods is that the information on the influence
of IHC on staining of miR by ISH is lacking, with most of the established methods being
limited to IHC performed only after miR ISH. This study adds in the flexibility to stain low
expressed miR or proteins after the ones with higher expression.

Different alternatives of combining miR ISH and pan-CK IHC were tested (Figure 1)
and the effect of the steps involved in the double staining methods on staining outcome of
individual stains were also examined. All the combined methods tested in this study could
reliably detect pan-CK and miRs in a single FFPE tissue section. The primary concern
was if DAB-based IHC would affect the miR ISH stain. Single miRs ISH with counter
nuclear staining (method M0) was taken as a control method, and all other methods were
compared to it. Method 1, miR ISH and subsequent IHC, was chosen to see if IHC would
diminish or overlay ISH staining, and to find out whether primary antibodies in the IHC
method can still find the antigen epitopes. Methods 2 and 3 were chosen to see if miR probe
bound to miR or Fab bound to the DIG-linked probe in the miR-binding probe would be
affected by steps involved in IHC. DAB reaction was introduced before NBT-BCIP reaction
in method 2 to test if the DAB product would affect Fab-AP accessibility to NBT-BCIP
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reaction. DAB reaction was conducted at the final step in method 3, to see the similar
effects of DAB reaction and/or product on miR stain as in method 1. Method 4 was chosen
to see how IHC staining (DAB product) would affect miR accessibility, miR probe binding,
and thus the final miR staining. On the other hand, the methods were also a guide as to
how IHC staining is affected by steps involved in miR staining in the combined double
staining methods.

All the protocols used showed absence of nonspecific miR signals by using different
negative controls. One such negative control for the miR-specific probes is to use scramble
oligonucleotide probes with no target-binding site. In this study a scramble oligonucleotide
was tested at five different temperatures (48 �C, 50 �C, 51 �C, 53 �C, and 55 �C). The
scramble oligonucleotide showed positive staining at 48 �C. Therefore, despite lacking
any target-binding site, a scramble oligonucleotide may not be a universal control probe.
A more suitable scramble control is the one with a melting temperature the same as that
of miR specific probe. In ISH, melting temperature of a target oligonucleotide probe
largely determines its specificity. The higher the hybridization temperature, the higher the
specificity, but this may compromise the signal. On the contrary, a lower hybridization
temperature may increase signal, but can result in cross-hybridization to a similar sequence,
causing increases in unspecific binding or the noise. Having no miR target probe in a
negative control in miR ISH is a test for antibody specificity, and a measure of efficient
blocking. Failure in specific antibody binding, and insufficient blocking, both result in a
false positive signal. Specific tissues can also be used as controls based upon established
staining results, but the results can be the function of sensitivity of the methods used. Here
we used miR-21 on OSCC samples; miR-21 is a well-established tumor stroma-specific miR
in OSCC and it is not expressed in normal oral mucosa; however, it is also not expressed in
a subgroup of oral cancers [13]. Therefore, inter-individual and intra-tissue heterogeneity
that may result in heterogeneous staining outcomes should also be considered when
evaluating the controls.

Noise and signal are completely unavoidable in any staining methods. Color de-
convolution to blue from darkly stained DAB was observed previously in a pioneering
color deconvolution study by Ruifrok and Johnston [39]. We have been able to remove
a major part of the noise by demonstrating that vectors obtained for black color instead
for brown (DAB) can take away signal from saturated stain and dark fibers. Another way
to avoid noise would be to exclude such tissue compartments from annotation. In our
observation, noise can also occur from inefficient blocking, low hybridization temperature,
high antibody and substrate concentration, incubation and/or reaction temperature, and
time. We also found a nonspecific binding of anti-DIG-Fab to stroma in normal oral mucosa.
Perhaps this is inherent to some tissues or an outcome of harsh pre-treatments.

ImageJ is an open source program for image analysis. Free availability of ImageJ and
its plugins is a major advantage over AperioI in image quantification. However, there
are a few limitations. The first is related to annotation. Distance and area measurement
require additional steps such as setting up the scale measurements and command for
the measurements. In addition, annotations need to be permanently saved within the
pictures if they are to be analyzed or revisited later. The annotation shortcomings of ImageJ
can be compensated by annotation using freely available software such as NDP.view2
(Hamamatsu) or AperioI. Secondly, unless one can program ImageJ to record and install
macros for the steps involved in quantification such as annotation selection, deconvolution,
threshold setting, and quantification, for automated analysis and batch feeding, all the
steps need to be carried out one at a time, and pictures fed individually, which takes a
significant amount of time. All these steps are automated in AperioI and take less time, but
the plugin required for the quantification requires paid licensing. In addition, introducing
a new vector (color) in ImageJ color deconvolution plugin is technically challenging, while
it is user friendly in AperioI once one has the plugin.

We further showed that the combined method gives comparable quantifiable results
to the gold standard method of qRT-PCR, in addition to having the advantage of showing
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reaction.DABreactionwasconductedatthefinalstepinmethod3,toseethesimilar
effectsofDABreactionand/orproductonmiRstainasinmethod1.Method4waschosen
toseehowIHCstaining(DABproduct)wouldaffectmiRaccessibility,miRprobebinding,
andthusthefinalmiRstaining.Ontheotherhand,themethodswerealsoaguideasto
howIHCstainingisaffectedbystepsinvolvedinmiRstaininginthecombineddouble
stainingmethods.

AlltheprotocolsusedshowedabsenceofnonspecificmiRsignalsbyusingdifferent
negativecontrols.OnesuchnegativecontrolforthemiR-specificprobesistousescramble
oligonucleotideprobeswithnotarget-bindingsite.Inthisstudyascrambleoligonucleotide
wastestedatfivedifferenttemperatures(48�C,50�C,51�C,53�C,and55�C).The
scrambleoligonucleotideshowedpositivestainingat48�C.Therefore,despitelacking
anytarget-bindingsite,ascrambleoligonucleotidemaynotbeauniversalcontrolprobe.
Amoresuitablescramblecontrolistheonewithameltingtemperaturethesameasthat
ofmiRspecificprobe.InISH,meltingtemperatureofatargetoligonucleotideprobe
largelydeterminesitsspecificity.Thehigherthehybridizationtemperature,thehigherthe
specificity,butthismaycompromisethesignal.Onthecontrary,alowerhybridization
temperaturemayincreasesignal,butcanresultincross-hybridizationtoasimilarsequence,
causingincreasesinunspecificbindingorthenoise.HavingnomiRtargetprobeina
negativecontrolinmiRISHisatestforantibodyspecificity,andameasureofefficient
blocking.Failureinspecificantibodybinding,andinsufficientblocking,bothresultina
falsepositivesignal.Specifictissuescanalsobeusedascontrolsbaseduponestablished
stainingresults,buttheresultscanbethefunctionofsensitivityofthemethodsused.Here
weusedmiR-21onOSCCsamples;miR-21isawell-establishedtumorstroma-specificmiR
inOSCCanditisnotexpressedinnormaloralmucosa;however,itisalsonotexpressedin
asubgroupoforalcancers[13].Therefore,inter-individualandintra-tissueheterogeneity
thatmayresultinheterogeneousstainingoutcomesshouldalsobeconsideredwhen
evaluatingthecontrols.

Noiseandsignalarecompletelyunavoidableinanystainingmethods.Colorde-
convolutiontobluefromdarklystainedDABwasobservedpreviouslyinapioneering
colordeconvolutionstudybyRuifrokandJohnston[39].Wehavebeenabletoremove
amajorpartofthenoisebydemonstratingthatvectorsobtainedforblackcolorinstead
forbrown(DAB)cantakeawaysignalfromsaturatedstainanddarkfibers.Anotherway
toavoidnoisewouldbetoexcludesuchtissuecompartmentsfromannotation.Inour
observation,noisecanalsooccurfrominefficientblocking,lowhybridizationtemperature,
highantibodyandsubstrateconcentration,incubationand/orreactiontemperature,and
time.Wealsofoundanonspecificbindingofanti-DIG-Fabtostromainnormaloralmucosa.
Perhapsthisisinherenttosometissuesoranoutcomeofharshpre-treatments.

ImageJisanopensourceprogramforimageanalysis.FreeavailabilityofImageJand
itspluginsisamajoradvantageoverAperioIinimagequantification.However,there
areafewlimitations.Thefirstisrelatedtoannotation.Distanceandareameasurement
requireadditionalstepssuchassettingupthescalemeasurementsandcommandfor
themeasurements.Inaddition,annotationsneedtobepermanentlysavedwithinthe
picturesiftheyaretobeanalyzedorrevisitedlater.TheannotationshortcomingsofImageJ
canbecompensatedbyannotationusingfreelyavailablesoftwaresuchasNDP.view2
(Hamamatsu)orAperioI.Secondly,unlessonecanprogramImageJtorecordandinstall
macrosforthestepsinvolvedinquantificationsuchasannotationselection,deconvolution,
thresholdsetting,andquantification,forautomatedanalysisandbatchfeeding,allthe
stepsneedtobecarriedoutoneatatime,andpicturesfedindividually,whichtakesa
significantamountoftime.AllthesestepsareautomatedinAperioIandtakelesstime,but
thepluginrequiredforthequantificationrequirespaidlicensing.Inaddition,introducing
anewvector(color)inImageJcolordeconvolutionpluginistechnicallychallenging,while
itisuserfriendlyinAperioIonceonehastheplugin.

Wefurthershowedthatthecombinedmethodgivescomparablequantifiableresults
tothegoldstandardmethodofqRT-PCR,inadditiontohavingtheadvantageofshowing
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reaction. DAB reaction was conducted at the final step in method 3, to see the similar
effects of DAB reaction and/or product on miR stain as in method 1. Method 4 was chosen
to see how IHC staining (DAB product) would affect miR accessibility, miR probe binding,
and thus the final miR staining. On the other hand, the methods were also a guide as to
how IHC staining is affected by steps involved in miR staining in the combined double
staining methods.

All the protocols used showed absence of nonspecific miR signals by using different
negative controls. One such negative control for the miR-specific probes is to use scramble
oligonucleotide probes with no target-binding site. In this study a scramble oligonucleotide
was tested at five different temperatures (48 �C, 50 �C, 51 �C, 53 �C, and 55 �C). The
scramble oligonucleotide showed positive staining at 48 �C. Therefore, despite lacking
any target-binding site, a scramble oligonucleotide may not be a universal control probe.
A more suitable scramble control is the one with a melting temperature the same as that
of miR specific probe. In ISH, melting temperature of a target oligonucleotide probe
largely determines its specificity. The higher the hybridization temperature, the higher the
specificity, but this may compromise the signal. On the contrary, a lower hybridization
temperature may increase signal, but can result in cross-hybridization to a similar sequence,
causing increases in unspecific binding or the noise. Having no miR target probe in a
negative control in miR ISH is a test for antibody specificity, and a measure of efficient
blocking. Failure in specific antibody binding, and insufficient blocking, both result in a
false positive signal. Specific tissues can also be used as controls based upon established
staining results, but the results can be the function of sensitivity of the methods used. Here
we used miR-21 on OSCC samples; miR-21 is a well-established tumor stroma-specific miR
in OSCC and it is not expressed in normal oral mucosa; however, it is also not expressed in
a subgroup of oral cancers [13]. Therefore, inter-individual and intra-tissue heterogeneity
that may result in heterogeneous staining outcomes should also be considered when
evaluating the controls.

Noise and signal are completely unavoidable in any staining methods. Color de-
convolution to blue from darkly stained DAB was observed previously in a pioneering
color deconvolution study by Ruifrok and Johnston [39]. We have been able to remove
a major part of the noise by demonstrating that vectors obtained for black color instead
for brown (DAB) can take away signal from saturated stain and dark fibers. Another way
to avoid noise would be to exclude such tissue compartments from annotation. In our
observation, noise can also occur from inefficient blocking, low hybridization temperature,
high antibody and substrate concentration, incubation and/or reaction temperature, and
time. We also found a nonspecific binding of anti-DIG-Fab to stroma in normal oral mucosa.
Perhaps this is inherent to some tissues or an outcome of harsh pre-treatments.

ImageJ is an open source program for image analysis. Free availability of ImageJ and
its plugins is a major advantage over AperioI in image quantification. However, there
are a few limitations. The first is related to annotation. Distance and area measurement
require additional steps such as setting up the scale measurements and command for
the measurements. In addition, annotations need to be permanently saved within the
pictures if they are to be analyzed or revisited later. The annotation shortcomings of ImageJ
can be compensated by annotation using freely available software such as NDP.view2
(Hamamatsu) or AperioI. Secondly, unless one can program ImageJ to record and install
macros for the steps involved in quantification such as annotation selection, deconvolution,
threshold setting, and quantification, for automated analysis and batch feeding, all the
steps need to be carried out one at a time, and pictures fed individually, which takes a
significant amount of time. All these steps are automated in AperioI and take less time, but
the plugin required for the quantification requires paid licensing. In addition, introducing
a new vector (color) in ImageJ color deconvolution plugin is technically challenging, while
it is user friendly in AperioI once one has the plugin.

We further showed that the combined method gives comparable quantifiable results
to the gold standard method of qRT-PCR, in addition to having the advantage of showing
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reaction. DAB reaction was conducted at the final step in method 3, to see the similar
effects of DAB reaction and/or product on miR stain as in method 1. Method 4 was chosen
to see how IHC staining (DAB product) would affect miR accessibility, miR probe binding,
and thus the final miR staining. On the other hand, the methods were also a guide as to
how IHC staining is affected by steps involved in miR staining in the combined double
staining methods.

All the protocols used showed absence of nonspecific miR signals by using different
negative controls. One such negative control for the miR-specific probes is to use scramble
oligonucleotide probes with no target-binding site. In this study a scramble oligonucleotide
was tested at five different temperatures (48 �C, 50 �C, 51 �C, 53 �C, and 55 �C). The
scramble oligonucleotide showed positive staining at 48 �C. Therefore, despite lacking
any target-binding site, a scramble oligonucleotide may not be a universal control probe.
A more suitable scramble control is the one with a melting temperature the same as that
of miR specific probe. In ISH, melting temperature of a target oligonucleotide probe
largely determines its specificity. The higher the hybridization temperature, the higher the
specificity, but this may compromise the signal. On the contrary, a lower hybridization
temperature may increase signal, but can result in cross-hybridization to a similar sequence,
causing increases in unspecific binding or the noise. Having no miR target probe in a
negative control in miR ISH is a test for antibody specificity, and a measure of efficient
blocking. Failure in specific antibody binding, and insufficient blocking, both result in a
false positive signal. Specific tissues can also be used as controls based upon established
staining results, but the results can be the function of sensitivity of the methods used. Here
we used miR-21 on OSCC samples; miR-21 is a well-established tumor stroma-specific miR
in OSCC and it is not expressed in normal oral mucosa; however, it is also not expressed in
a subgroup of oral cancers [13]. Therefore, inter-individual and intra-tissue heterogeneity
that may result in heterogeneous staining outcomes should also be considered when
evaluating the controls.

Noise and signal are completely unavoidable in any staining methods. Color de-
convolution to blue from darkly stained DAB was observed previously in a pioneering
color deconvolution study by Ruifrok and Johnston [39]. We have been able to remove
a major part of the noise by demonstrating that vectors obtained for black color instead
for brown (DAB) can take away signal from saturated stain and dark fibers. Another way
to avoid noise would be to exclude such tissue compartments from annotation. In our
observation, noise can also occur from inefficient blocking, low hybridization temperature,
high antibody and substrate concentration, incubation and/or reaction temperature, and
time. We also found a nonspecific binding of anti-DIG-Fab to stroma in normal oral mucosa.
Perhaps this is inherent to some tissues or an outcome of harsh pre-treatments.

ImageJ is an open source program for image analysis. Free availability of ImageJ and
its plugins is a major advantage over AperioI in image quantification. However, there
are a few limitations. The first is related to annotation. Distance and area measurement
require additional steps such as setting up the scale measurements and command for
the measurements. In addition, annotations need to be permanently saved within the
pictures if they are to be analyzed or revisited later. The annotation shortcomings of ImageJ
can be compensated by annotation using freely available software such as NDP.view2
(Hamamatsu) or AperioI. Secondly, unless one can program ImageJ to record and install
macros for the steps involved in quantification such as annotation selection, deconvolution,
threshold setting, and quantification, for automated analysis and batch feeding, all the
steps need to be carried out one at a time, and pictures fed individually, which takes a
significant amount of time. All these steps are automated in AperioI and take less time, but
the plugin required for the quantification requires paid licensing. In addition, introducing
a new vector (color) in ImageJ color deconvolution plugin is technically challenging, while
it is user friendly in AperioI once one has the plugin.

We further showed that the combined method gives comparable quantifiable results
to the gold standard method of qRT-PCR, in addition to having the advantage of showing
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highantibodyandsubstrateconcentration,incubationand/orreactiontemperature,and
time.Wealsofoundanonspecificbindingofanti-DIG-Fabtostromainnormaloralmucosa.
Perhapsthisisinherenttosometissuesoranoutcomeofharshpre-treatments.

ImageJisanopensourceprogramforimageanalysis.FreeavailabilityofImageJand
itspluginsisamajoradvantageoverAperioIinimagequantification.However,there
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themeasurements.Inaddition,annotationsneedtobepermanentlysavedwithinthe
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(Hamamatsu)orAperioI.Secondly,unlessonecanprogramImageJtorecordandinstall
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stepsneedtobecarriedoutoneatatime,andpicturesfedindividually,whichtakesa
significantamountoftime.AllthesestepsareautomatedinAperioIandtakelesstime,but
thepluginrequiredforthequantificationrequirespaidlicensing.Inaddition,introducing
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weusedmiR-21onOSCCsamples;miR-21isawell-establishedtumorstroma-specificmiR
inOSCCanditisnotexpressedinnormaloralmucosa;however,itisalsonotexpressedin
asubgroupoforalcancers[13].Therefore,inter-individualandintra-tissueheterogeneity
thatmayresultinheterogeneousstainingoutcomesshouldalsobeconsideredwhen
evaluatingthecontrols.

Noiseandsignalarecompletelyunavoidableinanystainingmethods.Colorde-
convolutiontobluefromdarklystainedDABwasobservedpreviouslyinapioneering
colordeconvolutionstudybyRuifrokandJohnston[39].Wehavebeenabletoremove
amajorpartofthenoisebydemonstratingthatvectorsobtainedforblackcolorinstead
forbrown(DAB)cantakeawaysignalfromsaturatedstainanddarkfibers.Anotherway
toavoidnoisewouldbetoexcludesuchtissuecompartmentsfromannotation.Inour
observation,noisecanalsooccurfrominefficientblocking,lowhybridizationtemperature,
highantibodyandsubstrateconcentration,incubationand/orreactiontemperature,and
time.Wealsofoundanonspecificbindingofanti-DIG-Fabtostromainnormaloralmucosa.
Perhapsthisisinherenttosometissuesoranoutcomeofharshpre-treatments.

ImageJisanopensourceprogramforimageanalysis.FreeavailabilityofImageJand
itspluginsisamajoradvantageoverAperioIinimagequantification.However,there
areafewlimitations.Thefirstisrelatedtoannotation.Distanceandareameasurement
requireadditionalstepssuchassettingupthescalemeasurementsandcommandfor
themeasurements.Inaddition,annotationsneedtobepermanentlysavedwithinthe
picturesiftheyaretobeanalyzedorrevisitedlater.TheannotationshortcomingsofImageJ
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Cancers2021,13,130716of20

reaction.DABreactionwasconductedatthefinalstepinmethod3,toseethesimilar
effectsofDABreactionand/orproductonmiRstainasinmethod1.Method4waschosen
toseehowIHCstaining(DABproduct)wouldaffectmiRaccessibility,miRprobebinding,
andthusthefinalmiRstaining.Ontheotherhand,themethodswerealsoaguideasto
howIHCstainingisaffectedbystepsinvolvedinmiRstaininginthecombineddouble
stainingmethods.

AlltheprotocolsusedshowedabsenceofnonspecificmiRsignalsbyusingdifferent
negativecontrols.OnesuchnegativecontrolforthemiR-specificprobesistousescramble
oligonucleotideprobeswithnotarget-bindingsite.Inthisstudyascrambleoligonucleotide
wastestedatfivedifferenttemperatures(48�C,50�C,51�C,53�C,and55�C).The
scrambleoligonucleotideshowedpositivestainingat48�C.Therefore,despitelacking
anytarget-bindingsite,ascrambleoligonucleotidemaynotbeauniversalcontrolprobe.
Amoresuitablescramblecontrolistheonewithameltingtemperaturethesameasthat
ofmiRspecificprobe.InISH,meltingtemperatureofatargetoligonucleotideprobe
largelydeterminesitsspecificity.Thehigherthehybridizationtemperature,thehigherthe
specificity,butthismaycompromisethesignal.Onthecontrary,alowerhybridization
temperaturemayincreasesignal,butcanresultincross-hybridizationtoasimilarsequence,
causingincreasesinunspecificbindingorthenoise.HavingnomiRtargetprobeina
negativecontrolinmiRISHisatestforantibodyspecificity,andameasureofefficient
blocking.Failureinspecificantibodybinding,andinsufficientblocking,bothresultina
falsepositivesignal.Specifictissuescanalsobeusedascontrolsbaseduponestablished
stainingresults,buttheresultscanbethefunctionofsensitivityofthemethodsused.Here
weusedmiR-21onOSCCsamples;miR-21isawell-establishedtumorstroma-specificmiR
inOSCCanditisnotexpressedinnormaloralmucosa;however,itisalsonotexpressedin
asubgroupoforalcancers[13].Therefore,inter-individualandintra-tissueheterogeneity
thatmayresultinheterogeneousstainingoutcomesshouldalsobeconsideredwhen
evaluatingthecontrols.

Noiseandsignalarecompletelyunavoidableinanystainingmethods.Colorde-
convolutiontobluefromdarklystainedDABwasobservedpreviouslyinapioneering
colordeconvolutionstudybyRuifrokandJohnston[39].Wehavebeenabletoremove
amajorpartofthenoisebydemonstratingthatvectorsobtainedforblackcolorinstead
forbrown(DAB)cantakeawaysignalfromsaturatedstainanddarkfibers.Anotherway
toavoidnoisewouldbetoexcludesuchtissuecompartmentsfromannotation.Inour
observation,noisecanalsooccurfrominefficientblocking,lowhybridizationtemperature,
highantibodyandsubstrateconcentration,incubationand/orreactiontemperature,and
time.Wealsofoundanonspecificbindingofanti-DIG-Fabtostromainnormaloralmucosa.
Perhapsthisisinherenttosometissuesoranoutcomeofharshpre-treatments.

ImageJisanopensourceprogramforimageanalysis.FreeavailabilityofImageJand
itspluginsisamajoradvantageoverAperioIinimagequantification.However,there
areafewlimitations.Thefirstisrelatedtoannotation.Distanceandareameasurement
requireadditionalstepssuchassettingupthescalemeasurementsandcommandfor
themeasurements.Inaddition,annotationsneedtobepermanentlysavedwithinthe
picturesiftheyaretobeanalyzedorrevisitedlater.TheannotationshortcomingsofImageJ
canbecompensatedbyannotationusingfreelyavailablesoftwaresuchasNDP.view2
(Hamamatsu)orAperioI.Secondly,unlessonecanprogramImageJtorecordandinstall
macrosforthestepsinvolvedinquantificationsuchasannotationselection,deconvolution,
thresholdsetting,andquantification,forautomatedanalysisandbatchfeeding,allthe
stepsneedtobecarriedoutoneatatime,andpicturesfedindividually,whichtakesa
significantamountoftime.AllthesestepsareautomatedinAperioIandtakelesstime,but
thepluginrequiredforthequantificationrequirespaidlicensing.Inaddition,introducing
anewvector(color)inImageJcolordeconvolutionpluginistechnicallychallenging,while
itisuserfriendlyinAperioIonceonehastheplugin.

Wefurthershowedthatthecombinedmethodgivescomparablequantifiableresults
tothegoldstandardmethodofqRT-PCR,inadditiontohavingtheadvantageofshowing

Cancers2021,13,130716of20

reaction.DABreactionwasconductedatthefinalstepinmethod3,toseethesimilar
effectsofDABreactionand/orproductonmiRstainasinmethod1.Method4waschosen
toseehowIHCstaining(DABproduct)wouldaffectmiRaccessibility,miRprobebinding,
andthusthefinalmiRstaining.Ontheotherhand,themethodswerealsoaguideasto
howIHCstainingisaffectedbystepsinvolvedinmiRstaininginthecombineddouble
stainingmethods.

AlltheprotocolsusedshowedabsenceofnonspecificmiRsignalsbyusingdifferent
negativecontrols.OnesuchnegativecontrolforthemiR-specificprobesistousescramble
oligonucleotideprobeswithnotarget-bindingsite.Inthisstudyascrambleoligonucleotide
wastestedatfivedifferenttemperatures(48�C,50�C,51�C,53�C,and55�C).The
scrambleoligonucleotideshowedpositivestainingat48�C.Therefore,despitelacking
anytarget-bindingsite,ascrambleoligonucleotidemaynotbeauniversalcontrolprobe.
Amoresuitablescramblecontrolistheonewithameltingtemperaturethesameasthat
ofmiRspecificprobe.InISH,meltingtemperatureofatargetoligonucleotideprobe
largelydeterminesitsspecificity.Thehigherthehybridizationtemperature,thehigherthe
specificity,butthismaycompromisethesignal.Onthecontrary,alowerhybridization
temperaturemayincreasesignal,butcanresultincross-hybridizationtoasimilarsequence,
causingincreasesinunspecificbindingorthenoise.HavingnomiRtargetprobeina
negativecontrolinmiRISHisatestforantibodyspecificity,andameasureofefficient
blocking.Failureinspecificantibodybinding,andinsufficientblocking,bothresultina
falsepositivesignal.Specifictissuescanalsobeusedascontrolsbaseduponestablished
stainingresults,buttheresultscanbethefunctionofsensitivityofthemethodsused.Here
weusedmiR-21onOSCCsamples;miR-21isawell-establishedtumorstroma-specificmiR
inOSCCanditisnotexpressedinnormaloralmucosa;however,itisalsonotexpressedin
asubgroupoforalcancers[13].Therefore,inter-individualandintra-tissueheterogeneity
thatmayresultinheterogeneousstainingoutcomesshouldalsobeconsideredwhen
evaluatingthecontrols.

Noiseandsignalarecompletelyunavoidableinanystainingmethods.Colorde-
convolutiontobluefromdarklystainedDABwasobservedpreviouslyinapioneering
colordeconvolutionstudybyRuifrokandJohnston[39].Wehavebeenabletoremove
amajorpartofthenoisebydemonstratingthatvectorsobtainedforblackcolorinstead
forbrown(DAB)cantakeawaysignalfromsaturatedstainanddarkfibers.Anotherway
toavoidnoisewouldbetoexcludesuchtissuecompartmentsfromannotation.Inour
observation,noisecanalsooccurfrominefficientblocking,lowhybridizationtemperature,
highantibodyandsubstrateconcentration,incubationand/orreactiontemperature,and
time.Wealsofoundanonspecificbindingofanti-DIG-Fabtostromainnormaloralmucosa.
Perhapsthisisinherenttosometissuesoranoutcomeofharshpre-treatments.

ImageJisanopensourceprogramforimageanalysis.FreeavailabilityofImageJand
itspluginsisamajoradvantageoverAperioIinimagequantification.However,there
areafewlimitations.Thefirstisrelatedtoannotation.Distanceandareameasurement
requireadditionalstepssuchassettingupthescalemeasurementsandcommandfor
themeasurements.Inaddition,annotationsneedtobepermanentlysavedwithinthe
picturesiftheyaretobeanalyzedorrevisitedlater.TheannotationshortcomingsofImageJ
canbecompensatedbyannotationusingfreelyavailablesoftwaresuchasNDP.view2
(Hamamatsu)orAperioI.Secondly,unlessonecanprogramImageJtorecordandinstall
macrosforthestepsinvolvedinquantificationsuchasannotationselection,deconvolution,
thresholdsetting,andquantification,forautomatedanalysisandbatchfeeding,allthe
stepsneedtobecarriedoutoneatatime,andpicturesfedindividually,whichtakesa
significantamountoftime.AllthesestepsareautomatedinAperioIandtakelesstime,but
thepluginrequiredforthequantificationrequirespaidlicensing.Inaddition,introducing
anewvector(color)inImageJcolordeconvolutionpluginistechnicallychallenging,while
itisuserfriendlyinAperioIonceonehastheplugin.

Wefurthershowedthatthecombinedmethodgivescomparablequantifiableresults
tothegoldstandardmethodofqRT-PCR,inadditiontohavingtheadvantageofshowing



Cancers 2021, 13, 1307 17 of 20

cellular localization of the miR of interest. Although the aim of this study was not to
investigate the expression of miR-21 and miR-155, and their staining was done on only
a limited number of cases here, our results further confirm their pattern of expression in
OSCC. MiR-21 was previously shown to be expressed exclusively in the tumor stroma of
OSCC and to correlate with poor prognosis [13]. It was also shown to have a biological
importance in development of tongue squamous cell carcinoma by inhibiting cancer cell
apoptosis [40] and regulation of the expression of multiple target genes important for
cancer progression such as phosphatase and tensin homolog (PTEN) and programmed cell
death protein 4 (PDCD4) that regulate the radiosensitivity and sensitivity to cisplatin in
OSCC [41]. MiR-155-5p has been previously shown to be expressed in both tumor cells and
the associated stroma of OSCC, as confirmed by our staining pattern as well. However,
the focus has been on its biological role in tumor cells and its expression was linked to
EMT-associated OSCC progression [42].

A major limitation of our combined ISH and IHC double staining methods is that
our methods are limited to antibodies that can be used with a proteinase K treatment
for antigen retrieval in FFPE tissues. We have not tested antibodies that require other
retrieval procedures. However, frozen tissues could be used for miR ISH and protein IHC
without any pre-treatment [37]. In this study, the focus was on the quantification of the
miR, while the visualization of protein (pan-CK) by IHC was used to differentiate between
tumor and stromal compartments. In the context of a high degree of heterogeneity of both
tumor cells and tumor stroma, the combinatorial detection of miR and one or more marker
proteins at the same time will provide additional advantages for further cell identification
and characterization. Although challenging, this methodological approach can also be
further developed to determine co-expression of a miR and a potential target protein and
to quantify the results of both ISH and IHC (including in addition to one miR, a second
and/or a third protein) in the case of co-localization. The proteinase K digestion step
used to improve tissue access in the protocols presented here may damage or remove
some protein antigens, therefore the prehybridization digestion step must be particularly
optimized and evaluated for a further, broader applicability.

After establishing a combined ISH-IHCmethod and digital quantification for the miRs,
we tested the method in a clinically relevant biomarker quest on an OSCC cohort. Age,
tumor stage, lymph node metastasis, and recurrence are the well-recognized prognostic
indicators in OSCC. In this cohort we found tumor stage and age to be independent
prognostic indicators of survival. Similarly, tumor stage was an independent prognostic
indicator of recurrence. Lymph node metastasis and poor histological degree of tumor
differentiation correlated with reduced survival in the univariate analysis. As reported
in previous OSCC studies, we found that higher tumor stage correlated with reduced
recurrence-free survival [13,34]. In this cohort the 5-year survival was 40%, which is
comparable to some other previous reports [43,44]. Tumor site in the gingiva showed
poorer survival compared to tumors in the tongue, probably due to its proximity to the
bone leading to early bone invasion and the association with late tumor stages.

This study indicates a dynamic and complex regulation of miR-204 in the stroma
of OSCC. Previous studies in different cancers including OSCC showed overall reduced
expression of miR-204 [15–17]. Higher levels of miR-204 have been associated with better
survival in several cancer types [16,17,20,22,23], including OSCC [25]. These findings
are in line with our study, which shows association of higher expression of miR-204
with better survival, albeit the association is only for stromal expression, not whole tumor.
Contrary to the previous study on whole tumor tissues, the present study finds an increased
expression of miR-204 in the stroma in a subset of OSCC tissues when compared to NHOM.
Nevertheless, previous studies on breast cancer [17] and OSCC [25] also exhibited a subset
of tumors in which miR-204 expression was higher than a subset of the normal counterpart
tissues. Meanwhile, cell context-based tumor suppressive and oncogenic dual function of
miR-204 in pancreatic cancer cells lines [45], and miR-204 expression-dependent metastasis
of cancer cells in vivo in mice, have been shown earlier [17].
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cellularlocalizationofthemiRofinterest.Althoughtheaimofthisstudywasnotto
investigatetheexpressionofmiR-21andmiR-155,andtheirstainingwasdoneononly
alimitednumberofcaseshere,ourresultsfurtherconfirmtheirpatternofexpressionin
OSCC.MiR-21waspreviouslyshowntobeexpressedexclusivelyinthetumorstromaof
OSCCandtocorrelatewithpoorprognosis[13].Itwasalsoshowntohaveabiological
importanceindevelopmentoftonguesquamouscellcarcinomabyinhibitingcancercell
apoptosis[40]andregulationoftheexpressionofmultipletargetgenesimportantfor
cancerprogressionsuchasphosphataseandtensinhomolog(PTEN)andprogrammedcell
deathprotein4(PDCD4)thatregulatetheradiosensitivityandsensitivitytocisplatinin
OSCC[41].MiR-155-5phasbeenpreviouslyshowntobeexpressedinbothtumorcellsand
theassociatedstromaofOSCC,asconfirmedbyourstainingpatternaswell.However,
thefocushasbeenonitsbiologicalroleintumorcellsanditsexpressionwaslinkedto
EMT-associatedOSCCprogression[42].

AmajorlimitationofourcombinedISHandIHCdoublestainingmethodsisthat
ourmethodsarelimitedtoantibodiesthatcanbeusedwithaproteinaseKtreatment
forantigenretrievalinFFPEtissues.Wehavenottestedantibodiesthatrequireother
retrievalprocedures.However,frozentissuescouldbeusedformiRISHandproteinIHC
withoutanypre-treatment[37].Inthisstudy,thefocuswasonthequantificationofthe
miR,whilethevisualizationofprotein(pan-CK)byIHCwasusedtodifferentiatebetween
tumorandstromalcompartments.Inthecontextofahighdegreeofheterogeneityofboth
tumorcellsandtumorstroma,thecombinatorialdetectionofmiRandoneormoremarker
proteinsatthesametimewillprovideadditionaladvantagesforfurthercellidentification
andcharacterization.Althoughchallenging,thismethodologicalapproachcanalsobe
furtherdevelopedtodetermineco-expressionofamiRandapotentialtargetproteinand
toquantifytheresultsofbothISHandIHC(includinginadditiontoonemiR,asecond
and/orathirdprotein)inthecaseofco-localization.TheproteinaseKdigestionstep
usedtoimprovetissueaccessintheprotocolspresentedheremaydamageorremove
someproteinantigens,thereforetheprehybridizationdigestionstepmustbeparticularly
optimizedandevaluatedforafurther,broaderapplicability.

AfterestablishingacombinedISH-IHCmethodanddigitalquantificationforthemiRs,
wetestedthemethodinaclinicallyrelevantbiomarkerquestonanOSCCcohort.Age,
tumorstage,lymphnodemetastasis,andrecurrencearethewell-recognizedprognostic
indicatorsinOSCC.Inthiscohortwefoundtumorstageandagetobeindependent
prognosticindicatorsofsurvival.Similarly,tumorstagewasanindependentprognostic
indicatorofrecurrence.Lymphnodemetastasisandpoorhistologicaldegreeoftumor
differentiationcorrelatedwithreducedsurvivalintheunivariateanalysis.Asreported
inpreviousOSCCstudies,wefoundthathighertumorstagecorrelatedwithreduced
recurrence-freesurvival[13,34].Inthiscohortthe5-yearsurvivalwas40%,whichis
comparabletosomeotherpreviousreports[43,44].Tumorsiteinthegingivashowed
poorersurvivalcomparedtotumorsinthetongue,probablyduetoitsproximitytothe
boneleadingtoearlyboneinvasionandtheassociationwithlatetumorstages.

ThisstudyindicatesadynamicandcomplexregulationofmiR-204inthestroma
ofOSCC.PreviousstudiesindifferentcancersincludingOSCCshowedoverallreduced
expressionofmiR-204[15–17].HigherlevelsofmiR-204havebeenassociatedwithbetter
survivalinseveralcancertypes[16,17,20,22,23],includingOSCC[25].Thesefindings
areinlinewithourstudy,whichshowsassociationofhigherexpressionofmiR-204
withbettersurvival,albeittheassociationisonlyforstromalexpression,notwholetumor.
Contrarytothepreviousstudyonwholetumortissues,thepresentstudyfindsanincreased
expressionofmiR-204inthestromainasubsetofOSCCtissueswhencomparedtoNHOM.
Nevertheless,previousstudiesonbreastcancer[17]andOSCC[25]alsoexhibitedasubset
oftumorsinwhichmiR-204expressionwashigherthanasubsetofthenormalcounterpart
tissues.Meanwhile,cellcontext-basedtumorsuppressiveandoncogenicdualfunctionof
miR-204inpancreaticcancercellslines[45],andmiR-204expression-dependentmetastasis
ofcancercellsinvivoinmice,havebeenshownearlier[17].

Cancers2021,13,130717of20

cellularlocalizationofthemiRofinterest.Althoughtheaimofthisstudywasnotto
investigatetheexpressionofmiR-21andmiR-155,andtheirstainingwasdoneononly
alimitednumberofcaseshere,ourresultsfurtherconfirmtheirpatternofexpressionin
OSCC.MiR-21waspreviouslyshowntobeexpressedexclusivelyinthetumorstromaof
OSCCandtocorrelatewithpoorprognosis[13].Itwasalsoshowntohaveabiological
importanceindevelopmentoftonguesquamouscellcarcinomabyinhibitingcancercell
apoptosis[40]andregulationoftheexpressionofmultipletargetgenesimportantfor
cancerprogressionsuchasphosphataseandtensinhomolog(PTEN)andprogrammedcell
deathprotein4(PDCD4)thatregulatetheradiosensitivityandsensitivitytocisplatinin
OSCC[41].MiR-155-5phasbeenpreviouslyshowntobeexpressedinbothtumorcellsand
theassociatedstromaofOSCC,asconfirmedbyourstainingpatternaswell.However,
thefocushasbeenonitsbiologicalroleintumorcellsanditsexpressionwaslinkedto
EMT-associatedOSCCprogression[42].

AmajorlimitationofourcombinedISHandIHCdoublestainingmethodsisthat
ourmethodsarelimitedtoantibodiesthatcanbeusedwithaproteinaseKtreatment
forantigenretrievalinFFPEtissues.Wehavenottestedantibodiesthatrequireother
retrievalprocedures.However,frozentissuescouldbeusedformiRISHandproteinIHC
withoutanypre-treatment[37].Inthisstudy,thefocuswasonthequantificationofthe
miR,whilethevisualizationofprotein(pan-CK)byIHCwasusedtodifferentiatebetween
tumorandstromalcompartments.Inthecontextofahighdegreeofheterogeneityofboth
tumorcellsandtumorstroma,thecombinatorialdetectionofmiRandoneormoremarker
proteinsatthesametimewillprovideadditionaladvantagesforfurthercellidentification
andcharacterization.Althoughchallenging,thismethodologicalapproachcanalsobe
furtherdevelopedtodetermineco-expressionofamiRandapotentialtargetproteinand
toquantifytheresultsofbothISHandIHC(includinginadditiontoonemiR,asecond
and/orathirdprotein)inthecaseofco-localization.TheproteinaseKdigestionstep
usedtoimprovetissueaccessintheprotocolspresentedheremaydamageorremove
someproteinantigens,thereforetheprehybridizationdigestionstepmustbeparticularly
optimizedandevaluatedforafurther,broaderapplicability.

AfterestablishingacombinedISH-IHCmethodanddigitalquantificationforthemiRs,
wetestedthemethodinaclinicallyrelevantbiomarkerquestonanOSCCcohort.Age,
tumorstage,lymphnodemetastasis,andrecurrencearethewell-recognizedprognostic
indicatorsinOSCC.Inthiscohortwefoundtumorstageandagetobeindependent
prognosticindicatorsofsurvival.Similarly,tumorstagewasanindependentprognostic
indicatorofrecurrence.Lymphnodemetastasisandpoorhistologicaldegreeoftumor
differentiationcorrelatedwithreducedsurvivalintheunivariateanalysis.Asreported
inpreviousOSCCstudies,wefoundthathighertumorstagecorrelatedwithreduced
recurrence-freesurvival[13,34].Inthiscohortthe5-yearsurvivalwas40%,whichis
comparabletosomeotherpreviousreports[43,44].Tumorsiteinthegingivashowed
poorersurvivalcomparedtotumorsinthetongue,probablyduetoitsproximitytothe
boneleadingtoearlyboneinvasionandtheassociationwithlatetumorstages.

ThisstudyindicatesadynamicandcomplexregulationofmiR-204inthestroma
ofOSCC.PreviousstudiesindifferentcancersincludingOSCCshowedoverallreduced
expressionofmiR-204[15–17].HigherlevelsofmiR-204havebeenassociatedwithbetter
survivalinseveralcancertypes[16,17,20,22,23],includingOSCC[25].Thesefindings
areinlinewithourstudy,whichshowsassociationofhigherexpressionofmiR-204
withbettersurvival,albeittheassociationisonlyforstromalexpression,notwholetumor.
Contrarytothepreviousstudyonwholetumortissues,thepresentstudyfindsanincreased
expressionofmiR-204inthestromainasubsetofOSCCtissueswhencomparedtoNHOM.
Nevertheless,previousstudiesonbreastcancer[17]andOSCC[25]alsoexhibitedasubset
oftumorsinwhichmiR-204expressionwashigherthanasubsetofthenormalcounterpart
tissues.Meanwhile,cellcontext-basedtumorsuppressiveandoncogenicdualfunctionof
miR-204inpancreaticcancercellslines[45],andmiR-204expression-dependentmetastasis
ofcancercellsinvivoinmice,havebeenshownearlier[17].

Cancers 2021, 13, 1307 17 of 20

cellular localization of the miR of interest. Although the aim of this study was not to
investigate the expression of miR-21 and miR-155, and their staining was done on only
a limited number of cases here, our results further confirm their pattern of expression in
OSCC. MiR-21 was previously shown to be expressed exclusively in the tumor stroma of
OSCC and to correlate with poor prognosis [13]. It was also shown to have a biological
importance in development of tongue squamous cell carcinoma by inhibiting cancer cell
apoptosis [40] and regulation of the expression of multiple target genes important for
cancer progression such as phosphatase and tensin homolog (PTEN) and programmed cell
death protein 4 (PDCD4) that regulate the radiosensitivity and sensitivity to cisplatin in
OSCC [41]. MiR-155-5p has been previously shown to be expressed in both tumor cells and
the associated stroma of OSCC, as confirmed by our staining pattern as well. However,
the focus has been on its biological role in tumor cells and its expression was linked to
EMT-associated OSCC progression [42].

A major limitation of our combined ISH and IHC double staining methods is that
our methods are limited to antibodies that can be used with a proteinase K treatment
for antigen retrieval in FFPE tissues. We have not tested antibodies that require other
retrieval procedures. However, frozen tissues could be used for miR ISH and protein IHC
without any pre-treatment [37]. In this study, the focus was on the quantification of the
miR, while the visualization of protein (pan-CK) by IHC was used to differentiate between
tumor and stromal compartments. In the context of a high degree of heterogeneity of both
tumor cells and tumor stroma, the combinatorial detection of miR and one or more marker
proteins at the same time will provide additional advantages for further cell identification
and characterization. Although challenging, this methodological approach can also be
further developed to determine co-expression of a miR and a potential target protein and
to quantify the results of both ISH and IHC (including in addition to one miR, a second
and/or a third protein) in the case of co-localization. The proteinase K digestion step
used to improve tissue access in the protocols presented here may damage or remove
some protein antigens, therefore the prehybridization digestion step must be particularly
optimized and evaluated for a further, broader applicability.

After establishing a combined ISH-IHCmethod and digital quantification for the miRs,
we tested the method in a clinically relevant biomarker quest on an OSCC cohort. Age,
tumor stage, lymph node metastasis, and recurrence are the well-recognized prognostic
indicators in OSCC. In this cohort we found tumor stage and age to be independent
prognostic indicators of survival. Similarly, tumor stage was an independent prognostic
indicator of recurrence. Lymph node metastasis and poor histological degree of tumor
differentiation correlated with reduced survival in the univariate analysis. As reported
in previous OSCC studies, we found that higher tumor stage correlated with reduced
recurrence-free survival [13,34]. In this cohort the 5-year survival was 40%, which is
comparable to some other previous reports [43,44]. Tumor site in the gingiva showed
poorer survival compared to tumors in the tongue, probably due to its proximity to the
bone leading to early bone invasion and the association with late tumor stages.

This study indicates a dynamic and complex regulation of miR-204 in the stroma
of OSCC. Previous studies in different cancers including OSCC showed overall reduced
expression of miR-204 [15–17]. Higher levels of miR-204 have been associated with better
survival in several cancer types [16,17,20,22,23], including OSCC [25]. These findings
are in line with our study, which shows association of higher expression of miR-204
with better survival, albeit the association is only for stromal expression, not whole tumor.
Contrary to the previous study on whole tumor tissues, the present study finds an increased
expression of miR-204 in the stroma in a subset of OSCC tissues when compared to NHOM.
Nevertheless, previous studies on breast cancer [17] and OSCC [25] also exhibited a subset
of tumors in which miR-204 expression was higher than a subset of the normal counterpart
tissues. Meanwhile, cell context-based tumor suppressive and oncogenic dual function of
miR-204 in pancreatic cancer cells lines [45], and miR-204 expression-dependent metastasis
of cancer cells in vivo in mice, have been shown earlier [17].

Cancers 2021, 13, 1307 17 of 20

cellular localization of the miR of interest. Although the aim of this study was not to
investigate the expression of miR-21 and miR-155, and their staining was done on only
a limited number of cases here, our results further confirm their pattern of expression in
OSCC. MiR-21 was previously shown to be expressed exclusively in the tumor stroma of
OSCC and to correlate with poor prognosis [13]. It was also shown to have a biological
importance in development of tongue squamous cell carcinoma by inhibiting cancer cell
apoptosis [40] and regulation of the expression of multiple target genes important for
cancer progression such as phosphatase and tensin homolog (PTEN) and programmed cell
death protein 4 (PDCD4) that regulate the radiosensitivity and sensitivity to cisplatin in
OSCC [41]. MiR-155-5p has been previously shown to be expressed in both tumor cells and
the associated stroma of OSCC, as confirmed by our staining pattern as well. However,
the focus has been on its biological role in tumor cells and its expression was linked to
EMT-associated OSCC progression [42].

A major limitation of our combined ISH and IHC double staining methods is that
our methods are limited to antibodies that can be used with a proteinase K treatment
for antigen retrieval in FFPE tissues. We have not tested antibodies that require other
retrieval procedures. However, frozen tissues could be used for miR ISH and protein IHC
without any pre-treatment [37]. In this study, the focus was on the quantification of the
miR, while the visualization of protein (pan-CK) by IHC was used to differentiate between
tumor and stromal compartments. In the context of a high degree of heterogeneity of both
tumor cells and tumor stroma, the combinatorial detection of miR and one or more marker
proteins at the same time will provide additional advantages for further cell identification
and characterization. Although challenging, this methodological approach can also be
further developed to determine co-expression of a miR and a potential target protein and
to quantify the results of both ISH and IHC (including in addition to one miR, a second
and/or a third protein) in the case of co-localization. The proteinase K digestion step
used to improve tissue access in the protocols presented here may damage or remove
some protein antigens, therefore the prehybridization digestion step must be particularly
optimized and evaluated for a further, broader applicability.

After establishing a combined ISH-IHCmethod and digital quantification for the miRs,
we tested the method in a clinically relevant biomarker quest on an OSCC cohort. Age,
tumor stage, lymph node metastasis, and recurrence are the well-recognized prognostic
indicators in OSCC. In this cohort we found tumor stage and age to be independent
prognostic indicators of survival. Similarly, tumor stage was an independent prognostic
indicator of recurrence. Lymph node metastasis and poor histological degree of tumor
differentiation correlated with reduced survival in the univariate analysis. As reported
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investigatetheexpressionofmiR-21andmiR-155,andtheirstainingwasdoneononly
alimitednumberofcaseshere,ourresultsfurtherconfirmtheirpatternofexpressionin
OSCC.MiR-21waspreviouslyshowntobeexpressedexclusivelyinthetumorstromaof
OSCCandtocorrelatewithpoorprognosis[13].Itwasalsoshowntohaveabiological
importanceindevelopmentoftonguesquamouscellcarcinomabyinhibitingcancercell
apoptosis[40]andregulationoftheexpressionofmultipletargetgenesimportantfor
cancerprogressionsuchasphosphataseandtensinhomolog(PTEN)andprogrammedcell
deathprotein4(PDCD4)thatregulatetheradiosensitivityandsensitivitytocisplatinin
OSCC[41].MiR-155-5phasbeenpreviouslyshowntobeexpressedinbothtumorcellsand
theassociatedstromaofOSCC,asconfirmedbyourstainingpatternaswell.However,
thefocushasbeenonitsbiologicalroleintumorcellsanditsexpressionwaslinkedto
EMT-associatedOSCCprogression[42].

AmajorlimitationofourcombinedISHandIHCdoublestainingmethodsisthat
ourmethodsarelimitedtoantibodiesthatcanbeusedwithaproteinaseKtreatment
forantigenretrievalinFFPEtissues.Wehavenottestedantibodiesthatrequireother
retrievalprocedures.However,frozentissuescouldbeusedformiRISHandproteinIHC
withoutanypre-treatment[37].Inthisstudy,thefocuswasonthequantificationofthe
miR,whilethevisualizationofprotein(pan-CK)byIHCwasusedtodifferentiatebetween
tumorandstromalcompartments.Inthecontextofahighdegreeofheterogeneityofboth
tumorcellsandtumorstroma,thecombinatorialdetectionofmiRandoneormoremarker
proteinsatthesametimewillprovideadditionaladvantagesforfurthercellidentification
andcharacterization.Althoughchallenging,thismethodologicalapproachcanalsobe
furtherdevelopedtodetermineco-expressionofamiRandapotentialtargetproteinand
toquantifytheresultsofbothISHandIHC(includinginadditiontoonemiR,asecond
and/orathirdprotein)inthecaseofco-localization.TheproteinaseKdigestionstep
usedtoimprovetissueaccessintheprotocolspresentedheremaydamageorremove
someproteinantigens,thereforetheprehybridizationdigestionstepmustbeparticularly
optimizedandevaluatedforafurther,broaderapplicability.

AfterestablishingacombinedISH-IHCmethodanddigitalquantificationforthemiRs,
wetestedthemethodinaclinicallyrelevantbiomarkerquestonanOSCCcohort.Age,
tumorstage,lymphnodemetastasis,andrecurrencearethewell-recognizedprognostic
indicatorsinOSCC.Inthiscohortwefoundtumorstageandagetobeindependent
prognosticindicatorsofsurvival.Similarly,tumorstagewasanindependentprognostic
indicatorofrecurrence.Lymphnodemetastasisandpoorhistologicaldegreeoftumor
differentiationcorrelatedwithreducedsurvivalintheunivariateanalysis.Asreported
inpreviousOSCCstudies,wefoundthathighertumorstagecorrelatedwithreduced
recurrence-freesurvival[13,34].Inthiscohortthe5-yearsurvivalwas40%,whichis
comparabletosomeotherpreviousreports[43,44].Tumorsiteinthegingivashowed
poorersurvivalcomparedtotumorsinthetongue,probablyduetoitsproximitytothe
boneleadingtoearlyboneinvasionandtheassociationwithlatetumorstages.

ThisstudyindicatesadynamicandcomplexregulationofmiR-204inthestroma
ofOSCC.PreviousstudiesindifferentcancersincludingOSCCshowedoverallreduced
expressionofmiR-204[15–17].HigherlevelsofmiR-204havebeenassociatedwithbetter
survivalinseveralcancertypes[16,17,20,22,23],includingOSCC[25].Thesefindings
areinlinewithourstudy,whichshowsassociationofhigherexpressionofmiR-204
withbettersurvival,albeittheassociationisonlyforstromalexpression,notwholetumor.
Contrarytothepreviousstudyonwholetumortissues,thepresentstudyfindsanincreased
expressionofmiR-204inthestromainasubsetofOSCCtissueswhencomparedtoNHOM.
Nevertheless,previousstudiesonbreastcancer[17]andOSCC[25]alsoexhibitedasubset
oftumorsinwhichmiR-204expressionwashigherthanasubsetofthenormalcounterpart
tissues.Meanwhile,cellcontext-basedtumorsuppressiveandoncogenicdualfunctionof
miR-204inpancreaticcancercellslines[45],andmiR-204expression-dependentmetastasis
ofcancercellsinvivoinmice,havebeenshownearlier[17].
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Moreover, compared to NHOM, we also found a relatively higher expression of miR-
204 in the matched peritumoral connective tissue of the high miR-204-expressing OSCC,
often subjacent to epithelial dysplastic changes. This may indicate that alterations of miR-
204 occur early in carcinogenesis and evolve concomitant to cancer progression, at least in
a subset of OSCC. These findings might point towards increased miR-204 expression as a
protective mechanism that the stroma develops as a reaction to the progressive changes in
the epithelium. This is the first study to show that, similar to the antitumor effect when
expressed in tumor cells, high expression of miR-204 in stromal cells is also detrimental to
tumor progression. Hence, this study on patient material, together with previous studies,
suggests a prognostic benefit of higher expression of miR-204 in cancers including OSCC.

5. Conclusions
The approach of using pan-CK to exclude epithelium, especially difficult when iden-

tifying single cells or poorly differentiated cancer cells, is important in studying tumor
stroma in tumors of epithelial origin. The double staining and the quantification methods
demonstrated in this study can be used in integrative biomarker studies based on the same
tissue sections that can provide superior information to single biomarkers. We have ap-
plied the method in studying stromal miR-204 in OSCC and found miR-204 as a prognostic
indictor of survival and recurrence-free survival in OSCC.
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asubsetofOSCC.ThesefindingsmightpointtowardsincreasedmiR-204expressionasa
protectivemechanismthatthestromadevelopsasareactiontotheprogressivechangesin
theepithelium.Thisisthefirststudytoshowthat,similartotheantitumoreffectwhen
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tumorprogression.Hence,thisstudyonpatientmaterial,togetherwithpreviousstudies,
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Moreover, compared to NHOM, we also found a relatively higher expression of miR-
204 in the matched peritumoral connective tissue of the high miR-204-expressing OSCC,
often subjacent to epithelial dysplastic changes. This may indicate that alterations of miR-
204 occur early in carcinogenesis and evolve concomitant to cancer progression, at least in
a subset of OSCC. These findings might point towards increased miR-204 expression as a
protective mechanism that the stroma develops as a reaction to the progressive changes in
the epithelium. This is the first study to show that, similar to the antitumor effect when
expressed in tumor cells, high expression of miR-204 in stromal cells is also detrimental to
tumor progression. Hence, this study on patient material, together with previous studies,
suggests a prognostic benefit of higher expression of miR-204 in cancers including OSCC.

5. Conclusions
The approach of using pan-CK to exclude epithelium, especially difficult when iden-

tifying single cells or poorly differentiated cancer cells, is important in studying tumor
stroma in tumors of epithelial origin. The double staining and the quantification methods
demonstrated in this study can be used in integrative biomarker studies based on the same
tissue sections that can provide superior information to single biomarkers. We have ap-
plied the method in studying stromal miR-204 in OSCC and found miR-204 as a prognostic
indictor of survival and recurrence-free survival in OSCC.
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Background: Recent studies have shown aberrant expression of micro-RNAs in cancer-
associated fibroblasts (CAFs). This study aimed to investigate miR-138 dysregulation in
CAFs in oral squamous cell carcinoma (OSCC) and its effects on their phenotype and
invasion of adjacent OSCC cells.

Methods: Expression of miR-138 was first investigated in OSCC lesions (n = 53) and
OSCC-derived CAFs (n = 15). MiR-138 mimics and inhibitors were used to functionally
investigate the role of miR-138 on CAF phenotype and the resulting change in their ability
to support OSCC invasion.

Results: Expression of miR-138 showed marked heterogeneity in both OSCC tissues
and cultured fibroblasts. Ectopic miR-138 expression reduced fibroblasts’ motility and
collagen contraction ability and suppressed invasion of suprajacent OSCC cells, while its
inhibition resulted in the opposite outcome. Transcript and protein examination after
modulation of miR-138 expression showed changes in CAF phenotype-specific
molecules, focal adhesion kinase axis, and TGFb1 signaling pathway.

Conclusions: Despite its heterogeneous expression, miR-138 in OSCC-derived CAFs
exhibits a tumor-suppressive function.

Keywords: cancer-associated fibroblasts, oral cancer, heterogeneity, motility, invasion

INTRODUCTION

Carcinogenesis is a multistep process that is not only dependent on the intrinsic properties of cancer
cells, but also determined by the host stroma or the surrounding tumor microenvironment (1–3).
Fibroblasts are one of the major cell types in the stroma that can modulate the behavior of cancer
cells at all stages of carcinogenesis, including metastasis (3, 4). In oral squamous cell carcinoma
(OSCC), the role of cancer-associated fibroblasts (CAFs) for tumor progression has been
demonstrated in in vitro cell culture studies (5–7) and in vivo animal studies (5). In clinical
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Background:Recentstudieshaveshownaberrantexpressionofmicro-RNAsincancer-
associatedfibroblasts(CAFs).ThisstudyaimedtoinvestigatemiR-138dysregulationin
CAFsinoralsquamouscellcarcinoma(OSCC)anditseffectsontheirphenotypeand
invasionofadjacentOSCCcells.

Methods:ExpressionofmiR-138wasfirstinvestigatedinOSCClesions(n=53)and
OSCC-derivedCAFs(n=15).MiR-138mimicsandinhibitorswereusedtofunctionally
investigatetheroleofmiR-138onCAFphenotypeandtheresultingchangeintheirability
tosupportOSCCinvasion.

Results:ExpressionofmiR-138showedmarkedheterogeneityinbothOSCCtissues
andculturedfibroblasts.EctopicmiR-138expressionreducedfibroblasts’motilityand
collagencontractionabilityandsuppressedinvasionofsuprajacentOSCCcells,whileits
inhibitionresultedintheoppositeoutcome.Transcriptandproteinexaminationafter
modulationofmiR-138expressionshowedchangesinCAFphenotype-specific
molecules,focaladhesionkinaseaxis,andTGFb1signalingpathway.

Conclusions:Despiteitsheterogeneousexpression,miR-138inOSCC-derivedCAFs
exhibitsatumor-suppressivefunction.

Keywords:cancer-associatedfibroblasts,oralcancer,heterogeneity,motility,invasion

INTRODUCTION

Carcinogenesisisamultistepprocessthatisnotonlydependentontheintrinsicpropertiesofcancer
cells,butalsodeterminedbythehoststromaorthesurroundingtumormicroenvironment(1–3).
Fibroblastsareoneofthemajorcelltypesinthestromathatcanmodulatethebehaviorofcancer
cellsatallstagesofcarcinogenesis,includingmetastasis(3,4).Inoralsquamouscellcarcinoma
(OSCC),theroleofcancer-associatedfibroblasts(CAFs)fortumorprogressionhasbeen
demonstratedininvitrocellculturestudies(5–7)andinvivoanimalstudies(5).Inclinical
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Background: Recent studies have shown aberrant expression of micro-RNAs in cancer-
associated fibroblasts (CAFs). This study aimed to investigate miR-138 dysregulation in
CAFs in oral squamous cell carcinoma (OSCC) and its effects on their phenotype and
invasion of adjacent OSCC cells.

Methods: Expression of miR-138 was first investigated in OSCC lesions (n = 53) and
OSCC-derived CAFs (n = 15). MiR-138 mimics and inhibitors were used to functionally
investigate the role of miR-138 on CAF phenotype and the resulting change in their ability
to support OSCC invasion.

Results: Expression of miR-138 showed marked heterogeneity in both OSCC tissues
and cultured fibroblasts. Ectopic miR-138 expression reduced fibroblasts’ motility and
collagen contraction ability and suppressed invasion of suprajacent OSCC cells, while its
inhibition resulted in the opposite outcome. Transcript and protein examination after
modulation of miR-138 expression showed changes in CAF phenotype-specific
molecules, focal adhesion kinase axis, and TGFb1 signaling pathway.

Conclusions: Despite its heterogeneous expression, miR-138 in OSCC-derived CAFs
exhibits a tumor-suppressive function.
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INTRODUCTION

Carcinogenesis is a multistep process that is not only dependent on the intrinsic properties of cancer
cells, but also determined by the host stroma or the surrounding tumor microenvironment (1–3).
Fibroblasts are one of the major cell types in the stroma that can modulate the behavior of cancer
cells at all stages of carcinogenesis, including metastasis (3, 4). In oral squamous cell carcinoma
(OSCC), the role of cancer-associated fibroblasts (CAFs) for tumor progression has been
demonstrated in in vitro cell culture studies (5–7) and in vivo animal studies (5). In clinical
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associated fibroblasts (CAFs). This study aimed to investigate miR-138 dysregulation in
CAFs in oral squamous cell carcinoma (OSCC) and its effects on their phenotype and
invasion of adjacent OSCC cells.
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OSCC-derived CAFs (n = 15). MiR-138 mimics and inhibitors were used to functionally
investigate the role of miR-138 on CAF phenotype and the resulting change in their ability
to support OSCC invasion.

Results: Expression of miR-138 showed marked heterogeneity in both OSCC tissues
and cultured fibroblasts. Ectopic miR-138 expression reduced fibroblasts’ motility and
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demonstrated in in vitro cell culture studies (5–7) and in vivo animal studies (5). In clinical
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Background:Recentstudieshaveshownaberrantexpressionofmicro-RNAsincancer-
associatedfibroblasts(CAFs).ThisstudyaimedtoinvestigatemiR-138dysregulationin
CAFsinoralsquamouscellcarcinoma(OSCC)anditseffectsontheirphenotypeand
invasionofadjacentOSCCcells.

Methods:ExpressionofmiR-138wasfirstinvestigatedinOSCClesions(n=53)and
OSCC-derivedCAFs(n=15).MiR-138mimicsandinhibitorswereusedtofunctionally
investigatetheroleofmiR-138onCAFphenotypeandtheresultingchangeintheirability
tosupportOSCCinvasion.

Results:ExpressionofmiR-138showedmarkedheterogeneityinbothOSCCtissues
andculturedfibroblasts.EctopicmiR-138expressionreducedfibroblasts’motilityand
collagencontractionabilityandsuppressedinvasionofsuprajacentOSCCcells,whileits
inhibitionresultedintheoppositeoutcome.Transcriptandproteinexaminationafter
modulationofmiR-138expressionshowedchangesinCAFphenotype-specific
molecules,focaladhesionkinaseaxis,andTGFb1signalingpathway.

Conclusions:Despiteitsheterogeneousexpression,miR-138inOSCC-derivedCAFs
exhibitsatumor-suppressivefunction.
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studies involving patient biopsies, CAFs have been associated to
lymph node metastasis (8, 9) and poor prognosis in OSCC
(8–12).

Apart from genetic alterations, epigenetic changes in cancer
cells, including dysregulation of micro-RNAs (miRNAs) (13, 14)
have also been widely recognized to have critical roles in cancer
(15, 16). Dysfunction of miRNAs in stromal cells has been as well
proven and shown to support further progression of transformed
epithelial cells (17). Previous studies have shown miRNA
deregulation in OSCC, their role in tumor progression, and
their possible use as diagnostic and prognostic biomarkers, as
well as therapeutical targets (18–20). However, few studies
investigated consequences of alterations of miRNAs in tumor
stroma for tumor progression in general, and for OSCC
in particular.

In a recent study that involved miRNA profiling of primary
cultures of OSCC-derived CAFs and normal oral fibroblasts
(NOFs), we found altered expression of twelve miRNAs in
CAFs (21). When coupled with the results of our previous
transcriptomic study on the same strains of OSCC-derived
CAFs and NOFs that found integrin a11 upregulated in CAFs
of OSCC (5), miR-204 and miR-138 were identified by in silico
prediction tools as possible upstream regulators of integrin a11.
We further showed that indeed integrin a11 is a direct target of
miR-204 and that miR-204 plays an anti-invasive role in OSCC
(21), but we did not investigate miR-138 for its role in OSCC.

MiR-138 has been found to be downregulated in many cancer
types, including OSCC, and it was therefore coined as a tumor
suppressor (22). On the other hand, it has been linked to tumor
progression and recurrence in glioblastoma (23). In a previous
study on OSCC (42 cases), miR-138 was shown to have a
decreased expression in OSCC compared to adjacent normal
mucosa (24). In another study (n = 35), its expression was
relatively higher in about half of OSCC when compared to
normal oral mucosa (25). In vitro studies showed anti-
proliferative and anti-invasive role for miR-138 when
expressed in OSCC cells (26), and it was suggested to have a
role in suppressing cancer stemness (27).

While the above-mentioned studies illustrate the role of miR-
138 in several cancers when dysregulated in either whole tumor
tissue or only in the epithelial compartment, studies on the
consequences of altered miR-138 expression in stromal
fibroblasts for tumor progression are, to our best knowledge,
non-existent. This study aimed to investigate the role of miR-138
dysregulation in CAFs on OSCC progression.

MATERIALS AND METHODS

Patient Material
For miRNA in situ hybridization, formalin-fixed paraffin-
embedded (FFPE) tissue blocks from OSCC lesions (n = 53)
were used from the diagnostic archive of the Department of
Pathology of Haukeland University Hospital. Clinical data were
obtained from the Electronic patient journal (n = 38,
Supplementary Table S1). Clinical–pathological correlations of

the cohort were in line with a previous finding from larger cohorts
of OSCC, indicating that the cohort could be used for preliminary
biomarker analysis. Multi-variate Cox regression found tumor
stage, age, and gender as independent predictors of survival with
increased death risk for late tumor stage HR: 2.22 (1.03–4.76), age
group above 65 HR: 2.28 (1.04–5.00), and male group HR: 4.29
(1.44–12.79), respectively (Supplementary Figure S1). Similarly,
tumor stage was as independent predictor of recurrence-free
survival, with increased risk for recurrence for the late stage
group HR: 3.662 (1.18–11.31). Controlled for tumor stage,
tumor site predicted higher risk of recurrence for OSCC lesions
involving gingiva compared to tongue HR: 3.19 (1.985–10.322).

For isolation of paired cancer-associated and normal
fibroblasts, fresh tissues from the tumor and healthy mucosa
(more than 1 cm away from the OSCC lesion) from OSCC
patients (n = 6) were collected at the time of the surgical excision.
Non-matched CAFs were also isolated from additional primary
OSCC lesions (n = 9) and normal oral fibroblasts (NOFs) from
oral mucosa of non-cancer individuals (n = 10). Only HPV
negative primary tumors without any prior therapies were
included in the study. Informed consent was obtained in all
cases. Ethical approval for the study was obtained from the
regional ethical committee (REKVest 2010/481).

In Situ Hybridization and miRNA
Semi-Quantification
ISH of OSCC tissues was performed as described earlier (28). In
brief, 3-µm sections of formalin-fixed and paraffin-embedded
tissues were deparaffinized in xylene, rehydrated in series of 99%,
96%, and 70% alcohol concentration, and epitope retrieved with 15
mg/ul Proteinase K (90000; Exiqon, Denmark) solution at 37°C for
10 min. At 53°C, sections were pre-hybridized with ISH buffer
(90000; Exiqon; Denmark) for 30 min, and then incubated for an
hour with digoxigenin (DIG) labeled miR-138-5p specific
oligonucleotides (612107-360; Exiqon, Denmark). Thereafter,
tissues were washed with decreasing concentrations of saline-
sodium citrate buffer (S66391L; Sigma, USA), and then blocked
with 2% sheep serum (013-000-121; Jackson ImmunoResearch,
USA) in 1% bovine serum albumin. Subsequently, tissues were
incubated with alkaline phosphatase (ALP)-linked anti-DIG Fc
fragments (1:400; 11093274910; Roche, Germany) overnight at
room temperature. The tissues were thoroughly washed and then
incubated with ALP substrate-Nitro blue tetrazolium chloride/5-
Bromo-4-chloro-3-indolyl phosphate (NBT-BCIP) (11681451001;
Roche, Germany) at 30°C for 2 h. Levamisole (X3021; Dako, USA)
was mixed with the substrate to block endogenous ALP activity.
Finally, tissues were counterstained with nuclear fast red. A
scramble oligonucleotide without target and small nuclear RNA-
U6 were used as negative and positive controls, respectively.

miR-138 staining in OSCC sections were scored negative
(0) or 1–4 according to increasing stain intensity by
experienced pathologists.

TCGA Data Analysis
TCGA miR-138 expressions from TCGA miRNA sequence data
(n = 488) and clinical data for head and neck squamous cell
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Non-matchedCAFswerealsoisolatedfromadditionalprimary
OSCClesions(n=9)andnormaloralfibroblasts(NOFs)from
oralmucosaofnon-cancerindividuals(n=10).OnlyHPV
negativeprimarytumorswithoutanypriortherapieswere
includedinthestudy.Informedconsentwasobtainedinall
cases.Ethicalapprovalforthestudywasobtainedfromthe
regionalethicalcommittee(REKVest2010/481).

InSituHybridizationandmiRNA
Semi-Quantification
ISHofOSCCtissueswasperformedasdescribedearlier(28).In
brief,3-µmsectionsofformalin-fixedandparaffin-embedded
tissuesweredeparaffinizedinxylene,rehydratedinseriesof99%,
96%,and70%alcoholconcentration,andepitoperetrievedwith15
mg/ulProteinaseK(90000;Exiqon,Denmark)solutionat37°Cfor
10min.At53°C,sectionswerepre-hybridizedwithISHbuffer
(90000;Exiqon;Denmark)for30min,andthenincubatedforan
hourwithdigoxigenin(DIG)labeledmiR-138-5pspecific
oligonucleotides(612107-360;Exiqon,Denmark).Thereafter,
tissueswerewashedwithdecreasingconcentrationsofsaline-
sodiumcitratebuffer(S66391L;Sigma,USA),andthenblocked
with2%sheepserum(013-000-121;JacksonImmunoResearch,
USA)in1%bovineserumalbumin.Subsequently,tissueswere
incubatedwithalkalinephosphatase(ALP)-linkedanti-DIGFc
fragments(1:400;11093274910;Roche,Germany)overnightat
roomtemperature.Thetissueswerethoroughlywashedandthen
incubatedwithALPsubstrate-Nitrobluetetrazoliumchloride/5-
Bromo-4-chloro-3-indolylphosphate(NBT-BCIP)(11681451001;
Roche,Germany)at30°Cfor2h.Levamisole(X3021;Dako,USA)
wasmixedwiththesubstratetoblockendogenousALPactivity.
Finally,tissueswerecounterstainedwithnuclearfastred.A
scrambleoligonucleotidewithouttargetandsmallnuclearRNA-
U6wereusedasnegativeandpositivecontrols,respectively.

miR-138staininginOSCCsectionswerescorednegative
(0)or1–4accordingtoincreasingstainintensityby
experiencedpathologists.

TCGADataAnalysis
TCGAmiR-138expressionsfromTCGAmiRNAsequencedata
(n=488)andclinicaldataforheadandnecksquamouscell
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studiesinvolvingpatientbiopsies,CAFshavebeenassociatedto
lymphnodemetastasis(8,9)andpoorprognosisinOSCC
(8–12).

Apartfromgeneticalterations,epigeneticchangesincancer
cells,includingdysregulationofmicro-RNAs(miRNAs)(13,14)
havealsobeenwidelyrecognizedtohavecriticalrolesincancer
(15,16).DysfunctionofmiRNAsinstromalcellshasbeenaswell
provenandshowntosupportfurtherprogressionoftransformed
epithelialcells(17).PreviousstudieshaveshownmiRNA
deregulationinOSCC,theirroleintumorprogression,and
theirpossibleuseasdiagnosticandprognosticbiomarkers,as
wellastherapeuticaltargets(18–20).However,fewstudies
investigatedconsequencesofalterationsofmiRNAsintumor
stromafortumorprogressioningeneral,andforOSCC
inparticular.

InarecentstudythatinvolvedmiRNAprofilingofprimary
culturesofOSCC-derivedCAFsandnormaloralfibroblasts
(NOFs),wefoundalteredexpressionoftwelvemiRNAsin
CAFs(21).Whencoupledwiththeresultsofourprevious
transcriptomicstudyonthesamestrainsofOSCC-derived
CAFsandNOFsthatfoundintegrina11upregulatedinCAFs
ofOSCC(5),miR-204andmiR-138wereidentifiedbyinsilico
predictiontoolsaspossibleupstreamregulatorsofintegrina11.
Wefurthershowedthatindeedintegrina11isadirecttargetof
miR-204andthatmiR-204playsananti-invasiveroleinOSCC
(21),butwedidnotinvestigatemiR-138foritsroleinOSCC.

MiR-138hasbeenfoundtobedownregulatedinmanycancer
types,includingOSCC,anditwasthereforecoinedasatumor
suppressor(22).Ontheotherhand,ithasbeenlinkedtotumor
progressionandrecurrenceinglioblastoma(23).Inaprevious
studyonOSCC(42cases),miR-138wasshowntohavea
decreasedexpressioninOSCCcomparedtoadjacentnormal
mucosa(24).Inanotherstudy(n=35),itsexpressionwas
relativelyhigherinabouthalfofOSCCwhencomparedto
normaloralmucosa(25).Invitrostudiesshowedanti-
proliferativeandanti-invasiveroleformiR-138when
expressedinOSCCcells(26),anditwassuggestedtohavea
roleinsuppressingcancerstemness(27).

Whiletheabove-mentionedstudiesillustratetheroleofmiR-
138inseveralcancerswhendysregulatedineitherwholetumor
tissueoronlyintheepithelialcompartment,studiesonthe
consequencesofalteredmiR-138expressioninstromal
fibroblastsfortumorprogressionare,toourbestknowledge,
non-existent.ThisstudyaimedtoinvestigatetheroleofmiR-138
dysregulationinCAFsonOSCCprogression.

MATERIALSANDMETHODS

PatientMaterial
FormiRNAinsituhybridization,formalin-fixedparaffin-
embedded(FFPE)tissueblocksfromOSCClesions(n=53)
wereusedfromthediagnosticarchiveoftheDepartmentof
PathologyofHaukelandUniversityHospital.Clinicaldatawere
obtainedfromtheElectronicpatientjournal(n=38,
SupplementaryTableS1).Clinical–pathologicalcorrelationsof

thecohortwereinlinewithapreviousfindingfromlargercohorts
ofOSCC,indicatingthatthecohortcouldbeusedforpreliminary
biomarkeranalysis.Multi-variateCoxregressionfoundtumor
stage,age,andgenderasindependentpredictorsofsurvivalwith
increaseddeathriskforlatetumorstageHR:2.22(1.03–4.76),age
groupabove65HR:2.28(1.04–5.00),andmalegroupHR:4.29
(1.44–12.79),respectively(SupplementaryFigureS1).Similarly,
tumorstagewasasindependentpredictorofrecurrence-free
survival,withincreasedriskforrecurrenceforthelatestage
groupHR:3.662(1.18–11.31).Controlledfortumorstage,
tumorsitepredictedhigherriskofrecurrenceforOSCClesions
involvinggingivacomparedtotongueHR:3.19(1.985–10.322).

Forisolationofpairedcancer-associatedandnormal
fibroblasts,freshtissuesfromthetumorandhealthymucosa
(morethan1cmawayfromtheOSCClesion)fromOSCC
patients(n=6)werecollectedatthetimeofthesurgicalexcision.
Non-matchedCAFswerealsoisolatedfromadditionalprimary
OSCClesions(n=9)andnormaloralfibroblasts(NOFs)from
oralmucosaofnon-cancerindividuals(n=10).OnlyHPV
negativeprimarytumorswithoutanypriortherapieswere
includedinthestudy.Informedconsentwasobtainedinall
cases.Ethicalapprovalforthestudywasobtainedfromthe
regionalethicalcommittee(REKVest2010/481).

InSituHybridizationandmiRNA
Semi-Quantification
ISHofOSCCtissueswasperformedasdescribedearlier(28).In
brief,3-µmsectionsofformalin-fixedandparaffin-embedded
tissuesweredeparaffinizedinxylene,rehydratedinseriesof99%,
96%,and70%alcoholconcentration,andepitoperetrievedwith15
mg/ulProteinaseK(90000;Exiqon,Denmark)solutionat37°Cfor
10min.At53°C,sectionswerepre-hybridizedwithISHbuffer
(90000;Exiqon;Denmark)for30min,andthenincubatedforan
hourwithdigoxigenin(DIG)labeledmiR-138-5pspecific
oligonucleotides(612107-360;Exiqon,Denmark).Thereafter,
tissueswerewashedwithdecreasingconcentrationsofsaline-
sodiumcitratebuffer(S66391L;Sigma,USA),andthenblocked
with2%sheepserum(013-000-121;JacksonImmunoResearch,
USA)in1%bovineserumalbumin.Subsequently,tissueswere
incubatedwithalkalinephosphatase(ALP)-linkedanti-DIGFc
fragments(1:400;11093274910;Roche,Germany)overnightat
roomtemperature.Thetissueswerethoroughlywashedandthen
incubatedwithALPsubstrate-Nitrobluetetrazoliumchloride/5-
Bromo-4-chloro-3-indolylphosphate(NBT-BCIP)(11681451001;
Roche,Germany)at30°Cfor2h.Levamisole(X3021;Dako,USA)
wasmixedwiththesubstratetoblockendogenousALPactivity.
Finally,tissueswerecounterstainedwithnuclearfastred.A
scrambleoligonucleotidewithouttargetandsmallnuclearRNA-
U6wereusedasnegativeandpositivecontrols,respectively.

miR-138staininginOSCCsectionswerescorednegative
(0)or1–4accordingtoincreasingstainintensityby
experiencedpathologists.

TCGADataAnalysis
TCGAmiR-138expressionsfromTCGAmiRNAsequencedata
(n=488)andclinicaldataforheadandnecksquamouscell
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studies involving patient biopsies, CAFs have been associated to
lymph node metastasis (8, 9) and poor prognosis in OSCC
(8–12).

Apart from genetic alterations, epigenetic changes in cancer
cells, including dysregulation of micro-RNAs (miRNAs) (13, 14)
have also been widely recognized to have critical roles in cancer
(15, 16). Dysfunction of miRNAs in stromal cells has been as well
proven and shown to support further progression of transformed
epithelial cells (17). Previous studies have shown miRNA
deregulation in OSCC, their role in tumor progression, and
their possible use as diagnostic and prognostic biomarkers, as
well as therapeutical targets (18–20). However, few studies
investigated consequences of alterations of miRNAs in tumor
stroma for tumor progression in general, and for OSCC
in particular.

In a recent study that involved miRNA profiling of primary
cultures of OSCC-derived CAFs and normal oral fibroblasts
(NOFs), we found altered expression of twelve miRNAs in
CAFs (21). When coupled with the results of our previous
transcriptomic study on the same strains of OSCC-derived
CAFs and NOFs that found integrin a11 upregulated in CAFs
of OSCC (5), miR-204 and miR-138 were identified by in silico
prediction tools as possible upstream regulators of integrin a11.
We further showed that indeed integrin a11 is a direct target of
miR-204 and that miR-204 plays an anti-invasive role in OSCC
(21), but we did not investigate miR-138 for its role in OSCC.

MiR-138 has been found to be downregulated in many cancer
types, including OSCC, and it was therefore coined as a tumor
suppressor (22). On the other hand, it has been linked to tumor
progression and recurrence in glioblastoma (23). In a previous
study on OSCC (42 cases), miR-138 was shown to have a
decreased expression in OSCC compared to adjacent normal
mucosa (24). In another study (n = 35), its expression was
relatively higher in about half of OSCC when compared to
normal oral mucosa (25). In vitro studies showed anti-
proliferative and anti-invasive role for miR-138 when
expressed in OSCC cells (26), and it was suggested to have a
role in suppressing cancer stemness (27).

While the above-mentioned studies illustrate the role of miR-
138 in several cancers when dysregulated in either whole tumor
tissue or only in the epithelial compartment, studies on the
consequences of altered miR-138 expression in stromal
fibroblasts for tumor progression are, to our best knowledge,
non-existent. This study aimed to investigate the role of miR-138
dysregulation in CAFs on OSCC progression.

MATERIALS AND METHODS

Patient Material
For miRNA in situ hybridization, formalin-fixed paraffin-
embedded (FFPE) tissue blocks from OSCC lesions (n = 53)
were used from the diagnostic archive of the Department of
Pathology of Haukeland University Hospital. Clinical data were
obtained from the Electronic patient journal (n = 38,
Supplementary Table S1). Clinical–pathological correlations of

the cohort were in line with a previous finding from larger cohorts
of OSCC, indicating that the cohort could be used for preliminary
biomarker analysis. Multi-variate Cox regression found tumor
stage, age, and gender as independent predictors of survival with
increased death risk for late tumor stage HR: 2.22 (1.03–4.76), age
group above 65 HR: 2.28 (1.04–5.00), and male group HR: 4.29
(1.44–12.79), respectively (Supplementary Figure S1). Similarly,
tumor stage was as independent predictor of recurrence-free
survival, with increased risk for recurrence for the late stage
group HR: 3.662 (1.18–11.31). Controlled for tumor stage,
tumor site predicted higher risk of recurrence for OSCC lesions
involving gingiva compared to tongue HR: 3.19 (1.985–10.322).

For isolation of paired cancer-associated and normal
fibroblasts, fresh tissues from the tumor and healthy mucosa
(more than 1 cm away from the OSCC lesion) from OSCC
patients (n = 6) were collected at the time of the surgical excision.
Non-matched CAFs were also isolated from additional primary
OSCC lesions (n = 9) and normal oral fibroblasts (NOFs) from
oral mucosa of non-cancer individuals (n = 10). Only HPV
negative primary tumors without any prior therapies were
included in the study. Informed consent was obtained in all
cases. Ethical approval for the study was obtained from the
regional ethical committee (REKVest 2010/481).

In Situ Hybridization and miRNA
Semi-Quantification
ISH of OSCC tissues was performed as described earlier (28). In
brief, 3-µm sections of formalin-fixed and paraffin-embedded
tissues were deparaffinized in xylene, rehydrated in series of 99%,
96%, and 70% alcohol concentration, and epitope retrieved with 15
mg/ul Proteinase K (90000; Exiqon, Denmark) solution at 37°C for
10 min. At 53°C, sections were pre-hybridized with ISH buffer
(90000; Exiqon; Denmark) for 30 min, and then incubated for an
hour with digoxigenin (DIG) labeled miR-138-5p specific
oligonucleotides (612107-360; Exiqon, Denmark). Thereafter,
tissues were washed with decreasing concentrations of saline-
sodium citrate buffer (S66391L; Sigma, USA), and then blocked
with 2% sheep serum (013-000-121; Jackson ImmunoResearch,
USA) in 1% bovine serum albumin. Subsequently, tissues were
incubated with alkaline phosphatase (ALP)-linked anti-DIG Fc
fragments (1:400; 11093274910; Roche, Germany) overnight at
room temperature. The tissues were thoroughly washed and then
incubated with ALP substrate-Nitro blue tetrazolium chloride/5-
Bromo-4-chloro-3-indolyl phosphate (NBT-BCIP) (11681451001;
Roche, Germany) at 30°C for 2 h. Levamisole (X3021; Dako, USA)
was mixed with the substrate to block endogenous ALP activity.
Finally, tissues were counterstained with nuclear fast red. A
scramble oligonucleotide without target and small nuclear RNA-
U6 were used as negative and positive controls, respectively.

miR-138 staining in OSCC sections were scored negative
(0) or 1–4 according to increasing stain intensity by
experienced pathologists.

TCGA Data Analysis
TCGA miR-138 expressions from TCGA miRNA sequence data
(n = 488) and clinical data for head and neck squamous cell
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studies involving patient biopsies, CAFs have been associated to
lymph node metastasis (8, 9) and poor prognosis in OSCC
(8–12).

Apart from genetic alterations, epigenetic changes in cancer
cells, including dysregulation of micro-RNAs (miRNAs) (13, 14)
have also been widely recognized to have critical roles in cancer
(15, 16). Dysfunction of miRNAs in stromal cells has been as well
proven and shown to support further progression of transformed
epithelial cells (17). Previous studies have shown miRNA
deregulation in OSCC, their role in tumor progression, and
their possible use as diagnostic and prognostic biomarkers, as
well as therapeutical targets (18–20). However, few studies
investigated consequences of alterations of miRNAs in tumor
stroma for tumor progression in general, and for OSCC
in particular.

In a recent study that involved miRNA profiling of primary
cultures of OSCC-derived CAFs and normal oral fibroblasts
(NOFs), we found altered expression of twelve miRNAs in
CAFs (21). When coupled with the results of our previous
transcriptomic study on the same strains of OSCC-derived
CAFs and NOFs that found integrin a11 upregulated in CAFs
of OSCC (5), miR-204 and miR-138 were identified by in silico
prediction tools as possible upstream regulators of integrin a11.
We further showed that indeed integrin a11 is a direct target of
miR-204 and that miR-204 plays an anti-invasive role in OSCC
(21), but we did not investigate miR-138 for its role in OSCC.

MiR-138 has been found to be downregulated in many cancer
types, including OSCC, and it was therefore coined as a tumor
suppressor (22). On the other hand, it has been linked to tumor
progression and recurrence in glioblastoma (23). In a previous
study on OSCC (42 cases), miR-138 was shown to have a
decreased expression in OSCC compared to adjacent normal
mucosa (24). In another study (n = 35), its expression was
relatively higher in about half of OSCC when compared to
normal oral mucosa (25). In vitro studies showed anti-
proliferative and anti-invasive role for miR-138 when
expressed in OSCC cells (26), and it was suggested to have a
role in suppressing cancer stemness (27).

While the above-mentioned studies illustrate the role of miR-
138 in several cancers when dysregulated in either whole tumor
tissue or only in the epithelial compartment, studies on the
consequences of altered miR-138 expression in stromal
fibroblasts for tumor progression are, to our best knowledge,
non-existent. This study aimed to investigate the role of miR-138
dysregulation in CAFs on OSCC progression.

MATERIALS AND METHODS

Patient Material
For miRNA in situ hybridization, formalin-fixed paraffin-
embedded (FFPE) tissue blocks from OSCC lesions (n = 53)
were used from the diagnostic archive of the Department of
Pathology of Haukeland University Hospital. Clinical data were
obtained from the Electronic patient journal (n = 38,
Supplementary Table S1). Clinical–pathological correlations of

the cohort were in line with a previous finding from larger cohorts
of OSCC, indicating that the cohort could be used for preliminary
biomarker analysis. Multi-variate Cox regression found tumor
stage, age, and gender as independent predictors of survival with
increased death risk for late tumor stage HR: 2.22 (1.03–4.76), age
group above 65 HR: 2.28 (1.04–5.00), and male group HR: 4.29
(1.44–12.79), respectively (Supplementary Figure S1). Similarly,
tumor stage was as independent predictor of recurrence-free
survival, with increased risk for recurrence for the late stage
group HR: 3.662 (1.18–11.31). Controlled for tumor stage,
tumor site predicted higher risk of recurrence for OSCC lesions
involving gingiva compared to tongue HR: 3.19 (1.985–10.322).

For isolation of paired cancer-associated and normal
fibroblasts, fresh tissues from the tumor and healthy mucosa
(more than 1 cm away from the OSCC lesion) from OSCC
patients (n = 6) were collected at the time of the surgical excision.
Non-matched CAFs were also isolated from additional primary
OSCC lesions (n = 9) and normal oral fibroblasts (NOFs) from
oral mucosa of non-cancer individuals (n = 10). Only HPV
negative primary tumors without any prior therapies were
included in the study. Informed consent was obtained in all
cases. Ethical approval for the study was obtained from the
regional ethical committee (REKVest 2010/481).

In Situ Hybridization and miRNA
Semi-Quantification
ISH of OSCC tissues was performed as described earlier (28). In
brief, 3-µm sections of formalin-fixed and paraffin-embedded
tissues were deparaffinized in xylene, rehydrated in series of 99%,
96%, and 70% alcohol concentration, and epitope retrieved with 15
mg/ul Proteinase K (90000; Exiqon, Denmark) solution at 37°C for
10 min. At 53°C, sections were pre-hybridized with ISH buffer
(90000; Exiqon; Denmark) for 30 min, and then incubated for an
hour with digoxigenin (DIG) labeled miR-138-5p specific
oligonucleotides (612107-360; Exiqon, Denmark). Thereafter,
tissues were washed with decreasing concentrations of saline-
sodium citrate buffer (S66391L; Sigma, USA), and then blocked
with 2% sheep serum (013-000-121; Jackson ImmunoResearch,
USA) in 1% bovine serum albumin. Subsequently, tissues were
incubated with alkaline phosphatase (ALP)-linked anti-DIG Fc
fragments (1:400; 11093274910; Roche, Germany) overnight at
room temperature. The tissues were thoroughly washed and then
incubated with ALP substrate-Nitro blue tetrazolium chloride/5-
Bromo-4-chloro-3-indolyl phosphate (NBT-BCIP) (11681451001;
Roche, Germany) at 30°C for 2 h. Levamisole (X3021; Dako, USA)
was mixed with the substrate to block endogenous ALP activity.
Finally, tissues were counterstained with nuclear fast red. A
scramble oligonucleotide without target and small nuclear RNA-
U6 were used as negative and positive controls, respectively.

miR-138 staining in OSCC sections were scored negative
(0) or 1–4 according to increasing stain intensity by
experienced pathologists.

TCGA Data Analysis
TCGA miR-138 expressions from TCGA miRNA sequence data
(n = 488) and clinical data for head and neck squamous cell
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studiesinvolvingpatientbiopsies,CAFshavebeenassociatedto
lymphnodemetastasis(8,9)andpoorprognosisinOSCC
(8–12).

Apartfromgeneticalterations,epigeneticchangesincancer
cells,includingdysregulationofmicro-RNAs(miRNAs)(13,14)
havealsobeenwidelyrecognizedtohavecriticalrolesincancer
(15,16).DysfunctionofmiRNAsinstromalcellshasbeenaswell
provenandshowntosupportfurtherprogressionoftransformed
epithelialcells(17).PreviousstudieshaveshownmiRNA
deregulationinOSCC,theirroleintumorprogression,and
theirpossibleuseasdiagnosticandprognosticbiomarkers,as
wellastherapeuticaltargets(18–20).However,fewstudies
investigatedconsequencesofalterationsofmiRNAsintumor
stromafortumorprogressioningeneral,andforOSCC
inparticular.

InarecentstudythatinvolvedmiRNAprofilingofprimary
culturesofOSCC-derivedCAFsandnormaloralfibroblasts
(NOFs),wefoundalteredexpressionoftwelvemiRNAsin
CAFs(21).Whencoupledwiththeresultsofourprevious
transcriptomicstudyonthesamestrainsofOSCC-derived
CAFsandNOFsthatfoundintegrina11upregulatedinCAFs
ofOSCC(5),miR-204andmiR-138wereidentifiedbyinsilico
predictiontoolsaspossibleupstreamregulatorsofintegrina11.
Wefurthershowedthatindeedintegrina11isadirecttargetof
miR-204andthatmiR-204playsananti-invasiveroleinOSCC
(21),butwedidnotinvestigatemiR-138foritsroleinOSCC.

MiR-138hasbeenfoundtobedownregulatedinmanycancer
types,includingOSCC,anditwasthereforecoinedasatumor
suppressor(22).Ontheotherhand,ithasbeenlinkedtotumor
progressionandrecurrenceinglioblastoma(23).Inaprevious
studyonOSCC(42cases),miR-138wasshowntohavea
decreasedexpressioninOSCCcomparedtoadjacentnormal
mucosa(24).Inanotherstudy(n=35),itsexpressionwas
relativelyhigherinabouthalfofOSCCwhencomparedto
normaloralmucosa(25).Invitrostudiesshowedanti-
proliferativeandanti-invasiveroleformiR-138when
expressedinOSCCcells(26),anditwassuggestedtohavea
roleinsuppressingcancerstemness(27).

Whiletheabove-mentionedstudiesillustratetheroleofmiR-
138inseveralcancerswhendysregulatedineitherwholetumor
tissueoronlyintheepithelialcompartment,studiesonthe
consequencesofalteredmiR-138expressioninstromal
fibroblastsfortumorprogressionare,toourbestknowledge,
non-existent.ThisstudyaimedtoinvestigatetheroleofmiR-138
dysregulationinCAFsonOSCCprogression.

MATERIALSANDMETHODS

PatientMaterial
FormiRNAinsituhybridization,formalin-fixedparaffin-
embedded(FFPE)tissueblocksfromOSCClesions(n=53)
wereusedfromthediagnosticarchiveoftheDepartmentof
PathologyofHaukelandUniversityHospital.Clinicaldatawere
obtainedfromtheElectronicpatientjournal(n=38,
SupplementaryTableS1).Clinical–pathologicalcorrelationsof

thecohortwereinlinewithapreviousfindingfromlargercohorts
ofOSCC,indicatingthatthecohortcouldbeusedforpreliminary
biomarkeranalysis.Multi-variateCoxregressionfoundtumor
stage,age,andgenderasindependentpredictorsofsurvivalwith
increaseddeathriskforlatetumorstageHR:2.22(1.03–4.76),age
groupabove65HR:2.28(1.04–5.00),andmalegroupHR:4.29
(1.44–12.79),respectively(SupplementaryFigureS1).Similarly,
tumorstagewasasindependentpredictorofrecurrence-free
survival,withincreasedriskforrecurrenceforthelatestage
groupHR:3.662(1.18–11.31).Controlledfortumorstage,
tumorsitepredictedhigherriskofrecurrenceforOSCClesions
involvinggingivacomparedtotongueHR:3.19(1.985–10.322).

Forisolationofpairedcancer-associatedandnormal
fibroblasts,freshtissuesfromthetumorandhealthymucosa
(morethan1cmawayfromtheOSCClesion)fromOSCC
patients(n=6)werecollectedatthetimeofthesurgicalexcision.
Non-matchedCAFswerealsoisolatedfromadditionalprimary
OSCClesions(n=9)andnormaloralfibroblasts(NOFs)from
oralmucosaofnon-cancerindividuals(n=10).OnlyHPV
negativeprimarytumorswithoutanypriortherapieswere
includedinthestudy.Informedconsentwasobtainedinall
cases.Ethicalapprovalforthestudywasobtainedfromthe
regionalethicalcommittee(REKVest2010/481).

InSituHybridizationandmiRNA
Semi-Quantification
ISHofOSCCtissueswasperformedasdescribedearlier(28).In
brief,3-µmsectionsofformalin-fixedandparaffin-embedded
tissuesweredeparaffinizedinxylene,rehydratedinseriesof99%,
96%,and70%alcoholconcentration,andepitoperetrievedwith15
mg/ulProteinaseK(90000;Exiqon,Denmark)solutionat37°Cfor
10min.At53°C,sectionswerepre-hybridizedwithISHbuffer
(90000;Exiqon;Denmark)for30min,andthenincubatedforan
hourwithdigoxigenin(DIG)labeledmiR-138-5pspecific
oligonucleotides(612107-360;Exiqon,Denmark).Thereafter,
tissueswerewashedwithdecreasingconcentrationsofsaline-
sodiumcitratebuffer(S66391L;Sigma,USA),andthenblocked
with2%sheepserum(013-000-121;JacksonImmunoResearch,
USA)in1%bovineserumalbumin.Subsequently,tissueswere
incubatedwithalkalinephosphatase(ALP)-linkedanti-DIGFc
fragments(1:400;11093274910;Roche,Germany)overnightat
roomtemperature.Thetissueswerethoroughlywashedandthen
incubatedwithALPsubstrate-Nitrobluetetrazoliumchloride/5-
Bromo-4-chloro-3-indolylphosphate(NBT-BCIP)(11681451001;
Roche,Germany)at30°Cfor2h.Levamisole(X3021;Dako,USA)
wasmixedwiththesubstratetoblockendogenousALPactivity.
Finally,tissueswerecounterstainedwithnuclearfastred.A
scrambleoligonucleotidewithouttargetandsmallnuclearRNA-
U6wereusedasnegativeandpositivecontrols,respectively.

miR-138staininginOSCCsectionswerescorednegative
(0)or1–4accordingtoincreasingstainintensityby
experiencedpathologists.

TCGADataAnalysis
TCGAmiR-138expressionsfromTCGAmiRNAsequencedata
(n=488)andclinicaldataforheadandnecksquamouscell
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studiesinvolvingpatientbiopsies,CAFshavebeenassociatedto
lymphnodemetastasis(8,9)andpoorprognosisinOSCC
(8–12).

Apartfromgeneticalterations,epigeneticchangesincancer
cells,includingdysregulationofmicro-RNAs(miRNAs)(13,14)
havealsobeenwidelyrecognizedtohavecriticalrolesincancer
(15,16).DysfunctionofmiRNAsinstromalcellshasbeenaswell
provenandshowntosupportfurtherprogressionoftransformed
epithelialcells(17).PreviousstudieshaveshownmiRNA
deregulationinOSCC,theirroleintumorprogression,and
theirpossibleuseasdiagnosticandprognosticbiomarkers,as
wellastherapeuticaltargets(18–20).However,fewstudies
investigatedconsequencesofalterationsofmiRNAsintumor
stromafortumorprogressioningeneral,andforOSCC
inparticular.

InarecentstudythatinvolvedmiRNAprofilingofprimary
culturesofOSCC-derivedCAFsandnormaloralfibroblasts
(NOFs),wefoundalteredexpressionoftwelvemiRNAsin
CAFs(21).Whencoupledwiththeresultsofourprevious
transcriptomicstudyonthesamestrainsofOSCC-derived
CAFsandNOFsthatfoundintegrina11upregulatedinCAFs
ofOSCC(5),miR-204andmiR-138wereidentifiedbyinsilico
predictiontoolsaspossibleupstreamregulatorsofintegrina11.
Wefurthershowedthatindeedintegrina11isadirecttargetof
miR-204andthatmiR-204playsananti-invasiveroleinOSCC
(21),butwedidnotinvestigatemiR-138foritsroleinOSCC.

MiR-138hasbeenfoundtobedownregulatedinmanycancer
types,includingOSCC,anditwasthereforecoinedasatumor
suppressor(22).Ontheotherhand,ithasbeenlinkedtotumor
progressionandrecurrenceinglioblastoma(23).Inaprevious
studyonOSCC(42cases),miR-138wasshowntohavea
decreasedexpressioninOSCCcomparedtoadjacentnormal
mucosa(24).Inanotherstudy(n=35),itsexpressionwas
relativelyhigherinabouthalfofOSCCwhencomparedto
normaloralmucosa(25).Invitrostudiesshowedanti-
proliferativeandanti-invasiveroleformiR-138when
expressedinOSCCcells(26),anditwassuggestedtohavea
roleinsuppressingcancerstemness(27).

Whiletheabove-mentionedstudiesillustratetheroleofmiR-
138inseveralcancerswhendysregulatedineitherwholetumor
tissueoronlyintheepithelialcompartment,studiesonthe
consequencesofalteredmiR-138expressioninstromal
fibroblastsfortumorprogressionare,toourbestknowledge,
non-existent.ThisstudyaimedtoinvestigatetheroleofmiR-138
dysregulationinCAFsonOSCCprogression.

MATERIALSANDMETHODS

PatientMaterial
FormiRNAinsituhybridization,formalin-fixedparaffin-
embedded(FFPE)tissueblocksfromOSCClesions(n=53)
wereusedfromthediagnosticarchiveoftheDepartmentof
PathologyofHaukelandUniversityHospital.Clinicaldatawere
obtainedfromtheElectronicpatientjournal(n=38,
SupplementaryTableS1).Clinical–pathologicalcorrelationsof

thecohortwereinlinewithapreviousfindingfromlargercohorts
ofOSCC,indicatingthatthecohortcouldbeusedforpreliminary
biomarkeranalysis.Multi-variateCoxregressionfoundtumor
stage,age,andgenderasindependentpredictorsofsurvivalwith
increaseddeathriskforlatetumorstageHR:2.22(1.03–4.76),age
groupabove65HR:2.28(1.04–5.00),andmalegroupHR:4.29
(1.44–12.79),respectively(SupplementaryFigureS1).Similarly,
tumorstagewasasindependentpredictorofrecurrence-free
survival,withincreasedriskforrecurrenceforthelatestage
groupHR:3.662(1.18–11.31).Controlledfortumorstage,
tumorsitepredictedhigherriskofrecurrenceforOSCClesions
involvinggingivacomparedtotongueHR:3.19(1.985–10.322).

Forisolationofpairedcancer-associatedandnormal
fibroblasts,freshtissuesfromthetumorandhealthymucosa
(morethan1cmawayfromtheOSCClesion)fromOSCC
patients(n=6)werecollectedatthetimeofthesurgicalexcision.
Non-matchedCAFswerealsoisolatedfromadditionalprimary
OSCClesions(n=9)andnormaloralfibroblasts(NOFs)from
oralmucosaofnon-cancerindividuals(n=10).OnlyHPV
negativeprimarytumorswithoutanypriortherapieswere
includedinthestudy.Informedconsentwasobtainedinall
cases.Ethicalapprovalforthestudywasobtainedfromthe
regionalethicalcommittee(REKVest2010/481).

InSituHybridizationandmiRNA
Semi-Quantification
ISHofOSCCtissueswasperformedasdescribedearlier(28).In
brief,3-µmsectionsofformalin-fixedandparaffin-embedded
tissuesweredeparaffinizedinxylene,rehydratedinseriesof99%,
96%,and70%alcoholconcentration,andepitoperetrievedwith15
mg/ulProteinaseK(90000;Exiqon,Denmark)solutionat37°Cfor
10min.At53°C,sectionswerepre-hybridizedwithISHbuffer
(90000;Exiqon;Denmark)for30min,andthenincubatedforan
hourwithdigoxigenin(DIG)labeledmiR-138-5pspecific
oligonucleotides(612107-360;Exiqon,Denmark).Thereafter,
tissueswerewashedwithdecreasingconcentrationsofsaline-
sodiumcitratebuffer(S66391L;Sigma,USA),andthenblocked
with2%sheepserum(013-000-121;JacksonImmunoResearch,
USA)in1%bovineserumalbumin.Subsequently,tissueswere
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incubatedwithALPsubstrate-Nitrobluetetrazoliumchloride/5-
Bromo-4-chloro-3-indolylphosphate(NBT-BCIP)(11681451001;
Roche,Germany)at30°Cfor2h.Levamisole(X3021;Dako,USA)
wasmixedwiththesubstratetoblockendogenousALPactivity.
Finally,tissueswerecounterstainedwithnuclearfastred.A
scrambleoligonucleotidewithouttargetandsmallnuclearRNA-
U6wereusedasnegativeandpositivecontrols,respectively.

miR-138staininginOSCCsectionswerescorednegative
(0)or1–4accordingtoincreasingstainintensityby
experiencedpathologists.

TCGADataAnalysis
TCGAmiR-138expressionsfromTCGAmiRNAsequencedata
(n=488)andclinicaldataforheadandnecksquamouscell
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carcinoma cohort (n = 528) were accessed from the Firebrowse
database version 2016_01_28 (http://www.firebrowse.org). The
same cohort contained miR-138 data for normal human oral
mucosa (NHOM). After exclusion of HPV-positive, non-oral
cancers cases and cases with history of neoadjuvant treatment,
277 oral cancer cases (alveolar ridge: 13; base of tongue: 11; buccal
mucosa: 30; floor of mouth: 56; hard palate: 5; lip: 3; unspecified
region in oral cavity: 62; tongue: 112; oropharynx: 7) with miR-138
data remained. Using the same exclusion criteria, out of 45 cases,
only 25 NHOM cases remained. Of the 25 NHOM cases, 24 were
matched to OSCC lesions (from the same patient).

Cell Culture
Isolated CAFs and NOFs from OSCC patients and healthy
donors were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; D6429, SIGMA) supplemented with 10% heat-
inactivated newborn calf serum (NBCS; 31765068, GIBCO).
OSCC cell lines UK1 (29) and Luc4 (30) were grown in
DMEM/Nutrient Mixture F-12 Ham medium (D8437, Sigma)
supplemented with 10% NBCS, 1× Insulin-Transferrin-Selenium
(41400-04, Thermofisher Scientific), 0.4 mg/ml hydrocortisone
(H0888, Sigma), 50 mg/ml L-ascorbic acid (A7631, Sigma), and
10 ng/ml epidermal growth factor (E9644, Sigma). All cell lines
were propagated in humidity incubator at 5% CO2 and 37°C
temperature and regularly tested for mycoplasma contamination.

miRNA Modulation in Fibroblasts and
Proliferation Assay
Each of the 1 × 106 NOFs and CAFs was reverse transfected with
mimics and inhibitors ofmiR-138-5p (C/IH-300605; Dharmacon),
and the respective controls (mimic: CN-0010000-01; inhibitor: IN-
001005-05; Dharmacon) at 50 nM concentration using
LipofectamineTM 3000 Transfection Reagent (L3000015;
Invitrogen, USA) following the manufacturer´s protocol. Forty-
eight hours after the transfection, the cells were either harvested for
molecular profiling or subjected to further functional studies. In
order to see the effect ofmiR-138 onfibroblast proliferation, 1× 104

NOFs orCAFswere reverse transfectedwithmimics and inhibitors
of miR-138-5p and the respective controls in quadruplicates in 24-
well plates. After 48 h, the cells were Trypsin EDTA detached and
counted using Trypan blue in Invitrogen Countess automated
cell counter.

RNA and miRNA Isolation
Total RNA was isolated using mirVana miRNA isolation kit
(AM1560, mirVana). In brief, sub-confluent CAFs and NOFs in
monolayer cultures were washed with phosphate buffered saline
(PBS), lysed with Lysis/Binding buffer and Phenol : Chloroform
extracted. Subsequently, RNA was captured in glass fiber filter
column and eluted in elution solution. The purity and quantity of
the RNA was measured using NanoDrop® ND-1000
Spectrophotometer (Nanodrop Technologies; USA). Total
RNA and enriched small RNAs were stored at −80°C until use.

Reverse Transcription
Total RNAs were reverse transcribed to cDNAs using miRNAs
specific primers using TaqMan MicroRNA Reverse

Transcriptase kit (4366596, Applied Biosystem). In brief, 10 ng
of total RNA was mixed with dNTPs, reverse transcription
buffer, RNase inhibitor, and miRNA specific primer and
reverse transcribed to a final reaction mixture of 15 ml.
Thereafter, the reaction mixture was subjected to thermal cycle
at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. For
mRNA quantification, total RNA was reversed transcribed using
the Taqman Reverse Transcription kit (N8080234, Applied
Biosystems). In brief, 100 ng of total RNA was mixed with
reverse transcription buffer, MgCl2, dNTPs, random hexamer,
RNase inhibitor, and reverse transcriptase to a final volume of 25
ml with RNase-free water. cDNA synthesis was performed at
20°C for 10 min, 48°C for 30 min, and 90°C for 5 min.

Quantitative Real-Time Polymerase
Chain Reaction
The expression of miRNAs and gene transcripts were quantified
using Taqman assays in ABI Prism 7900 HT sequence detector
system (Applied Biosystems). The PCR reaction volume was set
to 10 ml for each well in 384-well plates. The PCR was then run at
50°C for 2 min, 95°C for 10 min, and for 40 cycles at 95°C for 15 s
and 60°C for 1 min. Each sample was run in triplicate. mRNA
expression was normalized to the housekeeping gene GAPDH,
and miRNA expression was normalized to the expression of
RNU48. Taqman assays used are listed in Supplementary
Table S2.

Western Blot
Semi-quantitative assessment of proteins of interest was
performed using Western blot technique. In brief, protein
lysates of fibroblast culture, 48 h post transfection of miR-138
mimics, inhibitors, and controls, were resolved in NuPAGE
Novex 10% Bis-Tris Protein Gel (NP0303, Invitrogen) in
NuPAGE MOPS SDS Running Buffer (NP0001, Invitrogen) at
160 V for 90 min and were transferred to PVDF membrane
(10600069, GE Healthcare) in NuPAGE transfer buffer (NP0006,
Invitrogen) at 40 V for an hour. Thereafter, PVDF membrane
was blocked with 5% non-fat dry milk or 3% BSA in TBS-tween
buffer for half an hour and incubated with primary antibody
overnight at 4°C. The following day, PVDF membrane was
thoroughly washed with TBS-tween, incubated at room
temperature with secondary antibody tagged with horseradish
peroxidase and thoroughly washed again. Finally, bands of
proteins were visualized using SuperSignal West Pico
Chemiluminescent Substrate (34080, Thermofisher) using
Image Reagder LAS 1000 (Fujifilm), and protein band intensity
in the captured images was quantified using ImageJ using Gel
commands. GAPDH was used as loading control. Antibodies
used in this study are listed in Supplementary Table S3.

miRNA Dual Luciferase Target
Reporter Assay
3’UTR sequence of ITGA11 (NM_001004439.1) was retrieved
from the UCSC genome browser (http://genome.ucsc.edu) (31).
A plasmid vector with luciferase upstream of 3’UTR and renilla
as a control reporter was designed and purchased from Vector
Builder. Position 1-1355 of ITGA11 3’UTR length harboring
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carcinomacohort(n=528)wereaccessedfromtheFirebrowse
databaseversion2016_01_28(http://www.firebrowse.org).The
samecohortcontainedmiR-138datafornormalhumanoral
mucosa(NHOM).AfterexclusionofHPV-positive,non-oral
cancerscasesandcaseswithhistoryofneoadjuvanttreatment,
277oralcancercases(alveolarridge:13;baseoftongue:11;buccal
mucosa:30;floorofmouth:56;hardpalate:5;lip:3;unspecified
regioninoralcavity:62;tongue:112;oropharynx:7)withmiR-138
dataremained.Usingthesameexclusioncriteria,outof45cases,
only25NHOMcasesremained.Ofthe25NHOMcases,24were
matchedtoOSCClesions(fromthesamepatient).

CellCulture
IsolatedCAFsandNOFsfromOSCCpatientsandhealthy
donorswereculturedinDulbecco’sModifiedEagle’sMedium
(DMEM;D6429,SIGMA)supplementedwith10%heat-
inactivatednewborncalfserum(NBCS;31765068,GIBCO).
OSCCcelllinesUK1(29)andLuc4(30)weregrownin
DMEM/NutrientMixtureF-12Hammedium(D8437,Sigma)
supplementedwith10%NBCS,1×Insulin-Transferrin-Selenium
(41400-04,ThermofisherScientific),0.4mg/mlhydrocortisone
(H0888,Sigma),50mg/mlL-ascorbicacid(A7631,Sigma),and
10ng/mlepidermalgrowthfactor(E9644,Sigma).Allcelllines
werepropagatedinhumidityincubatorat5%CO2and37°C
temperatureandregularlytestedformycoplasmacontamination.

miRNAModulationinFibroblastsand
ProliferationAssay
Eachofthe1×106NOFsandCAFswasreversetransfectedwith
mimicsandinhibitorsofmiR-138-5p(C/IH-300605;Dharmacon),
andtherespectivecontrols(mimic:CN-0010000-01;inhibitor:IN-
001005-05;Dharmacon)at50nMconcentrationusing
LipofectamineTM3000TransfectionReagent(L3000015;
Invitrogen,USA)followingthemanufacturer´sprotocol.Forty-
eighthoursafterthetransfection,thecellswereeitherharvestedfor
molecularprofilingorsubjectedtofurtherfunctionalstudies.In
ordertoseetheeffectofmiR-138onfibroblastproliferation,1×104

NOFsorCAFswerereversetransfectedwithmimicsandinhibitors
ofmiR-138-5pandtherespectivecontrolsinquadruplicatesin24-
wellplates.After48h,thecellswereTrypsinEDTAdetachedand
countedusingTrypanblueinInvitrogenCountessautomated
cellcounter.

RNAandmiRNAIsolation
TotalRNAwasisolatedusingmirVanamiRNAisolationkit
(AM1560,mirVana).Inbrief,sub-confluentCAFsandNOFsin
monolayercultureswerewashedwithphosphatebufferedsaline
(PBS),lysedwithLysis/BindingbufferandPhenol:Chloroform
extracted.Subsequently,RNAwascapturedinglassfiberfilter
columnandelutedinelutionsolution.Thepurityandquantityof
theRNAwasmeasuredusingNanoDrop®ND-1000
Spectrophotometer(NanodropTechnologies;USA).Total
RNAandenrichedsmallRNAswerestoredat−80°Cuntiluse.

ReverseTranscription
TotalRNAswerereversetranscribedtocDNAsusingmiRNAs
specificprimersusingTaqManMicroRNAReverse

Transcriptasekit(4366596,AppliedBiosystem).Inbrief,10ng
oftotalRNAwasmixedwithdNTPs,reversetranscription
buffer,RNaseinhibitor,andmiRNAspecificprimerand
reversetranscribedtoafinalreactionmixtureof15ml.
Thereafter,thereactionmixturewassubjectedtothermalcycle
at16°Cfor30min,42°Cfor30min,and85°Cfor5min.For
mRNAquantification,totalRNAwasreversedtranscribedusing
theTaqmanReverseTranscriptionkit(N8080234,Applied
Biosystems).Inbrief,100ngoftotalRNAwasmixedwith
reversetranscriptionbuffer,MgCl2,dNTPs,randomhexamer,
RNaseinhibitor,andreversetranscriptasetoafinalvolumeof25
mlwithRNase-freewater.cDNAsynthesiswasperformedat
20°Cfor10min,48°Cfor30min,and90°Cfor5min.

QuantitativeReal-TimePolymerase
ChainReaction
TheexpressionofmiRNAsandgenetranscriptswerequantified
usingTaqmanassaysinABIPrism7900HTsequencedetector
system(AppliedBiosystems).ThePCRreactionvolumewasset
to10mlforeachwellin384-wellplates.ThePCRwasthenrunat
50°Cfor2min,95°Cfor10min,andfor40cyclesat95°Cfor15s
and60°Cfor1min.Eachsamplewasrunintriplicate.mRNA
expressionwasnormalizedtothehousekeepinggeneGAPDH,
andmiRNAexpressionwasnormalizedtotheexpressionof
RNU48.TaqmanassaysusedarelistedinSupplementary
TableS2.

WesternBlot
Semi-quantitativeassessmentofproteinsofinterestwas
performedusingWesternblottechnique.Inbrief,protein
lysatesoffibroblastculture,48hposttransfectionofmiR-138
mimics,inhibitors,andcontrols,wereresolvedinNuPAGE
Novex10%Bis-TrisProteinGel(NP0303,Invitrogen)in
NuPAGEMOPSSDSRunningBuffer(NP0001,Invitrogen)at
160Vfor90minandweretransferredtoPVDFmembrane
(10600069,GEHealthcare)inNuPAGEtransferbuffer(NP0006,
Invitrogen)at40Vforanhour.Thereafter,PVDFmembrane
wasblockedwith5%non-fatdrymilkor3%BSAinTBS-tween
bufferforhalfanhourandincubatedwithprimaryantibody
overnightat4°C.Thefollowingday,PVDFmembranewas
thoroughlywashedwithTBS-tween,incubatedatroom
temperaturewithsecondaryantibodytaggedwithhorseradish
peroxidaseandthoroughlywashedagain.Finally,bandsof
proteinswerevisualizedusingSuperSignalWestPico
ChemiluminescentSubstrate(34080,Thermofisher)using
ImageReagderLAS1000(Fujifilm),andproteinbandintensity
inthecapturedimageswasquantifiedusingImageJusingGel
commands.GAPDHwasusedasloadingcontrol.Antibodies
usedinthisstudyarelistedinSupplementaryTableS3.

miRNADualLuciferaseTarget
ReporterAssay
3’UTRsequenceofITGA11(NM_001004439.1)wasretrieved
fromtheUCSCgenomebrowser(http://genome.ucsc.edu)(31).
Aplasmidvectorwithluciferaseupstreamof3’UTRandrenilla
asacontrolreporterwasdesignedandpurchasedfromVector
Builder.Position1-1355ofITGA113’UTRlengthharboring
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carcinomacohort(n=528)wereaccessedfromtheFirebrowse
databaseversion2016_01_28(http://www.firebrowse.org).The
samecohortcontainedmiR-138datafornormalhumanoral
mucosa(NHOM).AfterexclusionofHPV-positive,non-oral
cancerscasesandcaseswithhistoryofneoadjuvanttreatment,
277oralcancercases(alveolarridge:13;baseoftongue:11;buccal
mucosa:30;floorofmouth:56;hardpalate:5;lip:3;unspecified
regioninoralcavity:62;tongue:112;oropharynx:7)withmiR-138
dataremained.Usingthesameexclusioncriteria,outof45cases,
only25NHOMcasesremained.Ofthe25NHOMcases,24were
matchedtoOSCClesions(fromthesamepatient).

CellCulture
IsolatedCAFsandNOFsfromOSCCpatientsandhealthy
donorswereculturedinDulbecco’sModifiedEagle’sMedium
(DMEM;D6429,SIGMA)supplementedwith10%heat-
inactivatednewborncalfserum(NBCS;31765068,GIBCO).
OSCCcelllinesUK1(29)andLuc4(30)weregrownin
DMEM/NutrientMixtureF-12Hammedium(D8437,Sigma)
supplementedwith10%NBCS,1×Insulin-Transferrin-Selenium
(41400-04,ThermofisherScientific),0.4mg/mlhydrocortisone
(H0888,Sigma),50mg/mlL-ascorbicacid(A7631,Sigma),and
10ng/mlepidermalgrowthfactor(E9644,Sigma).Allcelllines
werepropagatedinhumidityincubatorat5%CO2and37°C
temperatureandregularlytestedformycoplasmacontamination.

miRNAModulationinFibroblastsand
ProliferationAssay
Eachofthe1×106NOFsandCAFswasreversetransfectedwith
mimicsandinhibitorsofmiR-138-5p(C/IH-300605;Dharmacon),
andtherespectivecontrols(mimic:CN-0010000-01;inhibitor:IN-
001005-05;Dharmacon)at50nMconcentrationusing
LipofectamineTM3000TransfectionReagent(L3000015;
Invitrogen,USA)followingthemanufacturer´sprotocol.Forty-
eighthoursafterthetransfection,thecellswereeitherharvestedfor
molecularprofilingorsubjectedtofurtherfunctionalstudies.In
ordertoseetheeffectofmiR-138onfibroblastproliferation,1×104

NOFsorCAFswerereversetransfectedwithmimicsandinhibitors
ofmiR-138-5pandtherespectivecontrolsinquadruplicatesin24-
wellplates.After48h,thecellswereTrypsinEDTAdetachedand
countedusingTrypanblueinInvitrogenCountessautomated
cellcounter.

RNAandmiRNAIsolation
TotalRNAwasisolatedusingmirVanamiRNAisolationkit
(AM1560,mirVana).Inbrief,sub-confluentCAFsandNOFsin
monolayercultureswerewashedwithphosphatebufferedsaline
(PBS),lysedwithLysis/BindingbufferandPhenol:Chloroform
extracted.Subsequently,RNAwascapturedinglassfiberfilter
columnandelutedinelutionsolution.Thepurityandquantityof
theRNAwasmeasuredusingNanoDrop®ND-1000
Spectrophotometer(NanodropTechnologies;USA).Total
RNAandenrichedsmallRNAswerestoredat−80°Cuntiluse.

ReverseTranscription
TotalRNAswerereversetranscribedtocDNAsusingmiRNAs
specificprimersusingTaqManMicroRNAReverse

Transcriptasekit(4366596,AppliedBiosystem).Inbrief,10ng
oftotalRNAwasmixedwithdNTPs,reversetranscription
buffer,RNaseinhibitor,andmiRNAspecificprimerand
reversetranscribedtoafinalreactionmixtureof15ml.
Thereafter,thereactionmixturewassubjectedtothermalcycle
at16°Cfor30min,42°Cfor30min,and85°Cfor5min.For
mRNAquantification,totalRNAwasreversedtranscribedusing
theTaqmanReverseTranscriptionkit(N8080234,Applied
Biosystems).Inbrief,100ngoftotalRNAwasmixedwith
reversetranscriptionbuffer,MgCl2,dNTPs,randomhexamer,
RNaseinhibitor,andreversetranscriptasetoafinalvolumeof25
mlwithRNase-freewater.cDNAsynthesiswasperformedat
20°Cfor10min,48°Cfor30min,and90°Cfor5min.

QuantitativeReal-TimePolymerase
ChainReaction
TheexpressionofmiRNAsandgenetranscriptswerequantified
usingTaqmanassaysinABIPrism7900HTsequencedetector
system(AppliedBiosystems).ThePCRreactionvolumewasset
to10mlforeachwellin384-wellplates.ThePCRwasthenrunat
50°Cfor2min,95°Cfor10min,andfor40cyclesat95°Cfor15s
and60°Cfor1min.Eachsamplewasrunintriplicate.mRNA
expressionwasnormalizedtothehousekeepinggeneGAPDH,
andmiRNAexpressionwasnormalizedtotheexpressionof
RNU48.TaqmanassaysusedarelistedinSupplementary
TableS2.

WesternBlot
Semi-quantitativeassessmentofproteinsofinterestwas
performedusingWesternblottechnique.Inbrief,protein
lysatesoffibroblastculture,48hposttransfectionofmiR-138
mimics,inhibitors,andcontrols,wereresolvedinNuPAGE
Novex10%Bis-TrisProteinGel(NP0303,Invitrogen)in
NuPAGEMOPSSDSRunningBuffer(NP0001,Invitrogen)at
160Vfor90minandweretransferredtoPVDFmembrane
(10600069,GEHealthcare)inNuPAGEtransferbuffer(NP0006,
Invitrogen)at40Vforanhour.Thereafter,PVDFmembrane
wasblockedwith5%non-fatdrymilkor3%BSAinTBS-tween
bufferforhalfanhourandincubatedwithprimaryantibody
overnightat4°C.Thefollowingday,PVDFmembranewas
thoroughlywashedwithTBS-tween,incubatedatroom
temperaturewithsecondaryantibodytaggedwithhorseradish
peroxidaseandthoroughlywashedagain.Finally,bandsof
proteinswerevisualizedusingSuperSignalWestPico
ChemiluminescentSubstrate(34080,Thermofisher)using
ImageReagderLAS1000(Fujifilm),andproteinbandintensity
inthecapturedimageswasquantifiedusingImageJusingGel
commands.GAPDHwasusedasloadingcontrol.Antibodies
usedinthisstudyarelistedinSupplementaryTableS3.

miRNADualLuciferaseTarget
ReporterAssay
3’UTRsequenceofITGA11(NM_001004439.1)wasretrieved
fromtheUCSCgenomebrowser(http://genome.ucsc.edu)(31).
Aplasmidvectorwithluciferaseupstreamof3’UTRandrenilla
asacontrolreporterwasdesignedandpurchasedfromVector
Builder.Position1-1355ofITGA113’UTRlengthharboring
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carcinoma cohort (n = 528) were accessed from the Firebrowse
database version 2016_01_28 (http://www.firebrowse.org). The
same cohort contained miR-138 data for normal human oral
mucosa (NHOM). After exclusion of HPV-positive, non-oral
cancers cases and cases with history of neoadjuvant treatment,
277 oral cancer cases (alveolar ridge: 13; base of tongue: 11; buccal
mucosa: 30; floor of mouth: 56; hard palate: 5; lip: 3; unspecified
region in oral cavity: 62; tongue: 112; oropharynx: 7) with miR-138
data remained. Using the same exclusion criteria, out of 45 cases,
only 25 NHOM cases remained. Of the 25 NHOM cases, 24 were
matched to OSCC lesions (from the same patient).

Cell Culture
Isolated CAFs and NOFs from OSCC patients and healthy
donors were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; D6429, SIGMA) supplemented with 10% heat-
inactivated newborn calf serum (NBCS; 31765068, GIBCO).
OSCC cell lines UK1 (29) and Luc4 (30) were grown in
DMEM/Nutrient Mixture F-12 Ham medium (D8437, Sigma)
supplemented with 10% NBCS, 1× Insulin-Transferrin-Selenium
(41400-04, Thermofisher Scientific), 0.4 mg/ml hydrocortisone
(H0888, Sigma), 50 mg/ml L-ascorbic acid (A7631, Sigma), and
10 ng/ml epidermal growth factor (E9644, Sigma). All cell lines
were propagated in humidity incubator at 5% CO2 and 37°C
temperature and regularly tested for mycoplasma contamination.

miRNA Modulation in Fibroblasts and
Proliferation Assay
Each of the 1 × 10

6
NOFs and CAFs was reverse transfected with

mimics and inhibitors ofmiR-138-5p (C/IH-300605; Dharmacon),
and the respective controls (mimic: CN-0010000-01; inhibitor: IN-
001005-05; Dharmacon) at 50 nM concentration using
LipofectamineTM 3000 Transfection Reagent (L3000015;
Invitrogen, USA) following the manufacturer´s protocol. Forty-
eight hours after the transfection, the cells were either harvested for
molecular profiling or subjected to further functional studies. In
order to see the effect ofmiR-138 onfibroblast proliferation, 1× 10

4

NOFs orCAFswere reverse transfectedwithmimics and inhibitors
of miR-138-5p and the respective controls in quadruplicates in 24-
well plates. After 48 h, the cells were Trypsin EDTA detached and
counted using Trypan blue in Invitrogen Countess automated
cell counter.

RNA and miRNA Isolation
Total RNA was isolated using mirVana miRNA isolation kit
(AM1560, mirVana). In brief, sub-confluent CAFs and NOFs in
monolayer cultures were washed with phosphate buffered saline
(PBS), lysed with Lysis/Binding buffer and Phenol : Chloroform
extracted. Subsequently, RNA was captured in glass fiber filter
column and eluted in elution solution. The purity and quantity of
the RNA was measured using NanoDrop® ND-1000
Spectrophotometer (Nanodrop Technologies; USA). Total
RNA and enriched small RNAs were stored at −80°C until use.

Reverse Transcription
Total RNAs were reverse transcribed to cDNAs using miRNAs
specific primers using TaqMan MicroRNA Reverse

Transcriptase kit (4366596, Applied Biosystem). In brief, 10 ng
of total RNA was mixed with dNTPs, reverse transcription
buffer, RNase inhibitor, and miRNA specific primer and
reverse transcribed to a final reaction mixture of 15 ml.
Thereafter, the reaction mixture was subjected to thermal cycle
at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. For
mRNA quantification, total RNA was reversed transcribed using
the Taqman Reverse Transcription kit (N8080234, Applied
Biosystems). In brief, 100 ng of total RNA was mixed with
reverse transcription buffer, MgCl2, dNTPs, random hexamer,
RNase inhibitor, and reverse transcriptase to a final volume of 25
ml with RNase-free water. cDNA synthesis was performed at
20°C for 10 min, 48°C for 30 min, and 90°C for 5 min.

Quantitative Real-Time Polymerase
Chain Reaction
The expression of miRNAs and gene transcripts were quantified
using Taqman assays in ABI Prism 7900 HT sequence detector
system (Applied Biosystems). The PCR reaction volume was set
to 10 ml for each well in 384-well plates. The PCR was then run at
50°C for 2 min, 95°C for 10 min, and for 40 cycles at 95°C for 15 s
and 60°C for 1 min. Each sample was run in triplicate. mRNA
expression was normalized to the housekeeping gene GAPDH,
and miRNA expression was normalized to the expression of
RNU48. Taqman assays used are listed in Supplementary
Table S2.

Western Blot
Semi-quantitative assessment of proteins of interest was
performed using Western blot technique. In brief, protein
lysates of fibroblast culture, 48 h post transfection of miR-138
mimics, inhibitors, and controls, were resolved in NuPAGE
Novex 10% Bis-Tris Protein Gel (NP0303, Invitrogen) in
NuPAGE MOPS SDS Running Buffer (NP0001, Invitrogen) at
160 V for 90 min and were transferred to PVDF membrane
(10600069, GE Healthcare) in NuPAGE transfer buffer (NP0006,
Invitrogen) at 40 V for an hour. Thereafter, PVDF membrane
was blocked with 5% non-fat dry milk or 3% BSA in TBS-tween
buffer for half an hour and incubated with primary antibody
overnight at 4°C. The following day, PVDF membrane was
thoroughly washed with TBS-tween, incubated at room
temperature with secondary antibody tagged with horseradish
peroxidase and thoroughly washed again. Finally, bands of
proteins were visualized using SuperSignal West Pico
Chemiluminescent Substrate (34080, Thermofisher) using
Image Reagder LAS 1000 (Fujifilm), and protein band intensity
in the captured images was quantified using ImageJ using Gel
commands. GAPDH was used as loading control. Antibodies
used in this study are listed in Supplementary Table S3.

miRNA Dual Luciferase Target
Reporter Assay
3’UTR sequence of ITGA11 (NM_001004439.1) was retrieved
from the UCSC genome browser (http://genome.ucsc.edu) (31).
A plasmid vector with luciferase upstream of 3’UTR and renilla
as a control reporter was designed and purchased from Vector
Builder. Position 1-1355 of ITGA11 3’UTR length harboring
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carcinoma cohort (n = 528) were accessed from the Firebrowse
database version 2016_01_28 (http://www.firebrowse.org). The
same cohort contained miR-138 data for normal human oral
mucosa (NHOM). After exclusion of HPV-positive, non-oral
cancers cases and cases with history of neoadjuvant treatment,
277 oral cancer cases (alveolar ridge: 13; base of tongue: 11; buccal
mucosa: 30; floor of mouth: 56; hard palate: 5; lip: 3; unspecified
region in oral cavity: 62; tongue: 112; oropharynx: 7) with miR-138
data remained. Using the same exclusion criteria, out of 45 cases,
only 25 NHOM cases remained. Of the 25 NHOM cases, 24 were
matched to OSCC lesions (from the same patient).

Cell Culture
Isolated CAFs and NOFs from OSCC patients and healthy
donors were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; D6429, SIGMA) supplemented with 10% heat-
inactivated newborn calf serum (NBCS; 31765068, GIBCO).
OSCC cell lines UK1 (29) and Luc4 (30) were grown in
DMEM/Nutrient Mixture F-12 Ham medium (D8437, Sigma)
supplemented with 10% NBCS, 1× Insulin-Transferrin-Selenium
(41400-04, Thermofisher Scientific), 0.4 mg/ml hydrocortisone
(H0888, Sigma), 50 mg/ml L-ascorbic acid (A7631, Sigma), and
10 ng/ml epidermal growth factor (E9644, Sigma). All cell lines
were propagated in humidity incubator at 5% CO2 and 37°C
temperature and regularly tested for mycoplasma contamination.

miRNA Modulation in Fibroblasts and
Proliferation Assay
Each of the 1 × 10

6
NOFs and CAFs was reverse transfected with

mimics and inhibitors ofmiR-138-5p (C/IH-300605; Dharmacon),
and the respective controls (mimic: CN-0010000-01; inhibitor: IN-
001005-05; Dharmacon) at 50 nM concentration using
LipofectamineTM 3000 Transfection Reagent (L3000015;
Invitrogen, USA) following the manufacturer´s protocol. Forty-
eight hours after the transfection, the cells were either harvested for
molecular profiling or subjected to further functional studies. In
order to see the effect ofmiR-138 onfibroblast proliferation, 1× 10

4

NOFs orCAFswere reverse transfectedwithmimics and inhibitors
of miR-138-5p and the respective controls in quadruplicates in 24-
well plates. After 48 h, the cells were Trypsin EDTA detached and
counted using Trypan blue in Invitrogen Countess automated
cell counter.

RNA and miRNA Isolation
Total RNA was isolated using mirVana miRNA isolation kit
(AM1560, mirVana). In brief, sub-confluent CAFs and NOFs in
monolayer cultures were washed with phosphate buffered saline
(PBS), lysed with Lysis/Binding buffer and Phenol : Chloroform
extracted. Subsequently, RNA was captured in glass fiber filter
column and eluted in elution solution. The purity and quantity of
the RNA was measured using NanoDrop® ND-1000
Spectrophotometer (Nanodrop Technologies; USA). Total
RNA and enriched small RNAs were stored at −80°C until use.

Reverse Transcription
Total RNAs were reverse transcribed to cDNAs using miRNAs
specific primers using TaqMan MicroRNA Reverse

Transcriptase kit (4366596, Applied Biosystem). In brief, 10 ng
of total RNA was mixed with dNTPs, reverse transcription
buffer, RNase inhibitor, and miRNA specific primer and
reverse transcribed to a final reaction mixture of 15 ml.
Thereafter, the reaction mixture was subjected to thermal cycle
at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. For
mRNA quantification, total RNA was reversed transcribed using
the Taqman Reverse Transcription kit (N8080234, Applied
Biosystems). In brief, 100 ng of total RNA was mixed with
reverse transcription buffer, MgCl2, dNTPs, random hexamer,
RNase inhibitor, and reverse transcriptase to a final volume of 25
ml with RNase-free water. cDNA synthesis was performed at
20°C for 10 min, 48°C for 30 min, and 90°C for 5 min.

Quantitative Real-Time Polymerase
Chain Reaction
The expression of miRNAs and gene transcripts were quantified
using Taqman assays in ABI Prism 7900 HT sequence detector
system (Applied Biosystems). The PCR reaction volume was set
to 10 ml for each well in 384-well plates. The PCR was then run at
50°C for 2 min, 95°C for 10 min, and for 40 cycles at 95°C for 15 s
and 60°C for 1 min. Each sample was run in triplicate. mRNA
expression was normalized to the housekeeping gene GAPDH,
and miRNA expression was normalized to the expression of
RNU48. Taqman assays used are listed in Supplementary
Table S2.

Western Blot
Semi-quantitative assessment of proteins of interest was
performed using Western blot technique. In brief, protein
lysates of fibroblast culture, 48 h post transfection of miR-138
mimics, inhibitors, and controls, were resolved in NuPAGE
Novex 10% Bis-Tris Protein Gel (NP0303, Invitrogen) in
NuPAGE MOPS SDS Running Buffer (NP0001, Invitrogen) at
160 V for 90 min and were transferred to PVDF membrane
(10600069, GE Healthcare) in NuPAGE transfer buffer (NP0006,
Invitrogen) at 40 V for an hour. Thereafter, PVDF membrane
was blocked with 5% non-fat dry milk or 3% BSA in TBS-tween
buffer for half an hour and incubated with primary antibody
overnight at 4°C. The following day, PVDF membrane was
thoroughly washed with TBS-tween, incubated at room
temperature with secondary antibody tagged with horseradish
peroxidase and thoroughly washed again. Finally, bands of
proteins were visualized using SuperSignal West Pico
Chemiluminescent Substrate (34080, Thermofisher) using
Image Reagder LAS 1000 (Fujifilm), and protein band intensity
in the captured images was quantified using ImageJ using Gel
commands. GAPDH was used as loading control. Antibodies
used in this study are listed in Supplementary Table S3.

miRNA Dual Luciferase Target
Reporter Assay
3’UTR sequence of ITGA11 (NM_001004439.1) was retrieved
from the UCSC genome browser (http://genome.ucsc.edu) (31).
A plasmid vector with luciferase upstream of 3’UTR and renilla
as a control reporter was designed and purchased from Vector
Builder. Position 1-1355 of ITGA11 3’UTR length harboring
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carcinomacohort(n=528)wereaccessedfromtheFirebrowse
databaseversion2016_01_28(http://www.firebrowse.org).The
samecohortcontainedmiR-138datafornormalhumanoral
mucosa(NHOM).AfterexclusionofHPV-positive,non-oral
cancerscasesandcaseswithhistoryofneoadjuvanttreatment,
277oralcancercases(alveolarridge:13;baseoftongue:11;buccal
mucosa:30;floorofmouth:56;hardpalate:5;lip:3;unspecified
regioninoralcavity:62;tongue:112;oropharynx:7)withmiR-138
dataremained.Usingthesameexclusioncriteria,outof45cases,
only25NHOMcasesremained.Ofthe25NHOMcases,24were
matchedtoOSCClesions(fromthesamepatient).

CellCulture
IsolatedCAFsandNOFsfromOSCCpatientsandhealthy
donorswereculturedinDulbecco’sModifiedEagle’sMedium
(DMEM;D6429,SIGMA)supplementedwith10%heat-
inactivatednewborncalfserum(NBCS;31765068,GIBCO).
OSCCcelllinesUK1(29)andLuc4(30)weregrownin
DMEM/NutrientMixtureF-12Hammedium(D8437,Sigma)
supplementedwith10%NBCS,1×Insulin-Transferrin-Selenium
(41400-04,ThermofisherScientific),0.4mg/mlhydrocortisone
(H0888,Sigma),50mg/mlL-ascorbicacid(A7631,Sigma),and
10ng/mlepidermalgrowthfactor(E9644,Sigma).Allcelllines
werepropagatedinhumidityincubatorat5%CO2and37°C
temperatureandregularlytestedformycoplasmacontamination.

miRNAModulationinFibroblastsand
ProliferationAssay
Eachofthe1×10

6
NOFsandCAFswasreversetransfectedwith

mimicsandinhibitorsofmiR-138-5p(C/IH-300605;Dharmacon),
andtherespectivecontrols(mimic:CN-0010000-01;inhibitor:IN-
001005-05;Dharmacon)at50nMconcentrationusing
LipofectamineTM3000TransfectionReagent(L3000015;
Invitrogen,USA)followingthemanufacturer´sprotocol.Forty-
eighthoursafterthetransfection,thecellswereeitherharvestedfor
molecularprofilingorsubjectedtofurtherfunctionalstudies.In
ordertoseetheeffectofmiR-138onfibroblastproliferation,1×10

4

NOFsorCAFswerereversetransfectedwithmimicsandinhibitors
ofmiR-138-5pandtherespectivecontrolsinquadruplicatesin24-
wellplates.After48h,thecellswereTrypsinEDTAdetachedand
countedusingTrypanblueinInvitrogenCountessautomated
cellcounter.

RNAandmiRNAIsolation
TotalRNAwasisolatedusingmirVanamiRNAisolationkit
(AM1560,mirVana).Inbrief,sub-confluentCAFsandNOFsin
monolayercultureswerewashedwithphosphatebufferedsaline
(PBS),lysedwithLysis/BindingbufferandPhenol:Chloroform
extracted.Subsequently,RNAwascapturedinglassfiberfilter
columnandelutedinelutionsolution.Thepurityandquantityof
theRNAwasmeasuredusingNanoDrop®ND-1000
Spectrophotometer(NanodropTechnologies;USA).Total
RNAandenrichedsmallRNAswerestoredat−80°Cuntiluse.

ReverseTranscription
TotalRNAswerereversetranscribedtocDNAsusingmiRNAs
specificprimersusingTaqManMicroRNAReverse

Transcriptasekit(4366596,AppliedBiosystem).Inbrief,10ng
oftotalRNAwasmixedwithdNTPs,reversetranscription
buffer,RNaseinhibitor,andmiRNAspecificprimerand
reversetranscribedtoafinalreactionmixtureof15ml.
Thereafter,thereactionmixturewassubjectedtothermalcycle
at16°Cfor30min,42°Cfor30min,and85°Cfor5min.For
mRNAquantification,totalRNAwasreversedtranscribedusing
theTaqmanReverseTranscriptionkit(N8080234,Applied
Biosystems).Inbrief,100ngoftotalRNAwasmixedwith
reversetranscriptionbuffer,MgCl2,dNTPs,randomhexamer,
RNaseinhibitor,andreversetranscriptasetoafinalvolumeof25
mlwithRNase-freewater.cDNAsynthesiswasperformedat
20°Cfor10min,48°Cfor30min,and90°Cfor5min.

QuantitativeReal-TimePolymerase
ChainReaction
TheexpressionofmiRNAsandgenetranscriptswerequantified
usingTaqmanassaysinABIPrism7900HTsequencedetector
system(AppliedBiosystems).ThePCRreactionvolumewasset
to10mlforeachwellin384-wellplates.ThePCRwasthenrunat
50°Cfor2min,95°Cfor10min,andfor40cyclesat95°Cfor15s
and60°Cfor1min.Eachsamplewasrunintriplicate.mRNA
expressionwasnormalizedtothehousekeepinggeneGAPDH,
andmiRNAexpressionwasnormalizedtotheexpressionof
RNU48.TaqmanassaysusedarelistedinSupplementary
TableS2.

WesternBlot
Semi-quantitativeassessmentofproteinsofinterestwas
performedusingWesternblottechnique.Inbrief,protein
lysatesoffibroblastculture,48hposttransfectionofmiR-138
mimics,inhibitors,andcontrols,wereresolvedinNuPAGE
Novex10%Bis-TrisProteinGel(NP0303,Invitrogen)in
NuPAGEMOPSSDSRunningBuffer(NP0001,Invitrogen)at
160Vfor90minandweretransferredtoPVDFmembrane
(10600069,GEHealthcare)inNuPAGEtransferbuffer(NP0006,
Invitrogen)at40Vforanhour.Thereafter,PVDFmembrane
wasblockedwith5%non-fatdrymilkor3%BSAinTBS-tween
bufferforhalfanhourandincubatedwithprimaryantibody
overnightat4°C.Thefollowingday,PVDFmembranewas
thoroughlywashedwithTBS-tween,incubatedatroom
temperaturewithsecondaryantibodytaggedwithhorseradish
peroxidaseandthoroughlywashedagain.Finally,bandsof
proteinswerevisualizedusingSuperSignalWestPico
ChemiluminescentSubstrate(34080,Thermofisher)using
ImageReagderLAS1000(Fujifilm),andproteinbandintensity
inthecapturedimageswasquantifiedusingImageJusingGel
commands.GAPDHwasusedasloadingcontrol.Antibodies
usedinthisstudyarelistedinSupplementaryTableS3.

miRNADualLuciferaseTarget
ReporterAssay
3’UTRsequenceofITGA11(NM_001004439.1)wasretrieved
fromtheUCSCgenomebrowser(http://genome.ucsc.edu)(31).
Aplasmidvectorwithluciferaseupstreamof3’UTRandrenilla
asacontrolreporterwasdesignedandpurchasedfromVector
Builder.Position1-1355ofITGA113’UTRlengthharboring
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carcinomacohort(n=528)wereaccessedfromtheFirebrowse
databaseversion2016_01_28(http://www.firebrowse.org).The
samecohortcontainedmiR-138datafornormalhumanoral
mucosa(NHOM).AfterexclusionofHPV-positive,non-oral
cancerscasesandcaseswithhistoryofneoadjuvanttreatment,
277oralcancercases(alveolarridge:13;baseoftongue:11;buccal
mucosa:30;floorofmouth:56;hardpalate:5;lip:3;unspecified
regioninoralcavity:62;tongue:112;oropharynx:7)withmiR-138
dataremained.Usingthesameexclusioncriteria,outof45cases,
only25NHOMcasesremained.Ofthe25NHOMcases,24were
matchedtoOSCClesions(fromthesamepatient).

CellCulture
IsolatedCAFsandNOFsfromOSCCpatientsandhealthy
donorswereculturedinDulbecco’sModifiedEagle’sMedium
(DMEM;D6429,SIGMA)supplementedwith10%heat-
inactivatednewborncalfserum(NBCS;31765068,GIBCO).
OSCCcelllinesUK1(29)andLuc4(30)weregrownin
DMEM/NutrientMixtureF-12Hammedium(D8437,Sigma)
supplementedwith10%NBCS,1×Insulin-Transferrin-Selenium
(41400-04,ThermofisherScientific),0.4mg/mlhydrocortisone
(H0888,Sigma),50mg/mlL-ascorbicacid(A7631,Sigma),and
10ng/mlepidermalgrowthfactor(E9644,Sigma).Allcelllines
werepropagatedinhumidityincubatorat5%CO2and37°C
temperatureandregularlytestedformycoplasmacontamination.

miRNAModulationinFibroblastsand
ProliferationAssay
Eachofthe1×10

6
NOFsandCAFswasreversetransfectedwith

mimicsandinhibitorsofmiR-138-5p(C/IH-300605;Dharmacon),
andtherespectivecontrols(mimic:CN-0010000-01;inhibitor:IN-
001005-05;Dharmacon)at50nMconcentrationusing
LipofectamineTM3000TransfectionReagent(L3000015;
Invitrogen,USA)followingthemanufacturer´sprotocol.Forty-
eighthoursafterthetransfection,thecellswereeitherharvestedfor
molecularprofilingorsubjectedtofurtherfunctionalstudies.In
ordertoseetheeffectofmiR-138onfibroblastproliferation,1×10

4

NOFsorCAFswerereversetransfectedwithmimicsandinhibitors
ofmiR-138-5pandtherespectivecontrolsinquadruplicatesin24-
wellplates.After48h,thecellswereTrypsinEDTAdetachedand
countedusingTrypanblueinInvitrogenCountessautomated
cellcounter.

RNAandmiRNAIsolation
TotalRNAwasisolatedusingmirVanamiRNAisolationkit
(AM1560,mirVana).Inbrief,sub-confluentCAFsandNOFsin
monolayercultureswerewashedwithphosphatebufferedsaline
(PBS),lysedwithLysis/BindingbufferandPhenol:Chloroform
extracted.Subsequently,RNAwascapturedinglassfiberfilter
columnandelutedinelutionsolution.Thepurityandquantityof
theRNAwasmeasuredusingNanoDrop®ND-1000
Spectrophotometer(NanodropTechnologies;USA).Total
RNAandenrichedsmallRNAswerestoredat−80°Cuntiluse.

ReverseTranscription
TotalRNAswerereversetranscribedtocDNAsusingmiRNAs
specificprimersusingTaqManMicroRNAReverse

Transcriptasekit(4366596,AppliedBiosystem).Inbrief,10ng
oftotalRNAwasmixedwithdNTPs,reversetranscription
buffer,RNaseinhibitor,andmiRNAspecificprimerand
reversetranscribedtoafinalreactionmixtureof15ml.
Thereafter,thereactionmixturewassubjectedtothermalcycle
at16°Cfor30min,42°Cfor30min,and85°Cfor5min.For
mRNAquantification,totalRNAwasreversedtranscribedusing
theTaqmanReverseTranscriptionkit(N8080234,Applied
Biosystems).Inbrief,100ngoftotalRNAwasmixedwith
reversetranscriptionbuffer,MgCl2,dNTPs,randomhexamer,
RNaseinhibitor,andreversetranscriptasetoafinalvolumeof25
mlwithRNase-freewater.cDNAsynthesiswasperformedat
20°Cfor10min,48°Cfor30min,and90°Cfor5min.

QuantitativeReal-TimePolymerase
ChainReaction
TheexpressionofmiRNAsandgenetranscriptswerequantified
usingTaqmanassaysinABIPrism7900HTsequencedetector
system(AppliedBiosystems).ThePCRreactionvolumewasset
to10mlforeachwellin384-wellplates.ThePCRwasthenrunat
50°Cfor2min,95°Cfor10min,andfor40cyclesat95°Cfor15s
and60°Cfor1min.Eachsamplewasrunintriplicate.mRNA
expressionwasnormalizedtothehousekeepinggeneGAPDH,
andmiRNAexpressionwasnormalizedtotheexpressionof
RNU48.TaqmanassaysusedarelistedinSupplementary
TableS2.

WesternBlot
Semi-quantitativeassessmentofproteinsofinterestwas
performedusingWesternblottechnique.Inbrief,protein
lysatesoffibroblastculture,48hposttransfectionofmiR-138
mimics,inhibitors,andcontrols,wereresolvedinNuPAGE
Novex10%Bis-TrisProteinGel(NP0303,Invitrogen)in
NuPAGEMOPSSDSRunningBuffer(NP0001,Invitrogen)at
160Vfor90minandweretransferredtoPVDFmembrane
(10600069,GEHealthcare)inNuPAGEtransferbuffer(NP0006,
Invitrogen)at40Vforanhour.Thereafter,PVDFmembrane
wasblockedwith5%non-fatdrymilkor3%BSAinTBS-tween
bufferforhalfanhourandincubatedwithprimaryantibody
overnightat4°C.Thefollowingday,PVDFmembranewas
thoroughlywashedwithTBS-tween,incubatedatroom
temperaturewithsecondaryantibodytaggedwithhorseradish
peroxidaseandthoroughlywashedagain.Finally,bandsof
proteinswerevisualizedusingSuperSignalWestPico
ChemiluminescentSubstrate(34080,Thermofisher)using
ImageReagderLAS1000(Fujifilm),andproteinbandintensity
inthecapturedimageswasquantifiedusingImageJusingGel
commands.GAPDHwasusedasloadingcontrol.Antibodies
usedinthisstudyarelistedinSupplementaryTableS3.

miRNADualLuciferaseTarget
ReporterAssay
3’UTRsequenceofITGA11(NM_001004439.1)wasretrieved
fromtheUCSCgenomebrowser(http://genome.ucsc.edu)(31).
Aplasmidvectorwithluciferaseupstreamof3’UTRandrenilla
asacontrolreporterwasdesignedandpurchasedfromVector
Builder.Position1-1355ofITGA113’UTRlengthharboring

Rajthalaetal.miR-138inCancer-AssociatedFibroblasts

FrontiersinOncology|www.frontiersin.orgMarch2022|Volume12|Article833582 3

carcinomacohort(n=528)wereaccessedfromtheFirebrowse
databaseversion2016_01_28(http://www.firebrowse.org).The
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Spectrophotometer(NanodropTechnologies;USA).Total
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specificprimersusingTaqManMicroRNAReverse
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Biosystems).Inbrief,100ngoftotalRNAwasmixedwith
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RNaseinhibitor,andreversetranscriptasetoafinalvolumeof25
mlwithRNase-freewater.cDNAsynthesiswasperformedat
20°Cfor10min,48°Cfor30min,and90°Cfor5min.

QuantitativeReal-TimePolymerase
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TheexpressionofmiRNAsandgenetranscriptswerequantified
usingTaqmanassaysinABIPrism7900HTsequencedetector
system(AppliedBiosystems).ThePCRreactionvolumewasset
to10mlforeachwellin384-wellplates.ThePCRwasthenrunat
50°Cfor2min,95°Cfor10min,andfor40cyclesat95°Cfor15s
and60°Cfor1min.Eachsamplewasrunintriplicate.mRNA
expressionwasnormalizedtothehousekeepinggeneGAPDH,
andmiRNAexpressionwasnormalizedtotheexpressionof
RNU48.TaqmanassaysusedarelistedinSupplementary
TableS2.

WesternBlot
Semi-quantitativeassessmentofproteinsofinterestwas
performedusingWesternblottechnique.Inbrief,protein
lysatesoffibroblastculture,48hposttransfectionofmiR-138
mimics,inhibitors,andcontrols,wereresolvedinNuPAGE
Novex10%Bis-TrisProteinGel(NP0303,Invitrogen)in
NuPAGEMOPSSDSRunningBuffer(NP0001,Invitrogen)at
160Vfor90minandweretransferredtoPVDFmembrane
(10600069,GEHealthcare)inNuPAGEtransferbuffer(NP0006,
Invitrogen)at40Vforanhour.Thereafter,PVDFmembrane
wasblockedwith5%non-fatdrymilkor3%BSAinTBS-tween
bufferforhalfanhourandincubatedwithprimaryantibody
overnightat4°C.Thefollowingday,PVDFmembranewas
thoroughlywashedwithTBS-tween,incubatedatroom
temperaturewithsecondaryantibodytaggedwithhorseradish
peroxidaseandthoroughlywashedagain.Finally,bandsof
proteinswerevisualizedusingSuperSignalWestPico
ChemiluminescentSubstrate(34080,Thermofisher)using
ImageReagderLAS1000(Fujifilm),andproteinbandintensity
inthecapturedimageswasquantifiedusingImageJusingGel
commands.GAPDHwasusedasloadingcontrol.Antibodies
usedinthisstudyarelistedinSupplementaryTableS3.

miRNADualLuciferaseTarget
ReporterAssay
3’UTRsequenceofITGA11(NM_001004439.1)wasretrieved
fromtheUCSCgenomebrowser(http://genome.ucsc.edu)(31).
Aplasmidvectorwithluciferaseupstreamof3’UTRandrenilla
asacontrolreporterwasdesignedandpurchasedfromVector
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performedusingWesternblottechnique.Inbrief,protein
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mimics,inhibitors,andcontrols,wereresolvedinNuPAGE
Novex10%Bis-TrisProteinGel(NP0303,Invitrogen)in
NuPAGEMOPSSDSRunningBuffer(NP0001,Invitrogen)at
160Vfor90minandweretransferredtoPVDFmembrane
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Invitrogen)at40Vforanhour.Thereafter,PVDFmembrane
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overnightat4°C.Thefollowingday,PVDFmembranewas
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miR-138 binding site (724–730: CACCAGC)! was inserted into
the vector. For a control vector, non-complimentary mutant
sequence GTGGTCG was introduced to miR-138 binding site.
Transfection mix of plasmid DNA (250 ng per well in 24-well
plates) and miR-204 mimic (calculated at 50 nM concentration
in cell culture medium) was prepared using LipofectamineTM
3000 Transfection Reagent. Required volume of transfection mix
and 5 × 105 CAFs were mixed in each well, and the cells were
maintained in the culture chamber for 48 h. Thereafter, the cells
were harvested, and luciferase activity was measured using Dual
luciferase detection system (E1910, Promega) following the
manufacturer’s protocol using a Tecan Infinite M200PRO luminometer.

Fibroblast Migration in Collagen Gel Assay
On the first day of the experiment, 1×105 UK1 cells were plated
in 24-well plates. The next day, collagen type I matrices were
prepared by mixing collagen type I (354236, Corning), DMEM,
NBCS and reconstitution buffer (2.2 g NAHCO3 + 0.6 g NAOH
+ 4.766 g HEPES 100 ml water) at a volume ratio of 7:1:1:1 on ice.
The collagen matrix (250 µl per well) was pipetted into 0.4-µm
24-well Corning transwell inserts (CLS3413, Sigma) and allowed
to gel at 37°C in an incubation chamber. Two hours later, the gels
were layered on the top with 250 µl of 5×105/ml fibroblasts
modulated with miR-138. The co-culture system was maintained
at 37°C for 5 days.

Collagen Contraction Assay
Ninety-six-well plates were blocked with 2% BSA overnight at
37°C in an incubation chamber. Forty-eight hours post miRNA
modulations, fibroblasts were suspended in collagen type I
matrix prepared as described above at a density of 5×105 cells/
ml. Subsequently, 100 µl of fibroblast-collagen matrix was
dispensed into each well and allowed to gel for 90 min. The
gels were then gently dislodged from the surface of culture plate
using 100 µl of DMEM medium. The gels were maintained at an
incubation chamber and the change in gel dimension was
measured at different time points.

Fibroblast-OSCC Cell 3D
Organotypic Co-Culture
3D co-culture models mimicking local invasion of OSCC cells
into subjacent connective tissue were constructed by layering
OSCC cells on top of a fibroblast-embedded collagen I matrix. In
brief, either CAFs or NOFs at a density of 2.5 × 105 cells/ml were
suspended in the matrix of collagen type I prepared as above, on
ice. Seven hundred microliters of the CAF- or NOF-populated
collagen suspensions was pipetted into each well in 24-well plates
and allowed to polymerize in a humidified incubator at 37°C.
After 2 h, each well was gently added with 1 ml of complete
DMEMmedium to allow the cells to grow until the next day. The
next day, 5 × 105 cells of UK1 or Luc4 were added on the top of
the fibroblast gel. A day after, the gels were transferred to a metal
grid layered with a filter paper and grown on air-medium
interface in DMEM : Ham´s F12 Nutrient mixture (31765068,
Thermofisher) supplemented with insulin-transferrin-selenium,
hydrocortisone, and L-ascorbic acid as above, but NBCS was
replaced with 0.1% bovine albumin fraction (V15260-037,

Thermofisher). The gels were cultured for the next 10 days.
Medium was changed at each alternative day.

Quantification of Invasion of OSCC Cells in
3D-Organotypic Models
FFPE-embedded organotypic tissues were cut into 5-mm sections
and stained with hematoxylin and eosin. Images of the stained
tissues were captured at 20× objective using a slide scanner
(Hamamatsu NaNoZoomer-XR, Shizuoka, Japan) and the
invasion depth of OSCC cells was measured using NDP.view2
(Hamamatsu, Japan). Depth of invasion was defined as the
vertical distance from the reconstructed basement membrane
(horizontal line along the non-invading cells) to the deepest
invaded OSCC cells in the respective point. Twenty
measurements of invasion at 50-µm distance along the tissue
were taken and averaged. The non-uniform thick or tapered 100-
µm ends of the 3D organotypic tissues were excluded
from measurements.

Statistical Analysis
Student´s unpaired or paired t-test or one-way ANOVA was used
to examine significant differences in means in between two or
more than two groups, respectively. Where data did not show a
normal distribution (D´Agostino & Pearson test; p > 0.05), non-
parametric comparisons (Wilcoxon for paired comparison and
Mann–Whitney for unpaired comparison between two, and
Kruskal–Wallis for unpaired comparison among groups) were
carried out to determine significant difference in median
expression. All analysis was performed using GraphPad Prism
Version 7. For statistical analysis, the OSCC cohort was
categorized into a negative or a positive miR-138 staining group
or a low-no (0–1) and a high (2-4) miR-138 staining group.
Overall survival (OS) and recurrence-free survival (RFS) analysis
for clinicopathological parameters and miR-138 expression
(positive and negative staining group) was carried out using log-
rank test (Mantel–Cox). Clinicopathological parameters were
further tested with multivariate Cox’s proportional regression to
identify independent predictors of OS and RFS. Pearson’s chi-
square test was carried out to determine the association of miR-
138 status [positive (n = 31) versus negative (n = 7); low-no miR-
138 (n = 33) versus high miR-138 (n = 4)] with clinicopathological
parameters. Survival and association tests were carried out using
IBM SPSS Statistics Version 25.

RESULTS

miR-138 Was Expressed in a Subset of
OSCC Lesions Only and Showed a Marked
Heterogeneity in Both Epithelial and
Stromal Compartments
Epithelial expression of miR-138 was observed in 17% (n = 9) of
OSCC cases while stromal expression was detected in 9.4% (n = 5)
of the cases. In 7.5% (n = 4) of the cases, miR-138 was expressed
in both tumor and stromal compartments (Figure 1A).
Pearson chi-square test showed that miR-138 staining
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miR-138bindingsite(724–730:CACCAGC)!wasinsertedinto
thevector.Foracontrolvector,non-complimentarymutant
sequenceGTGGTCGwasintroducedtomiR-138bindingsite.
TransfectionmixofplasmidDNA(250ngperwellin24-well
plates)andmiR-204mimic(calculatedat50nMconcentration
incellculturemedium)waspreparedusingLipofectamineTM
3000TransfectionReagent.Requiredvolumeoftransfectionmix
and5×105CAFsweremixedineachwell,andthecellswere
maintainedintheculturechamberfor48h.Thereafter,thecells
wereharvested,andluciferaseactivitywasmeasuredusingDual
luciferasedetectionsystem(E1910,Promega)followingthe
manufacturer’sprotocolusingaTecanInfiniteM200PROluminometer.

FibroblastMigrationinCollagenGelAssay
Onthefirstdayoftheexperiment,1×105UK1cellswereplated
in24-wellplates.Thenextday,collagentypeImatriceswere
preparedbymixingcollagentypeI(354236,Corning),DMEM,
NBCSandreconstitutionbuffer(2.2gNAHCO3+0.6gNAOH
+4.766gHEPES100mlwater)atavolumeratioof7:1:1:1onice.
Thecollagenmatrix(250µlperwell)waspipettedinto0.4-µm
24-wellCorningtranswellinserts(CLS3413,Sigma)andallowed
togelat37°Cinanincubationchamber.Twohourslater,thegels
werelayeredonthetopwith250µlof5×105/mlfibroblasts
modulatedwithmiR-138.Theco-culturesystemwasmaintained
at37°Cfor5days.

CollagenContractionAssay
Ninety-six-wellplateswereblockedwith2%BSAovernightat
37°Cinanincubationchamber.Forty-eighthourspostmiRNA
modulations,fibroblastsweresuspendedincollagentypeI
matrixpreparedasdescribedaboveatadensityof5×105cells/
ml.Subsequently,100µloffibroblast-collagenmatrixwas
dispensedintoeachwellandallowedtogelfor90min.The
gelswerethengentlydislodgedfromthesurfaceofcultureplate
using100µlofDMEMmedium.Thegelsweremaintainedatan
incubationchamberandthechangeingeldimensionwas
measuredatdifferenttimepoints.

Fibroblast-OSCCCell3D
OrganotypicCo-Culture
3Dco-culturemodelsmimickinglocalinvasionofOSCCcells
intosubjacentconnectivetissuewereconstructedbylayering
OSCCcellsontopofafibroblast-embeddedcollagenImatrix.In
brief,eitherCAFsorNOFsatadensityof2.5×105cells/mlwere
suspendedinthematrixofcollagentypeIpreparedasabove,on
ice.SevenhundredmicrolitersoftheCAF-orNOF-populated
collagensuspensionswaspipettedintoeachwellin24-wellplates
andallowedtopolymerizeinahumidifiedincubatorat37°C.
After2h,eachwellwasgentlyaddedwith1mlofcomplete
DMEMmediumtoallowthecellstogrowuntilthenextday.The
nextday,5×105cellsofUK1orLuc4wereaddedonthetopof
thefibroblastgel.Adayafter,thegelsweretransferredtoametal
gridlayeredwithafilterpaperandgrownonair-medium
interfaceinDMEM:Ham´sF12Nutrientmixture(31765068,
Thermofisher)supplementedwithinsulin-transferrin-selenium,
hydrocortisone,andL-ascorbicacidasabove,butNBCSwas
replacedwith0.1%bovinealbuminfraction(V15260-037,

Thermofisher).Thegelswereculturedforthenext10days.
Mediumwaschangedateachalternativeday.

QuantificationofInvasionofOSCCCellsin
3D-OrganotypicModels
FFPE-embeddedorganotypictissueswerecutinto5-mmsections
andstainedwithhematoxylinandeosin.Imagesofthestained
tissueswerecapturedat20×objectiveusingaslidescanner
(HamamatsuNaNoZoomer-XR,Shizuoka,Japan)andthe
invasiondepthofOSCCcellswasmeasuredusingNDP.view2
(Hamamatsu,Japan).Depthofinvasionwasdefinedasthe
verticaldistancefromthereconstructedbasementmembrane
(horizontallinealongthenon-invadingcells)tothedeepest
invadedOSCCcellsintherespectivepoint.Twenty
measurementsofinvasionat50-µmdistancealongthetissue
weretakenandaveraged.Thenon-uniformthickortapered100-
µmendsofthe3Dorganotypictissueswereexcluded
frommeasurements.

StatisticalAnalysis
Student́sunpairedorpairedt-testorone-wayANOVAwasused
toexaminesignificantdifferencesinmeansinbetweentwoor
morethantwogroups,respectively.Wheredatadidnotshowa
normaldistribution(DÁgostino&Pearsontest;p>0.05),non-
parametriccomparisons(Wilcoxonforpairedcomparisonand
Mann–Whitneyforunpairedcomparisonbetweentwo,and
Kruskal–Wallisforunpairedcomparisonamonggroups)were
carriedouttodeterminesignificantdifferenceinmedian
expression.AllanalysiswasperformedusingGraphPadPrism
Version7.Forstatisticalanalysis,theOSCCcohortwas
categorizedintoanegativeorapositivemiR-138staininggroup
oralow-no(0–1)andahigh(2-4)miR-138staininggroup.
Overallsurvival(OS)andrecurrence-freesurvival(RFS)analysis
forclinicopathologicalparametersandmiR-138expression
(positiveandnegativestaininggroup)wascarriedoutusinglog-
ranktest(Mantel–Cox).Clinicopathologicalparameterswere
furthertestedwithmultivariateCox’sproportionalregressionto
identifyindependentpredictorsofOSandRFS.Pearson’schi-
squaretestwascarriedouttodeterminetheassociationofmiR-
138status[positive(n=31)versusnegative(n=7);low-nomiR-
138(n=33)versushighmiR-138(n=4)]withclinicopathological
parameters.Survivalandassociationtestswerecarriedoutusing
IBMSPSSStatisticsVersion25.

RESULTS

miR-138WasExpressedinaSubsetof
OSCCLesionsOnlyandShowedaMarked
HeterogeneityinBothEpithelialand
StromalCompartments
EpithelialexpressionofmiR-138wasobservedin17%(n=9)of
OSCCcaseswhilestromalexpressionwasdetectedin9.4%(n=5)
ofthecases.In7.5%(n=4)ofthecases,miR-138wasexpressed
inbothtumorandstromalcompartments(Figure1A).
Pearsonchi-squaretestshowedthatmiR-138staining

Rajthalaetal.miR-138inCancer-AssociatedFibroblasts

FrontiersinOncology|www.frontiersin.orgMarch2022|Volume12|Article833582 4

miR-138bindingsite(724–730:CACCAGC)!wasinsertedinto
thevector.Foracontrolvector,non-complimentarymutant
sequenceGTGGTCGwasintroducedtomiR-138bindingsite.
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identifyindependentpredictorsofOSandRFS.Pearson’schi-
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138(n=33)versushighmiR-138(n=4)]withclinicopathological
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miR-138 binding site (724–730: CACCAGC)! was inserted into
the vector. For a control vector, non-complimentary mutant
sequence GTGGTCG was introduced to miR-138 binding site.
Transfection mix of plasmid DNA (250 ng per well in 24-well
plates) and miR-204 mimic (calculated at 50 nM concentration
in cell culture medium) was prepared using LipofectamineTM
3000 Transfection Reagent. Required volume of transfection mix
and 5 × 10

5
CAFs were mixed in each well, and the cells were

maintained in the culture chamber for 48 h. Thereafter, the cells
were harvested, and luciferase activity was measured using Dual
luciferase detection system (E1910, Promega) following the
manufacturer’s protocol using a Tecan Infinite M200PRO luminometer.

Fibroblast Migration in Collagen Gel Assay
On the first day of the experiment, 1×10

5
UK1 cells were plated

in 24-well plates. The next day, collagen type I matrices were
prepared by mixing collagen type I (354236, Corning), DMEM,
NBCS and reconstitution buffer (2.2 g NAHCO3 + 0.6 g NAOH
+ 4.766 g HEPES 100 ml water) at a volume ratio of 7:1:1:1 on ice.
The collagen matrix (250 µl per well) was pipetted into 0.4-µm
24-well Corning transwell inserts (CLS3413, Sigma) and allowed
to gel at 37°C in an incubation chamber. Two hours later, the gels
were layered on the top with 250 µl of 5×10

5
/ml fibroblasts

modulated with miR-138. The co-culture system was maintained
at 37°C for 5 days.

Collagen Contraction Assay
Ninety-six-well plates were blocked with 2% BSA overnight at
37°C in an incubation chamber. Forty-eight hours post miRNA
modulations, fibroblasts were suspended in collagen type I
matrix prepared as described above at a density of 5×10

5
cells/

ml. Subsequently, 100 µl of fibroblast-collagen matrix was
dispensed into each well and allowed to gel for 90 min. The
gels were then gently dislodged from the surface of culture plate
using 100 µl of DMEM medium. The gels were maintained at an
incubation chamber and the change in gel dimension was
measured at different time points.

Fibroblast-OSCC Cell 3D
Organotypic Co-Culture
3D co-culture models mimicking local invasion of OSCC cells
into subjacent connective tissue were constructed by layering
OSCC cells on top of a fibroblast-embedded collagen I matrix. In
brief, either CAFs or NOFs at a density of 2.5 × 10

5
cells/ml were

suspended in the matrix of collagen type I prepared as above, on
ice. Seven hundred microliters of the CAF- or NOF-populated
collagen suspensions was pipetted into each well in 24-well plates
and allowed to polymerize in a humidified incubator at 37°C.
After 2 h, each well was gently added with 1 ml of complete
DMEMmedium to allow the cells to grow until the next day. The
next day, 5 × 10

5
cells of UK1 or Luc4 were added on the top of

the fibroblast gel. A day after, the gels were transferred to a metal
grid layered with a filter paper and grown on air-medium
interface in DMEM : Ham´s F12 Nutrient mixture (31765068,
Thermofisher) supplemented with insulin-transferrin-selenium,
hydrocortisone, and L-ascorbic acid as above, but NBCS was
replaced with 0.1% bovine albumin fraction (V15260-037,

Thermofisher). The gels were cultured for the next 10 days.
Medium was changed at each alternative day.

Quantification of Invasion of OSCC Cells in
3D-Organotypic Models
FFPE-embedded organotypic tissues were cut into 5-mm sections
and stained with hematoxylin and eosin. Images of the stained
tissues were captured at 20× objective using a slide scanner
(Hamamatsu NaNoZoomer-XR, Shizuoka, Japan) and the
invasion depth of OSCC cells was measured using NDP.view2
(Hamamatsu, Japan). Depth of invasion was defined as the
vertical distance from the reconstructed basement membrane
(horizontal line along the non-invading cells) to the deepest
invaded OSCC cells in the respective point. Twenty
measurements of invasion at 50-µm distance along the tissue
were taken and averaged. The non-uniform thick or tapered 100-
µm ends of the 3D organotypic tissues were excluded
from measurements.

Statistical Analysis
Student´s unpaired or paired t-test or one-way ANOVA was used
to examine significant differences in means in between two or
more than two groups, respectively. Where data did not show a
normal distribution (D´Agostino & Pearson test; p > 0.05), non-
parametric comparisons (Wilcoxon for paired comparison and
Mann–Whitney for unpaired comparison between two, and
Kruskal–Wallis for unpaired comparison among groups) were
carried out to determine significant difference in median
expression. All analysis was performed using GraphPad Prism
Version 7. For statistical analysis, the OSCC cohort was
categorized into a negative or a positive miR-138 staining group
or a low-no (0–1) and a high (2-4) miR-138 staining group.
Overall survival (OS) and recurrence-free survival (RFS) analysis
for clinicopathological parameters and miR-138 expression
(positive and negative staining group) was carried out using log-
rank test (Mantel–Cox). Clinicopathological parameters were
further tested with multivariate Cox’s proportional regression to
identify independent predictors of OS and RFS. Pearson’s chi-
square test was carried out to determine the association of miR-
138 status [positive (n = 31) versus negative (n = 7); low-no miR-
138 (n = 33) versus high miR-138 (n = 4)] with clinicopathological
parameters. Survival and association tests were carried out using
IBM SPSS Statistics Version 25.

RESULTS

miR-138 Was Expressed in a Subset of
OSCC Lesions Only and Showed a Marked
Heterogeneity in Both Epithelial and
Stromal Compartments
Epithelial expression of miR-138 was observed in 17% (n = 9) of
OSCC cases while stromal expression was detected in 9.4% (n = 5)
of the cases. In 7.5% (n = 4) of the cases, miR-138 was expressed
in both tumor and stromal compartments (Figure 1A).
Pearson chi-square test showed that miR-138 staining
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miR-138 binding site (724–730: CACCAGC)! was inserted into
the vector. For a control vector, non-complimentary mutant
sequence GTGGTCG was introduced to miR-138 binding site.
Transfection mix of plasmid DNA (250 ng per well in 24-well
plates) and miR-204 mimic (calculated at 50 nM concentration
in cell culture medium) was prepared using LipofectamineTM
3000 Transfection Reagent. Required volume of transfection mix
and 5 × 10

5
CAFs were mixed in each well, and the cells were

maintained in the culture chamber for 48 h. Thereafter, the cells
were harvested, and luciferase activity was measured using Dual
luciferase detection system (E1910, Promega) following the
manufacturer’s protocol using a Tecan Infinite M200PRO luminometer.

Fibroblast Migration in Collagen Gel Assay
On the first day of the experiment, 1×10

5
UK1 cells were plated

in 24-well plates. The next day, collagen type I matrices were
prepared by mixing collagen type I (354236, Corning), DMEM,
NBCS and reconstitution buffer (2.2 g NAHCO3 + 0.6 g NAOH
+ 4.766 g HEPES 100 ml water) at a volume ratio of 7:1:1:1 on ice.
The collagen matrix (250 µl per well) was pipetted into 0.4-µm
24-well Corning transwell inserts (CLS3413, Sigma) and allowed
to gel at 37°C in an incubation chamber. Two hours later, the gels
were layered on the top with 250 µl of 5×10

5
/ml fibroblasts

modulated with miR-138. The co-culture system was maintained
at 37°C for 5 days.

Collagen Contraction Assay
Ninety-six-well plates were blocked with 2% BSA overnight at
37°C in an incubation chamber. Forty-eight hours post miRNA
modulations, fibroblasts were suspended in collagen type I
matrix prepared as described above at a density of 5×10

5
cells/

ml. Subsequently, 100 µl of fibroblast-collagen matrix was
dispensed into each well and allowed to gel for 90 min. The
gels were then gently dislodged from the surface of culture plate
using 100 µl of DMEM medium. The gels were maintained at an
incubation chamber and the change in gel dimension was
measured at different time points.

Fibroblast-OSCC Cell 3D
Organotypic Co-Culture
3D co-culture models mimicking local invasion of OSCC cells
into subjacent connective tissue were constructed by layering
OSCC cells on top of a fibroblast-embedded collagen I matrix. In
brief, either CAFs or NOFs at a density of 2.5 × 10

5
cells/ml were

suspended in the matrix of collagen type I prepared as above, on
ice. Seven hundred microliters of the CAF- or NOF-populated
collagen suspensions was pipetted into each well in 24-well plates
and allowed to polymerize in a humidified incubator at 37°C.
After 2 h, each well was gently added with 1 ml of complete
DMEMmedium to allow the cells to grow until the next day. The
next day, 5 × 10

5
cells of UK1 or Luc4 were added on the top of

the fibroblast gel. A day after, the gels were transferred to a metal
grid layered with a filter paper and grown on air-medium
interface in DMEM : Ham´s F12 Nutrient mixture (31765068,
Thermofisher) supplemented with insulin-transferrin-selenium,
hydrocortisone, and L-ascorbic acid as above, but NBCS was
replaced with 0.1% bovine albumin fraction (V15260-037,

Thermofisher). The gels were cultured for the next 10 days.
Medium was changed at each alternative day.

Quantification of Invasion of OSCC Cells in
3D-Organotypic Models
FFPE-embedded organotypic tissues were cut into 5-mm sections
and stained with hematoxylin and eosin. Images of the stained
tissues were captured at 20× objective using a slide scanner
(Hamamatsu NaNoZoomer-XR, Shizuoka, Japan) and the
invasion depth of OSCC cells was measured using NDP.view2
(Hamamatsu, Japan). Depth of invasion was defined as the
vertical distance from the reconstructed basement membrane
(horizontal line along the non-invading cells) to the deepest
invaded OSCC cells in the respective point. Twenty
measurements of invasion at 50-µm distance along the tissue
were taken and averaged. The non-uniform thick or tapered 100-
µm ends of the 3D organotypic tissues were excluded
from measurements.

Statistical Analysis
Student´s unpaired or paired t-test or one-way ANOVA was used
to examine significant differences in means in between two or
more than two groups, respectively. Where data did not show a
normal distribution (D´Agostino & Pearson test; p > 0.05), non-
parametric comparisons (Wilcoxon for paired comparison and
Mann–Whitney for unpaired comparison between two, and
Kruskal–Wallis for unpaired comparison among groups) were
carried out to determine significant difference in median
expression. All analysis was performed using GraphPad Prism
Version 7. For statistical analysis, the OSCC cohort was
categorized into a negative or a positive miR-138 staining group
or a low-no (0–1) and a high (2-4) miR-138 staining group.
Overall survival (OS) and recurrence-free survival (RFS) analysis
for clinicopathological parameters and miR-138 expression
(positive and negative staining group) was carried out using log-
rank test (Mantel–Cox). Clinicopathological parameters were
further tested with multivariate Cox’s proportional regression to
identify independent predictors of OS and RFS. Pearson’s chi-
square test was carried out to determine the association of miR-
138 status [positive (n = 31) versus negative (n = 7); low-no miR-
138 (n = 33) versus high miR-138 (n = 4)] with clinicopathological
parameters. Survival and association tests were carried out using
IBM SPSS Statistics Version 25.

RESULTS

miR-138 Was Expressed in a Subset of
OSCC Lesions Only and Showed a Marked
Heterogeneity in Both Epithelial and
Stromal Compartments
Epithelial expression of miR-138 was observed in 17% (n = 9) of
OSCC cases while stromal expression was detected in 9.4% (n = 5)
of the cases. In 7.5% (n = 4) of the cases, miR-138 was expressed
in both tumor and stromal compartments (Figure 1A).
Pearson chi-square test showed that miR-138 staining
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miR-138bindingsite(724–730:CACCAGC)!wasinsertedinto
thevector.Foracontrolvector,non-complimentarymutant
sequenceGTGGTCGwasintroducedtomiR-138bindingsite.
TransfectionmixofplasmidDNA(250ngperwellin24-well
plates)andmiR-204mimic(calculatedat50nMconcentration
incellculturemedium)waspreparedusingLipofectamineTM
3000TransfectionReagent.Requiredvolumeoftransfectionmix
and5×10

5
CAFsweremixedineachwell,andthecellswere

maintainedintheculturechamberfor48h.Thereafter,thecells
wereharvested,andluciferaseactivitywasmeasuredusingDual
luciferasedetectionsystem(E1910,Promega)followingthe
manufacturer’sprotocolusingaTecanInfiniteM200PROluminometer.

FibroblastMigrationinCollagenGelAssay
Onthefirstdayoftheexperiment,1×10

5
UK1cellswereplated

in24-wellplates.Thenextday,collagentypeImatriceswere
preparedbymixingcollagentypeI(354236,Corning),DMEM,
NBCSandreconstitutionbuffer(2.2gNAHCO3+0.6gNAOH
+4.766gHEPES100mlwater)atavolumeratioof7:1:1:1onice.
Thecollagenmatrix(250µlperwell)waspipettedinto0.4-µm
24-wellCorningtranswellinserts(CLS3413,Sigma)andallowed
togelat37°Cinanincubationchamber.Twohourslater,thegels
werelayeredonthetopwith250µlof5×10

5
/mlfibroblasts

modulatedwithmiR-138.Theco-culturesystemwasmaintained
at37°Cfor5days.

CollagenContractionAssay
Ninety-six-wellplateswereblockedwith2%BSAovernightat
37°Cinanincubationchamber.Forty-eighthourspostmiRNA
modulations,fibroblastsweresuspendedincollagentypeI
matrixpreparedasdescribedaboveatadensityof5×10

5
cells/

ml.Subsequently,100µloffibroblast-collagenmatrixwas
dispensedintoeachwellandallowedtogelfor90min.The
gelswerethengentlydislodgedfromthesurfaceofcultureplate
using100µlofDMEMmedium.Thegelsweremaintainedatan
incubationchamberandthechangeingeldimensionwas
measuredatdifferenttimepoints.

Fibroblast-OSCCCell3D
OrganotypicCo-Culture
3Dco-culturemodelsmimickinglocalinvasionofOSCCcells
intosubjacentconnectivetissuewereconstructedbylayering
OSCCcellsontopofafibroblast-embeddedcollagenImatrix.In
brief,eitherCAFsorNOFsatadensityof2.5×10

5
cells/mlwere

suspendedinthematrixofcollagentypeIpreparedasabove,on
ice.SevenhundredmicrolitersoftheCAF-orNOF-populated
collagensuspensionswaspipettedintoeachwellin24-wellplates
andallowedtopolymerizeinahumidifiedincubatorat37°C.
After2h,eachwellwasgentlyaddedwith1mlofcomplete
DMEMmediumtoallowthecellstogrowuntilthenextday.The
nextday,5×10

5
cellsofUK1orLuc4wereaddedonthetopof

thefibroblastgel.Adayafter,thegelsweretransferredtoametal
gridlayeredwithafilterpaperandgrownonair-medium
interfaceinDMEM:Ham´sF12Nutrientmixture(31765068,
Thermofisher)supplementedwithinsulin-transferrin-selenium,
hydrocortisone,andL-ascorbicacidasabove,butNBCSwas
replacedwith0.1%bovinealbuminfraction(V15260-037,

Thermofisher).Thegelswereculturedforthenext10days.
Mediumwaschangedateachalternativeday.

QuantificationofInvasionofOSCCCellsin
3D-OrganotypicModels
FFPE-embeddedorganotypictissueswerecutinto5-mmsections
andstainedwithhematoxylinandeosin.Imagesofthestained
tissueswerecapturedat20×objectiveusingaslidescanner
(HamamatsuNaNoZoomer-XR,Shizuoka,Japan)andthe
invasiondepthofOSCCcellswasmeasuredusingNDP.view2
(Hamamatsu,Japan).Depthofinvasionwasdefinedasthe
verticaldistancefromthereconstructedbasementmembrane
(horizontallinealongthenon-invadingcells)tothedeepest
invadedOSCCcellsintherespectivepoint.Twenty
measurementsofinvasionat50-µmdistancealongthetissue
weretakenandaveraged.Thenon-uniformthickortapered100-
µmendsofthe3Dorganotypictissueswereexcluded
frommeasurements.

StatisticalAnalysis
Student´sunpairedorpairedt-testorone-wayANOVAwasused
toexaminesignificantdifferencesinmeansinbetweentwoor
morethantwogroups,respectively.Wheredatadidnotshowa
normaldistribution(D´Agostino&Pearsontest;p>0.05),non-
parametriccomparisons(Wilcoxonforpairedcomparisonand
Mann–Whitneyforunpairedcomparisonbetweentwo,and
Kruskal–Wallisforunpairedcomparisonamonggroups)were
carriedouttodeterminesignificantdifferenceinmedian
expression.AllanalysiswasperformedusingGraphPadPrism
Version7.Forstatisticalanalysis,theOSCCcohortwas
categorizedintoanegativeorapositivemiR-138staininggroup
oralow-no(0–1)andahigh(2-4)miR-138staininggroup.
Overallsurvival(OS)andrecurrence-freesurvival(RFS)analysis
forclinicopathologicalparametersandmiR-138expression
(positiveandnegativestaininggroup)wascarriedoutusinglog-
ranktest(Mantel–Cox).Clinicopathologicalparameterswere
furthertestedwithmultivariateCox’sproportionalregressionto
identifyindependentpredictorsofOSandRFS.Pearson’schi-
squaretestwascarriedouttodeterminetheassociationofmiR-
138status[positive(n=31)versusnegative(n=7);low-nomiR-
138(n=33)versushighmiR-138(n=4)]withclinicopathological
parameters.Survivalandassociationtestswerecarriedoutusing
IBMSPSSStatisticsVersion25.

RESULTS

miR-138WasExpressedinaSubsetof
OSCCLesionsOnlyandShowedaMarked
HeterogeneityinBothEpithelialand
StromalCompartments
EpithelialexpressionofmiR-138wasobservedin17%(n=9)of
OSCCcaseswhilestromalexpressionwasdetectedin9.4%(n=5)
ofthecases.In7.5%(n=4)ofthecases,miR-138wasexpressed
inbothtumorandstromalcompartments(Figure1A).
Pearsonchi-squaretestshowedthatmiR-138staining
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DMEMmediumtoallowthecellstogrowuntilthenextday.The
nextday,5×10
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cellsofUK1orLuc4wereaddedonthetopof

thefibroblastgel.Adayafter,thegelsweretransferredtoametal
gridlayeredwithafilterpaperandgrownonair-medium
interfaceinDMEM:Ham´sF12Nutrientmixture(31765068,
Thermofisher)supplementedwithinsulin-transferrin-selenium,
hydrocortisone,andL-ascorbicacidasabove,butNBCSwas
replacedwith0.1%bovinealbuminfraction(V15260-037,

Thermofisher).Thegelswereculturedforthenext10days.
Mediumwaschangedateachalternativeday.

QuantificationofInvasionofOSCCCellsin
3D-OrganotypicModels
FFPE-embeddedorganotypictissueswerecutinto5-mmsections
andstainedwithhematoxylinandeosin.Imagesofthestained
tissueswerecapturedat20×objectiveusingaslidescanner
(HamamatsuNaNoZoomer-XR,Shizuoka,Japan)andthe
invasiondepthofOSCCcellswasmeasuredusingNDP.view2
(Hamamatsu,Japan).Depthofinvasionwasdefinedasthe
verticaldistancefromthereconstructedbasementmembrane
(horizontallinealongthenon-invadingcells)tothedeepest
invadedOSCCcellsintherespectivepoint.Twenty
measurementsofinvasionat50-µmdistancealongthetissue
weretakenandaveraged.Thenon-uniformthickortapered100-
µmendsofthe3Dorganotypictissueswereexcluded
frommeasurements.

StatisticalAnalysis
Student´sunpairedorpairedt-testorone-wayANOVAwasused
toexaminesignificantdifferencesinmeansinbetweentwoor
morethantwogroups,respectively.Wheredatadidnotshowa
normaldistribution(D´Agostino&Pearsontest;p>0.05),non-
parametriccomparisons(Wilcoxonforpairedcomparisonand
Mann–Whitneyforunpairedcomparisonbetweentwo,and
Kruskal–Wallisforunpairedcomparisonamonggroups)were
carriedouttodeterminesignificantdifferenceinmedian
expression.AllanalysiswasperformedusingGraphPadPrism
Version7.Forstatisticalanalysis,theOSCCcohortwas
categorizedintoanegativeorapositivemiR-138staininggroup
oralow-no(0–1)andahigh(2-4)miR-138staininggroup.
Overallsurvival(OS)andrecurrence-freesurvival(RFS)analysis
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furthertestedwithmultivariateCox’sproportionalregressionto
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138status[positive(n=31)versusnegative(n=7);low-nomiR-
138(n=33)versushighmiR-138(n=4)]withclinicopathological
parameters.Survivalandassociationtestswerecarriedoutusing
IBMSPSSStatisticsVersion25.

RESULTS

miR-138WasExpressedinaSubsetof
OSCCLesionsOnlyandShowedaMarked
HeterogeneityinBothEpithelialand
StromalCompartments
EpithelialexpressionofmiR-138wasobservedin17%(n=9)of
OSCCcaseswhilestromalexpressionwasdetectedin9.4%(n=5)
ofthecases.In7.5%(n=4)ofthecases,miR-138wasexpressed
inbothtumorandstromalcompartments(Figure1A).
Pearsonchi-squaretestshowedthatmiR-138staining
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positivity associated with lower depth of invasion: <4 mm (p =
0.05) and relatively higher miR-138 expression (epithelial and
stromal) associated with lower OSCC recurrence (p = 0.03).
Expression of miR-138 did not associate to any other clinical or
pathological parameters, including tumor stages. Epithelium of
NHOM controls showed miR-138 expression in 50% of cases
(n = 3) while no expression was observed in subjacent normal
stroma. Compared to histologically normal peritumoral

epithelium, miR-138 expression in tumor epithelium was
increased in 16.1% (n = 5) and decreased in 3.2% (n = 1)
cases. Stromal miR-138 expression was increased in tumor
stroma compared to respective stroma in normal/peritumor
regions in 9.7% (n = 3) cases, while no difference was observed
for the rest (Figure 1B). When expressed in tumor stroma, miR-
138 was localized in cells with fibroblast morphology and in a
sub-population of lymphocytes (Figures 1C, D).
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FIGURE 1 | Expression of miR-138 in OSCC. (A) Venn diagram showing distribution of OSCC cases according to miR-138 staining positivity in the epithelial and
tumor-associated stroma regions. (B) Stacked bar plot comparing the miR-138 expression in epithelial and stromal compartments in the OSCC lesions compared to
peritumoral/normal margins. *-veStain in both tumor and adjacent normal/peritumor area. (C) Higher miR-138 expression in cancer cells in tumor center (TC) and
tumor front (TF) compared to adjacent peritumor (PT) and normal (TN) areas. (D) Higher expression in PT region compared to TC and TF. Lymphocytes, fibroblasts,
and epithelial/malignant compartment in gray, black, and unfilled arrows, respectively. (E) TCGA miR-138 expression in between OSCC and matched NHOM, (F)
OSCC and unmatched NHOM, and (G) among pathological stages in OSCC. Unpaired t-test, paired t-test, and one-way ANOVA, respectively, for (C–E).
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positivityassociatedwithlowerdepthofinvasion:<4mm(p=
0.05)andrelativelyhighermiR-138expression(epithelialand
stromal)associatedwithlowerOSCCrecurrence(p=0.03).
ExpressionofmiR-138didnotassociatetoanyotherclinicalor
pathologicalparameters,includingtumorstages.Epitheliumof
NHOMcontrolsshowedmiR-138expressionin50%ofcases
(n=3)whilenoexpressionwasobservedinsubjacentnormal
stroma.Comparedtohistologicallynormalperitumoral

epithelium,miR-138expressionintumorepitheliumwas
increasedin16.1%(n=5)anddecreasedin3.2%(n=1)
cases.StromalmiR-138expressionwasincreasedintumor
stromacomparedtorespectivestromainnormal/peritumor
regionsin9.7%(n=3)cases,whilenodifferencewasobserved
fortherest(Figure1B).Whenexpressedintumorstroma,miR-
138waslocalizedincellswithfibroblastmorphologyandina
sub-populationoflymphocytes(Figures1C,D).
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FIGURE1|ExpressionofmiR-138inOSCC.(A)VenndiagramshowingdistributionofOSCCcasesaccordingtomiR-138stainingpositivityintheepithelialand
tumor-associatedstromaregions.(B)StackedbarplotcomparingthemiR-138expressioninepithelialandstromalcompartmentsintheOSCClesionscomparedto
peritumoral/normalmargins.*-veStaininbothtumorandadjacentnormal/peritumorarea.(C)HighermiR-138expressionincancercellsintumorcenter(TC)and
tumorfront(TF)comparedtoadjacentperitumor(PT)andnormal(TN)areas.(D)HigherexpressioninPTregioncomparedtoTCandTF.Lymphocytes,fibroblasts,
andepithelial/malignantcompartmentingray,black,andunfilledarrows,respectively.(E)TCGAmiR-138expressioninbetweenOSCCandmatchedNHOM,(F)
OSCCandunmatchedNHOM,and(G)amongpathologicalstagesinOSCC.Unpairedt-test,pairedt-test,andone-wayANOVA,respectively,for(C–E).
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positivity associated with lower depth of invasion: <4 mm (p =
0.05) and relatively higher miR-138 expression (epithelial and
stromal) associated with lower OSCC recurrence (p = 0.03).
Expression of miR-138 did not associate to any other clinical or
pathological parameters, including tumor stages. Epithelium of
NHOM controls showed miR-138 expression in 50% of cases
(n = 3) while no expression was observed in subjacent normal
stroma. Compared to histologically normal peritumoral

epithelium, miR-138 expression in tumor epithelium was
increased in 16.1% (n = 5) and decreased in 3.2% (n = 1)
cases. Stromal miR-138 expression was increased in tumor
stroma compared to respective stroma in normal/peritumor
regions in 9.7% (n = 3) cases, while no difference was observed
for the rest (Figure 1B). When expressed in tumor stroma, miR-
138 was localized in cells with fibroblast morphology and in a
sub-population of lymphocytes (Figures 1C, D).
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FIGURE 1 | Expression of miR-138 in OSCC. (A) Venn diagram showing distribution of OSCC cases according to miR-138 staining positivity in the epithelial and
tumor-associated stroma regions. (B) Stacked bar plot comparing the miR-138 expression in epithelial and stromal compartments in the OSCC lesions compared to
peritumoral/normal margins. *

-ve
Stain in both tumor and adjacent normal/peritumor area. (C) Higher miR-138 expression in cancer cells in tumor center (TC) and

tumor front (TF) compared to adjacent peritumor (PT) and normal (TN) areas. (D) Higher expression in PT region compared to TC and TF. Lymphocytes, fibroblasts,
and epithelial/malignant compartment in gray, black, and unfilled arrows, respectively. (E) TCGA miR-138 expression in between OSCC and matched NHOM, (F)
OSCC and unmatched NHOM, and (G) among pathological stages in OSCC. Unpaired t-test, paired t-test, and one-way ANOVA, respectively, for (C–E).
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positivityassociatedwithlowerdepthofinvasion:<4mm(p=
0.05)andrelativelyhighermiR-138expression(epithelialand
stromal)associatedwithlowerOSCCrecurrence(p=0.03).
ExpressionofmiR-138didnotassociatetoanyotherclinicalor
pathologicalparameters,includingtumorstages.Epitheliumof
NHOMcontrolsshowedmiR-138expressionin50%ofcases
(n=3)whilenoexpressionwasobservedinsubjacentnormal
stroma.Comparedtohistologicallynormalperitumoral

epithelium,miR-138expressionintumorepitheliumwas
increasedin16.1%(n=5)anddecreasedin3.2%(n=1)
cases.StromalmiR-138expressionwasincreasedintumor
stromacomparedtorespectivestromainnormal/peritumor
regionsin9.7%(n=3)cases,whilenodifferencewasobserved
fortherest(Figure1B).Whenexpressedintumorstroma,miR-
138waslocalizedincellswithfibroblastmorphologyandina
sub-populationoflymphocytes(Figures1C,D).
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Analysis of the TCGA data showed no significant difference
in miR-138 expression between whole OSCC lesions compared
to NHOM (Figure 1E). A difference in miR-138 expression was
still not observed when the subset of OSCC cases was compared
to their matched NHOM (Figure 1F). No significant difference
in miR-138 expression among overall pathological tumor stages
(I–IV) was found (Figure 1G).

Fibroblasts From OSCC Lesions Displayed
a Heterogeneous Expression of miR-138
Positive and negative miR-138-stained fibroblasts were observed
to co-exist nearby the stroma of a subset of OSCC lesions
(Figures 2A, B). qRT-PCR profiling of miR-138 expression in
CAFs isolated from OSCC lesions and NOFs isolated from oral
mucosa of non-related healthy, non-cancer individuals showed
significantly higher expression in CAFs by 4.52-fold (Figure 2C).
However, profiling of miR-138 in matched CAFs and NOFs
showed a marked heterogeneity; out of the six matched pairs,
miR-138 expression was higher in CAFs, then in NOF only in
one matched pair, similar in two pairs, and lower in three
pairs (Figure 2D).

Ectopic Expression of miR-138 Decreased
Fibroblast Proliferation and Expression
of Several CAF-Related Markers, but
Not of ITGA11
Ectopic expression of miR-138 (modulation of miR-138
expression in fibroblasts by use of mimics and inhibitors is
presented in Supplementary Figure S2) resulted in significantly
reduced proliferation of both CAFs and NOFs compared to mimic
controls in monolayer culture (Figures 3A, B). Reduced
proliferation of fibroblasts was accompanied by significant
reduction in expression of CCND1 transcript (Figure 3C).
However, despite upregulation of CCND1 following inhibition
of miR-138, a change in fibroblast proliferation was not observed
between the target and control group. Modulation of miR-138
expression also induced significant changes in expression of
several CAF-related molecules (TGFBR2, TGFb1, and FAP) and
EGFR (Figures 3D–K).

qRT-PCR profiling of miR-138 and ITGA11 transcripts in
cultured fibroblasts showed an inverse correlation between their
expression (Figure 4A). However, modulation of miR-138
expression did not result in alterations of ITGA11 expression
at mRNA or protein levels (Figures 4B–D). Gene reporter assay
showed no difference in expression of ITGA11 or mutant
transcripts (Figure 4E), indicating that miR-138 does not
target ITGA11.

Ectopic Expression of miR-138-5p Induced
a Change in Fibroblasts’ Morphology and
Decreased Their Motility and Collagen
Contraction Ability
IncreasingmiR-138expression infibroblasts (bothCAFsandNOFs)
changed their cellularmorphology froman elongated, slender shape
(Figures 5G–H, L) to a flattened, stellar shape and bigger size,
compared tomimic controls (Figures 5E, F,K). Fibroblasts’motility
in 3D collagen I gels towards OSCC cell line UK1 was significantly
impaired following transfection with miR-138 mimics; the number
offibroblasts that migrated inside the collagen gels and the distance
crossed were significantly reduced in fibroblasts transfected with
mimics, compared to controls (Figures 5M, N). Additionally,
mimicking increased miR-138 in CAFs and NOFs and
significantly reduced collagen contraction ability by both CAFs
and NOFs, and reversing miR-138 expression by using inhibitors
resulted in the opposite effect (Figures 5A–D and 6).

miR-138 Expression in Fibroblasts
Decreased Invasion of Suprajacent
OSCC Cells
In order to study the role of miR-138 expression in CAFs on
tumor invasion or progression, miR-138 expression was altered
in CAFs and NOFs prior to their co-culture with the established
OSCC cell lines UK1 and Luc4 in 3D-organotypic models.
Inhibition of miR-138 in both CAFs and NOFs increased
invasion by OSCC cell lines UK1 and Luc4, while transfection
of both fibroblasts with mimics of miR-138 significantly
decreased or almost completely neutralized invasion of both
UK1 and Luc4 (Figure 7).
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FIGURE 2 | Heterogenous expression of miR-138 in cultured fibroblasts from OSCC lesions and normal mucosa. (A, B) Differential miR-138 expression in CAFs
from different regions of tumor center. Fibroblasts are marked with arrows. (C) miR-138 expression in non-matched CAFs and NOFs. (D) miR-138 expression in
matched NOFs and CAFs. Each pair is connected by dotted lines. ***p < 0.001.
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AnalysisoftheTCGAdatashowednosignificantdifference
inmiR-138expressionbetweenwholeOSCClesionscompared
toNHOM(Figure1E).AdifferenceinmiR-138expressionwas
stillnotobservedwhenthesubsetofOSCCcaseswascompared
totheirmatchedNHOM(Figure1F).Nosignificantdifference
inmiR-138expressionamongoverallpathologicaltumorstages
(I–IV)wasfound(Figure1G).

FibroblastsFromOSCCLesionsDisplayed
aHeterogeneousExpressionofmiR-138
PositiveandnegativemiR-138-stainedfibroblastswereobserved
toco-existnearbythestromaofasubsetofOSCClesions
(Figures2A,B).qRT-PCRprofilingofmiR-138expressionin
CAFsisolatedfromOSCClesionsandNOFsisolatedfromoral
mucosaofnon-relatedhealthy,non-cancerindividualsshowed
significantlyhigherexpressioninCAFsby4.52-fold(Figure2C).
However,profilingofmiR-138inmatchedCAFsandNOFs
showedamarkedheterogeneity;outofthesixmatchedpairs,
miR-138expressionwashigherinCAFs,theninNOFonlyin
onematchedpair,similarintwopairs,andlowerinthree
pairs(Figure2D).

EctopicExpressionofmiR-138Decreased
FibroblastProliferationandExpression
ofSeveralCAF-RelatedMarkers,but
NotofITGA11
EctopicexpressionofmiR-138(modulationofmiR-138
expressioninfibroblastsbyuseofmimicsandinhibitorsis
presentedinSupplementaryFigureS2)resultedinsignificantly
reducedproliferationofbothCAFsandNOFscomparedtomimic
controlsinmonolayerculture(Figures3A,B).Reduced
proliferationoffibroblastswasaccompaniedbysignificant
reductioninexpressionofCCND1transcript(Figure3C).
However,despiteupregulationofCCND1followinginhibition
ofmiR-138,achangeinfibroblastproliferationwasnotobserved
betweenthetargetandcontrolgroup.ModulationofmiR-138
expressionalsoinducedsignificantchangesinexpressionof
severalCAF-relatedmolecules(TGFBR2,TGFb1,andFAP)and
EGFR(Figures3D–K).

qRT-PCRprofilingofmiR-138andITGA11transcriptsin
culturedfibroblastsshowedaninversecorrelationbetweentheir
expression(Figure4A).However,modulationofmiR-138
expressiondidnotresultinalterationsofITGA11expression
atmRNAorproteinlevels(Figures4B–D).Genereporterassay
showednodifferenceinexpressionofITGA11ormutant
transcripts(Figure4E),indicatingthatmiR-138doesnot
targetITGA11.

EctopicExpressionofmiR-138-5pInduced
aChangeinFibroblasts’Morphologyand
DecreasedTheirMotilityandCollagen
ContractionAbility
IncreasingmiR-138expressioninfibroblasts(bothCAFsandNOFs)
changedtheircellularmorphologyfromanelongated,slendershape
(Figures5G–H,L)toaflattened,stellarshapeandbiggersize,
comparedtomimiccontrols(Figures5E,F,K).Fibroblasts’motility
in3DcollagenIgelstowardsOSCCcelllineUK1wassignificantly
impairedfollowingtransfectionwithmiR-138mimics;thenumber
offibroblaststhatmigratedinsidethecollagengelsandthedistance
crossedweresignificantlyreducedinfibroblaststransfectedwith
mimics,comparedtocontrols(Figures5M,N).Additionally,
mimickingincreasedmiR-138inCAFsandNOFsand
significantlyreducedcollagencontractionabilitybybothCAFs
andNOFs,andreversingmiR-138expressionbyusinginhibitors
resultedintheoppositeeffect(Figures5A–Dand6).

miR-138ExpressioninFibroblasts
DecreasedInvasionofSuprajacent
OSCCCells
InordertostudytheroleofmiR-138expressioninCAFson
tumorinvasionorprogression,miR-138expressionwasaltered
inCAFsandNOFspriortotheirco-culturewiththeestablished
OSCCcelllinesUK1andLuc4in3D-organotypicmodels.
InhibitionofmiR-138inbothCAFsandNOFsincreased
invasionbyOSCCcelllinesUK1andLuc4,whiletransfection
ofbothfibroblastswithmimicsofmiR-138significantly
decreasedoralmostcompletelyneutralizedinvasionofboth
UK1andLuc4(Figure7).
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FIGURE2|HeterogenousexpressionofmiR-138inculturedfibroblastsfromOSCClesionsandnormalmucosa.(A,B)DifferentialmiR-138expressioninCAFs
fromdifferentregionsoftumorcenter.Fibroblastsaremarkedwitharrows.(C)miR-138expressioninnon-matchedCAFsandNOFs.(D)miR-138expressionin
matchedNOFsandCAFs.Eachpairisconnectedbydottedlines.***p<0.001.
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Analysis of the TCGA data showed no significant difference
in miR-138 expression between whole OSCC lesions compared
to NHOM (Figure 1E). A difference in miR-138 expression was
still not observed when the subset of OSCC cases was compared
to their matched NHOM (Figure 1F). No significant difference
in miR-138 expression among overall pathological tumor stages
(I–IV) was found (Figure 1G).

Fibroblasts From OSCC Lesions Displayed
a Heterogeneous Expression of miR-138
Positive and negative miR-138-stained fibroblasts were observed
to co-exist nearby the stroma of a subset of OSCC lesions
(Figures 2A, B). qRT-PCR profiling of miR-138 expression in
CAFs isolated from OSCC lesions and NOFs isolated from oral
mucosa of non-related healthy, non-cancer individuals showed
significantly higher expression in CAFs by 4.52-fold (Figure 2C).
However, profiling of miR-138 in matched CAFs and NOFs
showed a marked heterogeneity; out of the six matched pairs,
miR-138 expression was higher in CAFs, then in NOF only in
one matched pair, similar in two pairs, and lower in three
pairs (Figure 2D).

Ectopic Expression of miR-138 Decreased
Fibroblast Proliferation and Expression
of Several CAF-Related Markers, but
Not of ITGA11
Ectopic expression of miR-138 (modulation of miR-138
expression in fibroblasts by use of mimics and inhibitors is
presented in Supplementary Figure S2) resulted in significantly
reduced proliferation of both CAFs and NOFs compared to mimic
controls in monolayer culture (Figures 3A, B). Reduced
proliferation of fibroblasts was accompanied by significant
reduction in expression of CCND1 transcript (Figure 3C).
However, despite upregulation of CCND1 following inhibition
of miR-138, a change in fibroblast proliferation was not observed
between the target and control group. Modulation of miR-138
expression also induced significant changes in expression of
several CAF-related molecules (TGFBR2, TGFb1, and FAP) and
EGFR (Figures 3D–K).

qRT-PCR profiling of miR-138 and ITGA11 transcripts in
cultured fibroblasts showed an inverse correlation between their
expression (Figure 4A). However, modulation of miR-138
expression did not result in alterations of ITGA11 expression
at mRNA or protein levels (Figures 4B–D). Gene reporter assay
showed no difference in expression of ITGA11 or mutant
transcripts (Figure 4E), indicating that miR-138 does not
target ITGA11.

Ectopic Expression of miR-138-5p Induced
a Change in Fibroblasts’ Morphology and
Decreased Their Motility and Collagen
Contraction Ability
IncreasingmiR-138expression infibroblasts (bothCAFsandNOFs)
changed their cellularmorphology froman elongated, slender shape
(Figures 5G–H, L) to a flattened, stellar shape and bigger size,
compared tomimic controls (Figures 5E, F,K). Fibroblasts’motility
in 3D collagen I gels towards OSCC cell line UK1 was significantly
impaired following transfection with miR-138 mimics; the number
offibroblasts that migrated inside the collagen gels and the distance
crossed were significantly reduced in fibroblasts transfected with
mimics, compared to controls (Figures 5M, N). Additionally,
mimicking increased miR-138 in CAFs and NOFs and
significantly reduced collagen contraction ability by both CAFs
and NOFs, and reversing miR-138 expression by using inhibitors
resulted in the opposite effect (Figures 5A–D and 6).

miR-138 Expression in Fibroblasts
Decreased Invasion of Suprajacent
OSCC Cells
In order to study the role of miR-138 expression in CAFs on
tumor invasion or progression, miR-138 expression was altered
in CAFs and NOFs prior to their co-culture with the established
OSCC cell lines UK1 and Luc4 in 3D-organotypic models.
Inhibition of miR-138 in both CAFs and NOFs increased
invasion by OSCC cell lines UK1 and Luc4, while transfection
of both fibroblasts with mimics of miR-138 significantly
decreased or almost completely neutralized invasion of both
UK1 and Luc4 (Figure 7).
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FIGURE 2 | Heterogenous expression of miR-138 in cultured fibroblasts from OSCC lesions and normal mucosa. (A, B) Differential miR-138 expression in CAFs
from different regions of tumor center. Fibroblasts are marked with arrows. (C) miR-138 expression in non-matched CAFs and NOFs. (D) miR-138 expression in
matched NOFs and CAFs. Each pair is connected by dotted lines. ***p < 0.001.
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in miR-138 expression between whole OSCC lesions compared
to NHOM (Figure 1E). A difference in miR-138 expression was
still not observed when the subset of OSCC cases was compared
to their matched NHOM (Figure 1F). No significant difference
in miR-138 expression among overall pathological tumor stages
(I–IV) was found (Figure 1G).
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from different regions of tumor center. Fibroblasts are marked with arrows. (C) miR-138 expression in non-matched CAFs and NOFs. (D) miR-138 expression in
matched NOFs and CAFs. Each pair is connected by dotted lines. ***p < 0.001.
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(I–IV)wasfound(Figure1G).
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toco-existnearbythestromaofasubsetofOSCClesions
(Figures2A,B).qRT-PCRprofilingofmiR-138expressionin
CAFsisolatedfromOSCClesionsandNOFsisolatedfromoral
mucosaofnon-relatedhealthy,non-cancerindividualsshowed
significantlyhigherexpressioninCAFsby4.52-fold(Figure2C).
However,profilingofmiR-138inmatchedCAFsandNOFs
showedamarkedheterogeneity;outofthesixmatchedpairs,
miR-138expressionwashigherinCAFs,theninNOFonlyin
onematchedpair,similarintwopairs,andlowerinthree
pairs(Figure2D).

EctopicExpressionofmiR-138Decreased
FibroblastProliferationandExpression
ofSeveralCAF-RelatedMarkers,but
NotofITGA11
EctopicexpressionofmiR-138(modulationofmiR-138
expressioninfibroblastsbyuseofmimicsandinhibitorsis
presentedinSupplementaryFigureS2)resultedinsignificantly
reducedproliferationofbothCAFsandNOFscomparedtomimic
controlsinmonolayerculture(Figures3A,B).Reduced
proliferationoffibroblastswasaccompaniedbysignificant
reductioninexpressionofCCND1transcript(Figure3C).
However,despiteupregulationofCCND1followinginhibition
ofmiR-138,achangeinfibroblastproliferationwasnotobserved
betweenthetargetandcontrolgroup.ModulationofmiR-138
expressionalsoinducedsignificantchangesinexpressionof
severalCAF-relatedmolecules(TGFBR2,TGFb1,andFAP)and
EGFR(Figures3D–K).

qRT-PCRprofilingofmiR-138andITGA11transcriptsin
culturedfibroblastsshowedaninversecorrelationbetweentheir
expression(Figure4A).However,modulationofmiR-138
expressiondidnotresultinalterationsofITGA11expression
atmRNAorproteinlevels(Figures4B–D).Genereporterassay
showednodifferenceinexpressionofITGA11ormutant
transcripts(Figure4E),indicatingthatmiR-138doesnot
targetITGA11.

EctopicExpressionofmiR-138-5pInduced
aChangeinFibroblasts’Morphologyand
DecreasedTheirMotilityandCollagen
ContractionAbility
IncreasingmiR-138expressioninfibroblasts(bothCAFsandNOFs)
changedtheircellularmorphologyfromanelongated,slendershape
(Figures5G–H,L)toaflattened,stellarshapeandbiggersize,
comparedtomimiccontrols(Figures5E,F,K).Fibroblasts’motility
in3DcollagenIgelstowardsOSCCcelllineUK1wassignificantly
impairedfollowingtransfectionwithmiR-138mimics;thenumber
offibroblaststhatmigratedinsidethecollagengelsandthedistance
crossedweresignificantlyreducedinfibroblaststransfectedwith
mimics,comparedtocontrols(Figures5M,N).Additionally,
mimickingincreasedmiR-138inCAFsandNOFsand
significantlyreducedcollagencontractionabilitybybothCAFs
andNOFs,andreversingmiR-138expressionbyusinginhibitors
resultedintheoppositeeffect(Figures5A–Dand6).

miR-138ExpressioninFibroblasts
DecreasedInvasionofSuprajacent
OSCCCells
InordertostudytheroleofmiR-138expressioninCAFson
tumorinvasionorprogression,miR-138expressionwasaltered
inCAFsandNOFspriortotheirco-culturewiththeestablished
OSCCcelllinesUK1andLuc4in3D-organotypicmodels.
InhibitionofmiR-138inbothCAFsandNOFsincreased
invasionbyOSCCcelllinesUK1andLuc4,whiletransfection
ofbothfibroblastswithmimicsofmiR-138significantly
decreasedoralmostcompletelyneutralizedinvasionofboth
UK1andLuc4(Figure7).
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Pathway Focus Analysis of Molecules
Targeted by miR-138 Indicates Alterations
in the Focal Adhesion Pathway
Pathway analysis of genes targeted by miR-138 using
miRTarBase database release 7 (32) identified several miR-138
targeted pathways, including focal adhesion and TGF-b1
pathways (Supplementary Table S4 and Figure S3). Since
FAK, AKT, ROCK, and CCND1 have been previously proven
by luciferase gene reporter assays to be direct targets of miR-138,
we decided to focus on these molecules in the focal adhesion
pathway. An effect on FAK (PTK2) mRNA was observed when
the cells were transfected with mimics. At the FAK, protein level
seemed to be altered by both mimics and inhibitors of miR-138,
in opposite directions (Figure 8).

DISCUSSION

This study shows that expression of miR-138 displays a
marked heterogeneity, and it is detectable in a subset of OSCC

lesions only. Although performed on a limited number of
cases, insufficient for a definitive conclusion, this study points
towards a trend for decreased miR-138 expression in tumor
tissue when compared to normal oral epithelium. The absence of
miR-138 staining in a relatively higher percentage (83%) of
tumor samples compared to NHOM (50%) might be an
indication for a tumor-suppressive role of miR-138.
Inconsistent with this might be the finding that when present,
in few cases, the expression of miR138 was increased in both
tumor cells and CAFs compared to normal/peritumor regions.
Nevertheless, increased expression was associated with lower
recurrence and less depth of invasion, indicative again for a
tumor-suppressive role. Of note, in our cohort, there was also no
specific pattern of association of miR-138 expression with tumor
stage, lymph node involvement, or later distant metastasis. This
might be due to the relatively low number of cases we have
studied, but analysis of the TCGA data set, which comprises
many more cases, did not show either any specific association of
miR-138 to clinical parameters in OSCC. Taken together, these
data do not support a biomarker role for miR-138 in OSCC.
However, there are indications for a tumor-suppressive function
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FIGURE 3 | Fibroblasts’ proliferation and expression of CAF markers in monolayer culture following miR-138 modulation. Proliferation of (A) CAFs and (B) NOFs, (C)
regulation of CCND1 transcript in CAFs, and (D–K) other transcripts related to the CAF-phenotype (TGFb1, TGFBR2, and FAP) and EGFR in CAFs and NOFS 48 h
post miR-138 modulation. * Significant; unpaired t-test p < 0.05. I138: inhibition of endogenous miR-138. M138: mimicking of miR-138 expression. Ictrl and MCtrl:
respective controls for inhibitors and mimics. **p < 0.01, ***p < 0.001.
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PathwayFocusAnalysisofMolecules
TargetedbymiR-138IndicatesAlterations
intheFocalAdhesionPathway
PathwayanalysisofgenestargetedbymiR-138using
miRTarBasedatabaserelease7(32)identifiedseveralmiR-138
targetedpathways,includingfocaladhesionandTGF-b1
pathways(SupplementaryTableS4andFigureS3).Since
FAK,AKT,ROCK,andCCND1havebeenpreviouslyproven
byluciferasegenereporterassaystobedirecttargetsofmiR-138,
wedecidedtofocusonthesemoleculesinthefocaladhesion
pathway.AneffectonFAK(PTK2)mRNAwasobservedwhen
thecellsweretransfectedwithmimics.AttheFAK,proteinlevel
seemedtobealteredbybothmimicsandinhibitorsofmiR-138,
inoppositedirections(Figure8).

DISCUSSION

ThisstudyshowsthatexpressionofmiR-138displaysa
markedheterogeneity,anditisdetectableinasubsetofOSCC

lesionsonly.Althoughperformedonalimitednumberof
cases,insufficientforadefinitiveconclusion,thisstudypoints
towardsatrendfordecreasedmiR-138expressionintumor
tissuewhencomparedtonormaloralepithelium.Theabsenceof
miR-138staininginarelativelyhigherpercentage(83%)of
tumorsamplescomparedtoNHOM(50%)mightbean
indicationforatumor-suppressiveroleofmiR-138.
Inconsistentwiththismightbethefindingthatwhenpresent,
infewcases,theexpressionofmiR138wasincreasedinboth
tumorcellsandCAFscomparedtonormal/peritumorregions.
Nevertheless,increasedexpressionwasassociatedwithlower
recurrenceandlessdepthofinvasion,indicativeagainfora
tumor-suppressiverole.Ofnote,inourcohort,therewasalsono
specificpatternofassociationofmiR-138expressionwithtumor
stage,lymphnodeinvolvement,orlaterdistantmetastasis.This
mightbeduetotherelativelylownumberofcaseswehave
studied,butanalysisoftheTCGAdataset,whichcomprises
manymorecases,didnotshoweitheranyspecificassociationof
miR-138toclinicalparametersinOSCC.Takentogether,these
datadonotsupportabiomarkerroleformiR-138inOSCC.
However,thereareindicationsforatumor-suppressivefunction
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FIGURE3|Fibroblasts’proliferationandexpressionofCAFmarkersinmonolayerculturefollowingmiR-138modulation.Proliferationof(A)CAFsand(B)NOFs,(C)
regulationofCCND1transcriptinCAFs,and(D–K)othertranscriptsrelatedtotheCAF-phenotype(TGFb1,TGFBR2,andFAP)andEGFRinCAFsandNOFS48h
postmiR-138modulation.*Significant;unpairedt-testp<0.05.I138:inhibitionofendogenousmiR-138.M138:mimickingofmiR-138expression.IctrlandMCtrl:
respectivecontrolsforinhibitorsandmimics.**p<0.01,***p<0.001.
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data do not support a biomarker role for miR-138 in OSCC.
However, there are indications for a tumor-suppressive function
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FIGURE 3 | Fibroblasts’ proliferation and expression of CAF markers in monolayer culture following miR-138 modulation. Proliferation of (A) CAFs and (B) NOFs, (C)
regulation of CCND1 transcript in CAFs, and (D–K) other transcripts related to the CAF-phenotype (TGFb1, TGFBR2, and FAP) and EGFR in CAFs and NOFS 48 h
post miR-138 modulation. * Significant; unpaired t-test p < 0.05. I138: inhibition of endogenous miR-138. M138: mimicking of miR-138 expression. Ictrl and MCtrl:
respective controls for inhibitors and mimics. **p < 0.01, ***p < 0.001.
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Pathway Focus Analysis of Molecules
Targeted by miR-138 Indicates Alterations
in the Focal Adhesion Pathway
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PathwayFocusAnalysisofMolecules
TargetedbymiR-138IndicatesAlterations
intheFocalAdhesionPathway
PathwayanalysisofgenestargetedbymiR-138using
miRTarBasedatabaserelease7(32)identifiedseveralmiR-138
targetedpathways,includingfocaladhesionandTGF-b1
pathways(SupplementaryTableS4andFigureS3).Since
FAK,AKT,ROCK,andCCND1havebeenpreviouslyproven
byluciferasegenereporterassaystobedirecttargetsofmiR-138,
wedecidedtofocusonthesemoleculesinthefocaladhesion
pathway.AneffectonFAK(PTK2)mRNAwasobservedwhen
thecellsweretransfectedwithmimics.AttheFAK,proteinlevel
seemedtobealteredbybothmimicsandinhibitorsofmiR-138,
inoppositedirections(Figure8).

DISCUSSION

ThisstudyshowsthatexpressionofmiR-138displaysa
markedheterogeneity,anditisdetectableinasubsetofOSCC

lesionsonly.Althoughperformedonalimitednumberof
cases,insufficientforadefinitiveconclusion,thisstudypoints
towardsatrendfordecreasedmiR-138expressionintumor
tissuewhencomparedtonormaloralepithelium.Theabsenceof
miR-138staininginarelativelyhigherpercentage(83%)of
tumorsamplescomparedtoNHOM(50%)mightbean
indicationforatumor-suppressiveroleofmiR-138.
Inconsistentwiththismightbethefindingthatwhenpresent,
infewcases,theexpressionofmiR138wasincreasedinboth
tumorcellsandCAFscomparedtonormal/peritumorregions.
Nevertheless,increasedexpressionwasassociatedwithlower
recurrenceandlessdepthofinvasion,indicativeagainfora
tumor-suppressiverole.Ofnote,inourcohort,therewasalsono
specificpatternofassociationofmiR-138expressionwithtumor
stage,lymphnodeinvolvement,orlaterdistantmetastasis.This
mightbeduetotherelativelylownumberofcaseswehave
studied,butanalysisoftheTCGAdataset,whichcomprises
manymorecases,didnotshoweitheranyspecificassociationof
miR-138toclinicalparametersinOSCC.Takentogether,these
datadonotsupportabiomarkerroleformiR-138inOSCC.
However,thereareindicationsforatumor-suppressivefunction
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FIGURE3|Fibroblasts’proliferationandexpressionofCAFmarkersinmonolayerculturefollowingmiR-138modulation.Proliferationof(A)CAFsand(B)NOFs,(C)
regulationofCCND1transcriptinCAFs,and(D–K)othertranscriptsrelatedtotheCAF-phenotype(TGFb1,TGFBR2,andFAP)andEGFRinCAFsandNOFS48h
postmiR-138modulation.*Significant;unpairedt-testp<0.05.I138:inhibitionofendogenousmiR-138.M138:mimickingofmiR-138expression.IctrlandMCtrl:
respectivecontrolsforinhibitorsandmimics.**p<0.01,***p<0.001.
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for miR-138 from both previous and current studies, and thus
miR-138 might be of biological importance for a subset
of OSCCs.

The heterogeneity of miR-138 expression observed in stroma
of OSCC tissues was paralleled by a marked heterogeneity
detected in cultured fibroblasts, which might have been even
more increased due to selection of different sub-populations of
fibroblasts during isolation in culture. We could not identify,
however, indications for selective isolation of a certain sub-
population over the other. Of importance, despite its
heterogenous regulation in fibroblasts, with no clear trend
between CAFs and NOFs, increased expression of miR-138
using miR-138 mimics in both CAFs and NOFs had a
remarkable effect on their ability to migrate in 3D, to contract
collagen gels, and to induce OSCC invasion. Therefore, this study
shows that regardless of type offibroblasts used (CAFs or NOFs),
ectopic expression of miR-138 in the fibroblasts results in a
consistent inhibition of migration of fibroblasts themselves and
of invasion of the adjacent OSCC cells. These findings are in line
with the literature suggesting a tumor-suppressive function for
miR-138, but while the previous studies addressed the role of
miR-138 expressed in tumor cells (26, 27), here we show for the
first time a tumor-suppressive effect for miR-138 expression in
stromal fibroblasts. In an attempt to understand the mechanism
by which alteration in miR-138 expression in the fibroblasts
modulates the invasion capabilities by OSCC cells, a couple of

functional assays were performed. A crucial effect of increased
miR-138 expression in fibroblasts was the morphological
transition from spindle-shaped CAFs and NOFs into a stellar
morphology, accompanied by a decrease in their motility. The
effect on motility might be the underlying mechanism by which
decreased miR-138 expression in CAF decreased invasion of
adjacent OSCC cells, since CAFs have been shown previously to
“lead” the invasion of adjacent OSCC cells (6), and changes in
their motility were reflected directly into the invasion ability of
adjacent OSCC cells (5).

Similar morphological and motility changes have been
previously reported to be associated to loss of FAK function,
which regulates focal adhesion assembly and disassembly
required for cell motility (33, 34). Our study indicates that
FAK was regulated in OSCC-derived CAFs by miR-138,
suggesting therefore that the changes in fibroblast morphology
and motility observed to occur with increased miR-138
expression might be mediated, among other molecules, via
FAK. However, these results need to be further confirmed by
phenotype rescue experiments to prove that the motility effects
we observed after modulation of miR-138 expression are
mediated via focal adhesion kinase axis. The changes in
fibroblasts’ morphology and motility were accompanied by
other changes in their molecular profile; ectopic expression of
miR-138 significantly decreased several CAF-related markers,
particularly those on the TGF-b1 pathway. A link between
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FIGURE 4 | miR-138 does not target ITGA11. (A) Graph showing an inverse correlation between miR-138 and ITGA11 levels in the fibroblasts. (B) Modulation of
miR-138 expression did not result in alterations of ITGA11 expression at mRNA or (C, D) protein levels in CAF. (E); Gene reporter assay showing no difference in the
expression of ITGA11 or mutant transcripts.
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formiR-138frombothpreviousandcurrentstudies,andthus
miR-138mightbeofbiologicalimportanceforasubset
ofOSCCs.

TheheterogeneityofmiR-138expressionobservedinstroma
ofOSCCtissueswasparalleledbyamarkedheterogeneity
detectedinculturedfibroblasts,whichmighthavebeeneven
moreincreasedduetoselectionofdifferentsub-populationsof
fibroblastsduringisolationinculture.Wecouldnotidentify,
however,indicationsforselectiveisolationofacertainsub-
populationovertheother.Ofimportance,despiteits
heterogenousregulationinfibroblasts,withnocleartrend
betweenCAFsandNOFs,increasedexpressionofmiR-138
usingmiR-138mimicsinbothCAFsandNOFshada
remarkableeffectontheirabilitytomigratein3D,tocontract
collagengels,andtoinduceOSCCinvasion.Therefore,thisstudy
showsthatregardlessoftypeoffibroblastsused(CAFsorNOFs),
ectopicexpressionofmiR-138inthefibroblastsresultsina
consistentinhibitionofmigrationoffibroblaststhemselvesand
ofinvasionoftheadjacentOSCCcells.Thesefindingsareinline
withtheliteraturesuggestingatumor-suppressivefunctionfor
miR-138,butwhilethepreviousstudiesaddressedtheroleof
miR-138expressedintumorcells(26,27),hereweshowforthe
firsttimeatumor-suppressiveeffectformiR-138expressionin
stromalfibroblasts.Inanattempttounderstandthemechanism
bywhichalterationinmiR-138expressioninthefibroblasts
modulatestheinvasioncapabilitiesbyOSCCcells,acoupleof

functionalassayswereperformed.Acrucialeffectofincreased
miR-138expressioninfibroblastswasthemorphological
transitionfromspindle-shapedCAFsandNOFsintoastellar
morphology,accompaniedbyadecreaseintheirmotility.The
effectonmotilitymightbetheunderlyingmechanismbywhich
decreasedmiR-138expressioninCAFdecreasedinvasionof
adjacentOSCCcells,sinceCAFshavebeenshownpreviouslyto
“lead”theinvasionofadjacentOSCCcells(6),andchangesin
theirmotilitywerereflecteddirectlyintotheinvasionabilityof
adjacentOSCCcells(5).

Similarmorphologicalandmotilitychangeshavebeen
previouslyreportedtobeassociatedtolossofFAKfunction,
whichregulatesfocaladhesionassemblyanddisassembly
requiredforcellmotility(33,34).Ourstudyindicatesthat
FAKwasregulatedinOSCC-derivedCAFsbymiR-138,
suggestingthereforethatthechangesinfibroblastmorphology
andmotilityobservedtooccurwithincreasedmiR-138
expressionmightbemediated,amongothermolecules,via
FAK.However,theseresultsneedtobefurtherconfirmedby
phenotyperescueexperimentstoprovethatthemotilityeffects
weobservedaftermodulationofmiR-138expressionare
mediatedviafocaladhesionkinaseaxis.Thechangesin
fibroblasts’morphologyandmotilitywereaccompaniedby
otherchangesintheirmolecularprofile;ectopicexpressionof
miR-138significantlydecreasedseveralCAF-relatedmarkers,
particularlythoseontheTGF-b1pathway.Alinkbetween
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FIGURE4|miR-138doesnottargetITGA11.(A)GraphshowinganinversecorrelationbetweenmiR-138andITGA11levelsinthefibroblasts.(B)Modulationof
miR-138expressiondidnotresultinalterationsofITGA11expressionatmRNAor(C,D)proteinlevelsinCAF.(E);Genereporterassayshowingnodifferenceinthe
expressionofITGA11ormutanttranscripts.
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for miR-138 from both previous and current studies, and thus
miR-138 might be of biological importance for a subset
of OSCCs.

The heterogeneity of miR-138 expression observed in stroma
of OSCC tissues was paralleled by a marked heterogeneity
detected in cultured fibroblasts, which might have been even
more increased due to selection of different sub-populations of
fibroblasts during isolation in culture. We could not identify,
however, indications for selective isolation of a certain sub-
population over the other. Of importance, despite its
heterogenous regulation in fibroblasts, with no clear trend
between CAFs and NOFs, increased expression of miR-138
using miR-138 mimics in both CAFs and NOFs had a
remarkable effect on their ability to migrate in 3D, to contract
collagen gels, and to induce OSCC invasion. Therefore, this study
shows that regardless of type offibroblasts used (CAFs or NOFs),
ectopic expression of miR-138 in the fibroblasts results in a
consistent inhibition of migration of fibroblasts themselves and
of invasion of the adjacent OSCC cells. These findings are in line
with the literature suggesting a tumor-suppressive function for
miR-138, but while the previous studies addressed the role of
miR-138 expressed in tumor cells (26, 27), here we show for the
first time a tumor-suppressive effect for miR-138 expression in
stromal fibroblasts. In an attempt to understand the mechanism
by which alteration in miR-138 expression in the fibroblasts
modulates the invasion capabilities by OSCC cells, a couple of

functional assays were performed. A crucial effect of increased
miR-138 expression in fibroblasts was the morphological
transition from spindle-shaped CAFs and NOFs into a stellar
morphology, accompanied by a decrease in their motility. The
effect on motility might be the underlying mechanism by which
decreased miR-138 expression in CAF decreased invasion of
adjacent OSCC cells, since CAFs have been shown previously to
“lead” the invasion of adjacent OSCC cells (6), and changes in
their motility were reflected directly into the invasion ability of
adjacent OSCC cells (5).

Similar morphological and motility changes have been
previously reported to be associated to loss of FAK function,
which regulates focal adhesion assembly and disassembly
required for cell motility (33, 34). Our study indicates that
FAK was regulated in OSCC-derived CAFs by miR-138,
suggesting therefore that the changes in fibroblast morphology
and motility observed to occur with increased miR-138
expression might be mediated, among other molecules, via
FAK. However, these results need to be further confirmed by
phenotype rescue experiments to prove that the motility effects
we observed after modulation of miR-138 expression are
mediated via focal adhesion kinase axis. The changes in
fibroblasts’ morphology and motility were accompanied by
other changes in their molecular profile; ectopic expression of
miR-138 significantly decreased several CAF-related markers,
particularly those on the TGF-b1 pathway. A link between
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miR-138 might be of biological importance for a subset
of OSCCs.
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FIGURE 4 | miR-138 does not target ITGA11. (A) Graph showing an inverse correlation between miR-138 and ITGA11 levels in the fibroblasts. (B) Modulation of
miR-138 expression did not result in alterations of ITGA11 expression at mRNA or (C, D) protein levels in CAF. (E); Gene reporter assay showing no difference in the
expression of ITGA11 or mutant transcripts.
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ofOSCCtissueswasparalleledbyamarkedheterogeneity
detectedinculturedfibroblasts,whichmighthavebeeneven
moreincreasedduetoselectionofdifferentsub-populationsof
fibroblastsduringisolationinculture.Wecouldnotidentify,
however,indicationsforselectiveisolationofacertainsub-
populationovertheother.Ofimportance,despiteits
heterogenousregulationinfibroblasts,withnocleartrend
betweenCAFsandNOFs,increasedexpressionofmiR-138
usingmiR-138mimicsinbothCAFsandNOFshada
remarkableeffectontheirabilitytomigratein3D,tocontract
collagengels,andtoinduceOSCCinvasion.Therefore,thisstudy
showsthatregardlessoftypeoffibroblastsused(CAFsorNOFs),
ectopicexpressionofmiR-138inthefibroblastsresultsina
consistentinhibitionofmigrationoffibroblaststhemselvesand
ofinvasionoftheadjacentOSCCcells.Thesefindingsareinline
withtheliteraturesuggestingatumor-suppressivefunctionfor
miR-138,butwhilethepreviousstudiesaddressedtheroleof
miR-138expressedintumorcells(26,27),hereweshowforthe
firsttimeatumor-suppressiveeffectformiR-138expressionin
stromalfibroblasts.Inanattempttounderstandthemechanism
bywhichalterationinmiR-138expressioninthefibroblasts
modulatestheinvasioncapabilitiesbyOSCCcells,acoupleof

functionalassayswereperformed.Acrucialeffectofincreased
miR-138expressioninfibroblastswasthemorphological
transitionfromspindle-shapedCAFsandNOFsintoastellar
morphology,accompaniedbyadecreaseintheirmotility.The
effectonmotilitymightbetheunderlyingmechanismbywhich
decreasedmiR-138expressioninCAFdecreasedinvasionof
adjacentOSCCcells,sinceCAFshavebeenshownpreviouslyto
“lead”theinvasionofadjacentOSCCcells(6),andchangesin
theirmotilitywerereflecteddirectlyintotheinvasionabilityof
adjacentOSCCcells(5).

Similarmorphologicalandmotilitychangeshavebeen
previouslyreportedtobeassociatedtolossofFAKfunction,
whichregulatesfocaladhesionassemblyanddisassembly
requiredforcellmotility(33,34).Ourstudyindicatesthat
FAKwasregulatedinOSCC-derivedCAFsbymiR-138,
suggestingthereforethatthechangesinfibroblastmorphology
andmotilityobservedtooccurwithincreasedmiR-138
expressionmightbemediated,amongothermolecules,via
FAK.However,theseresultsneedtobefurtherconfirmedby
phenotyperescueexperimentstoprovethatthemotilityeffects
weobservedaftermodulationofmiR-138expressionare
mediatedviafocaladhesionkinaseaxis.Thechangesin
fibroblasts’morphologyandmotilitywereaccompaniedby
otherchangesintheirmolecularprofile;ectopicexpressionof
miR-138significantlydecreasedseveralCAF-relatedmarkers,
particularlythoseontheTGF-b1pathway.Alinkbetween
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TGFb1 pathway and fibroblasts’ motility is well established (35).
Moreover, cyclin D1 (CCND1), well known to control
proliferation of cells, has also been found to be decreased by
ectopic expression of miR-138, and it was linked to cell motility.
CCND1-deficient mouse embryonic fibroblasts were previously
shown to exhibit increased cellular adhesion and decreased
motility compared to the wild type (36). CCND1 deficiency
was also associated with reduced migration and increased
adhesion or focal adhesion substrate by mice bone marrow-
derived macrophages (37). This is in line with the changes in
fibroblast morphology and motil ity we observed in
our experiments.

FAK (32, 38, 39), ROCK2 (32, 40), and CCND1 (32, 41) have all
been previously shown to be direct targets of miR-138; therefore, it
is not surprising that we found their expression changed in the
fibroblasts that had an altered miR-138 expression. Taken together,
our findings suggest that they act in cohort to control fibroblast
migration, and that their expression is regulated by miR-138.
ITGA11 has been previously associated with the CAF phenotype
(42). Our own qRT-PCR data also showed an inverse correlation
between the expression levels of miR-138 and ITGA11, which
would indicate that ITGA11 is a direct target of miR-138. However,
both the inhibitor/mimic experiments and the gene reporter assay
could not confirm this hypothesis.
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FIGURE 5 | Altered fibroblast morphology and migration following miR-138 modulation in CAF monolayer and 3D-collagen matrix. (A, C, E, G, I–L) Phase contrast
images for cells in monolayer taken 48 h post transfection of mimic and inhibitor of miR-138, and respective mimic and inhibitor control (50 nM). (B, D, F, H) Images
of HE-stained sections of fibroblasts in 3D-collagen matrix post miR-138 modulation (M, N). Effect of miR-138 modulation in CAFs, in its migration (invasion) ability in
collagen gel matrix. M138—fibroblasts treated with miR-138 mimics. (n = 4–6, unpaired t-test, **p < 0.01, ***p < 0.001). I138—fibroblasts treated with miR-138
inhibitors of miR-13. Ictrl and MCtrl—respective controls for inhibitors and mimics.

Rajthala et al. miR-138 in Cancer-Associated Fibroblasts

Frontiers in Oncology | www.frontiersin.org March 2022 | Volume 12 | Article 8335829

TGFb1pathwayandfibroblasts’motilityiswellestablished(35).
Moreover,cyclinD1(CCND1),wellknowntocontrol
proliferationofcells,hasalsobeenfoundtobedecreasedby
ectopicexpressionofmiR-138,anditwaslinkedtocellmotility.
CCND1-deficientmouseembryonicfibroblastswerepreviously
showntoexhibitincreasedcellularadhesionanddecreased
motilitycomparedtothewildtype(36).CCND1deficiency
wasalsoassociatedwithreducedmigrationandincreased
adhesionorfocaladhesionsubstratebymicebonemarrow-
derivedmacrophages(37).Thisisinlinewiththechangesin
fibroblastmorphologyandmotilityweobservedin
ourexperiments.

FAK(32,38,39),ROCK2(32,40),andCCND1(32,41)haveall
beenpreviouslyshowntobedirecttargetsofmiR-138;therefore,it
isnotsurprisingthatwefoundtheirexpressionchangedinthe
fibroblaststhathadanalteredmiR-138expression.Takentogether,
ourfindingssuggestthattheyactincohorttocontrolfibroblast
migration,andthattheirexpressionisregulatedbymiR-138.
ITGA11hasbeenpreviouslyassociatedwiththeCAFphenotype
(42).OurownqRT-PCRdataalsoshowedaninversecorrelation
betweentheexpressionlevelsofmiR-138andITGA11,which
wouldindicatethatITGA11isadirecttargetofmiR-138.However,
boththeinhibitor/mimicexperimentsandthegenereporterassay
couldnotconfirmthishypothesis.
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FIGURE5|AlteredfibroblastmorphologyandmigrationfollowingmiR-138modulationinCAFmonolayerand3D-collagenmatrix.(A,C,E,G,I–L)Phasecontrast
imagesforcellsinmonolayertaken48hposttransfectionofmimicandinhibitorofmiR-138,andrespectivemimicandinhibitorcontrol(50nM).(B,D,F,H)Images
ofHE-stainedsectionsoffibroblastsin3D-collagenmatrixpostmiR-138modulation(M,N).EffectofmiR-138modulationinCAFs,initsmigration(invasion)abilityin
collagengelmatrix.M138—fibroblaststreatedwithmiR-138mimics.(n=4–6,unpairedt-test,**p<0.01,***p<0.001).I138—fibroblaststreatedwithmiR-138
inhibitorsofmiR-13.IctrlandMCtrl—respectivecontrolsforinhibitorsandmimics.

Rajthalaetal.miR-138inCancer-AssociatedFibroblasts

FrontiersinOncology|www.frontiersin.orgMarch2022|Volume12|Article833582 9

TGFb1pathwayandfibroblasts’motilityiswellestablished(35).
Moreover,cyclinD1(CCND1),wellknowntocontrol
proliferationofcells,hasalsobeenfoundtobedecreasedby
ectopicexpressionofmiR-138,anditwaslinkedtocellmotility.
CCND1-deficientmouseembryonicfibroblastswerepreviously
showntoexhibitincreasedcellularadhesionanddecreased
motilitycomparedtothewildtype(36).CCND1deficiency
wasalsoassociatedwithreducedmigrationandincreased
adhesionorfocaladhesionsubstratebymicebonemarrow-
derivedmacrophages(37).Thisisinlinewiththechangesin
fibroblastmorphologyandmotilityweobservedin
ourexperiments.

FAK(32,38,39),ROCK2(32,40),andCCND1(32,41)haveall
beenpreviouslyshowntobedirecttargetsofmiR-138;therefore,it
isnotsurprisingthatwefoundtheirexpressionchangedinthe
fibroblaststhathadanalteredmiR-138expression.Takentogether,
ourfindingssuggestthattheyactincohorttocontrolfibroblast
migration,andthattheirexpressionisregulatedbymiR-138.
ITGA11hasbeenpreviouslyassociatedwiththeCAFphenotype
(42).OurownqRT-PCRdataalsoshowedaninversecorrelation
betweentheexpressionlevelsofmiR-138andITGA11,which
wouldindicatethatITGA11isadirecttargetofmiR-138.However,
boththeinhibitor/mimicexperimentsandthegenereporterassay
couldnotconfirmthishypothesis.

ABD

EFG

I

H

JKL

MN

C

FIGURE5|AlteredfibroblastmorphologyandmigrationfollowingmiR-138modulationinCAFmonolayerand3D-collagenmatrix.(A,C,E,G,I–L)Phasecontrast
imagesforcellsinmonolayertaken48hposttransfectionofmimicandinhibitorofmiR-138,andrespectivemimicandinhibitorcontrol(50nM).(B,D,F,H)Images
ofHE-stainedsectionsoffibroblastsin3D-collagenmatrixpostmiR-138modulation(M,N).EffectofmiR-138modulationinCAFs,initsmigration(invasion)abilityin
collagengelmatrix.M138—fibroblaststreatedwithmiR-138mimics.(n=4–6,unpairedt-test,**p<0.01,***p<0.001).I138—fibroblaststreatedwithmiR-138
inhibitorsofmiR-13.IctrlandMCtrl—respectivecontrolsforinhibitorsandmimics.

Rajthalaetal.miR-138inCancer-AssociatedFibroblasts

FrontiersinOncology|www.frontiersin.orgMarch2022|Volume12|Article833582 9

TGFb1 pathway and fibroblasts’ motility is well established (35).
Moreover, cyclin D1 (CCND1), well known to control
proliferation of cells, has also been found to be decreased by
ectopic expression of miR-138, and it was linked to cell motility.
CCND1-deficient mouse embryonic fibroblasts were previously
shown to exhibit increased cellular adhesion and decreased
motility compared to the wild type (36). CCND1 deficiency
was also associated with reduced migration and increased
adhesion or focal adhesion substrate by mice bone marrow-
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ITGA11 has been previously associated with the CAF phenotype
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between the expression levels of miR-138 and ITGA11, which
would indicate that ITGA11 is a direct target of miR-138. However,
both the inhibitor/mimic experiments and the gene reporter assay
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FIGURE 5 | Altered fibroblast morphology and migration following miR-138 modulation in CAF monolayer and 3D-collagen matrix. (A, C, E, G, I–L) Phase contrast
images for cells in monolayer taken 48 h post transfection of mimic and inhibitor of miR-138, and respective mimic and inhibitor control (50 nM). (B, D, F, H) Images
of HE-stained sections of fibroblasts in 3D-collagen matrix post miR-138 modulation (M, N). Effect of miR-138 modulation in CAFs, in its migration (invasion) ability in
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inhibitors of miR-13. Ictrl and MCtrl—respective controls for inhibitors and mimics.
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ourexperiments.
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migration,andthattheirexpressionisregulatedbymiR-138.
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(42).OurownqRT-PCRdataalsoshowedaninversecorrelation
betweentheexpressionlevelsofmiR-138andITGA11,which
wouldindicatethatITGA11isadirecttargetofmiR-138.However,
boththeinhibitor/mimicexperimentsandthegenereporterassay
couldnotconfirmthishypothesis.
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FIGURE 6 | Altered miR-138 expression modulates the ability of fibroblasts to contract collagen gels: Collagen I contraction by CAFs and NOFs over time. n = 4–6;
one-way ANOVA; mean ± SD; *p < 0.05, ****p < 0.0001.

FIGURE 7 | Altered miR-138 expression in fibroblasts modulates invasion of adjacent OSCC cells. HE images of 3D organotypic co-culture depicting invasion of
OSCC cells in fibroblast-collagen matrix. Measurement of corresponding invasion distance by OSCC cells on the right. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE6|AlteredmiR-138expressionmodulatestheabilityoffibroblaststocontractcollagengels:CollagenIcontractionbyCAFsandNOFsovertime.n=4–6;
one-wayANOVA;mean±SD;*p<0.05,****p<0.0001.

FIGURE7|AlteredmiR-138expressioninfibroblastsmodulatesinvasionofadjacentOSCCcells.HEimagesof3Dorganotypicco-culturedepictinginvasionof
OSCCcellsinfibroblast-collagenmatrix.MeasurementofcorrespondinginvasiondistancebyOSCCcellsontheright.*p<0.05,**p<0.01,***p<0.001.
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In conclusion, this study supports a tumor-suppressive role
for miR-138 in OSCC while expressed in stromal fibroblasts,
despite its heterogeneous expression.
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molecules of the FAK axis following miR-204 modulation in CAFs and NOFs. (B) Western blot images and the semi-quantification of protein blots with ImageJ. *p <
0.05, **p < 0.01.
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1.2. 6XSSOHPHQWDU\�7DEOHV�

7DEOH�6���Patient history and tumour characteristics of OSCC cohort� � � �

Patient population: N=38,  Median age: 62, Age range: 34-86               
3DUDPHWHUV��������������������1���� 3DUDPHWHUV�����������������1������������ 
Gender�
Female: 10 (26.3)  
Median age: 70 

Male: 28 (73.7)  
Median age: 62�

Smoking    � Alcohol�
No                   9 (23.7) 
Yes                                 18 (47.4) 
Unknown     11 (28.9) 

No- low                   10 (26.3)  
Moderate- High       12 (31.6) 
Unknown                          16 (42.1) 

Tumor site    TNM Stage 
Tongue                           18 (47.4) 
Gingiva                  8 (21.1) 
Buccal                     5 (13.2  
Floor of mouth                 5 (13.2) 
Overlapping                  2 (5.2) 

 I                        11 (28.9) 
II        12 (31.6)  
III          5 (13.2)  
IV        10 (26.3) 

Depth of Invasion   T Stage 
Superficial (� 4mm)        9 (23.7) 
Deep        (t 4mm)      9 (23.7) 
Unquantifiable    20 (52.6) 

T1         11 (28.9)       
T2         12 (31.6) 
T3         6 (15.8)  
T4           9 (23.7)  

Tumor budding score    N Stage 
Low (��5 buds)              18 (47.4) 
High (t 5 buds)     11 (38.9) 
Unquantifiable      9 (23.7) 
      

N0      30 (78.9)  
N1          5 (13.2) 
N2         3 (7.9)  
N3        0 (0) 

Histological degree of differentiation M Stage   
Well     32 (84.2)  
Poor                   5  (13.2)  

M0     38 (100)  
M1                  0 (0)   

Worst pattern of invasion Recurrence 
Type I&II                       9 (23.6) 
Type III     6 (15.8)   
Type IV   23 (60.5)  

Yes    19 (50.0)  
No    19 (50.0) 

Distant metastatic progression  
Yes      5 (13.2)  
No               32 (84.2)              
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7 AMPK signaling pathway 5 8.9E-3 
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Errata 

Page 5 Misspelling: “differentiatlly ” – corrected to “differentially” 

Page 5 Preposition change: “Transcript and protein examination showed that the anti-tumour 

effect of miR-138 in CAFs was associated to changes of CAF phenotype-specific molecules” 
– corrected to “Transcript and protein examination showed that the anti-tumour effect of 

miR-138 in CAFs was associated to changes in CAF phenotype-specific molecules” 

Page 5 Grammar correction: “Taken together, results of this thesis demonstrate significant 

alterations of miRNA ” – corrected to “ Taken together, results of this thesis demonstrate 
significant alteration of miRNAs” 

Page 7 Extra word removal: “that which permits use” – corrected to “that permits use” 

Page 7 Misspelling: “Attributuin ” – corrected to “ Attribution ” 

Page 14 Missing signs in Figure 1 : “  ” – corrected to “ ≥ ” 

Page 15 Misspelling: “ethiology” – corrected to “etiology ” 

Page 15 Misspelling: “evolutionarry ” – corrected to “evolutionary ” 

Page 17 Figure 2 legend Misspelling: “ Attributuin” – corrected to “Attribution ” 

Page 19 Repetition of word the “Irrespecitive of the the anatomical ” – corrected to 

“Irrespecitive of the anatomical ” 

Page 21 Figure 4 legend Misspelling: “Attributuin ” – corrected to “Attribution ” 

Page 23 Correcting preposition “to	be	able	to	classify	tumors	in	low-	and	high-risk	cases” 
– corrected to “to	be	able	to	classify	tumors	into	low-	and	high-risk	cases” 

Page 24 Misspelling: “metastatic/reccurent	HNSCC	patients” – corrected to 

“metastatic/recurrent	HNSCC	patients” 

Page 25 Misspelling: “malignat ” – corrected to “ malignant” 

Page 26 Figure 5 legend Misspelling: “Attributuin ” – corrected to “Attribution ” 

Page 26 Conjunction correction: “HNSCC and OSCC” – corrected to “HNSCC, including 
OSCC” 

Page 29 Figure 7 legend Misspelling: “Attributuin” – corrected to “Atribution” 

Page 30 Missing comma : “minor	subset	was	depleted	of	markers	for	myofibroblasts	and	

CAFs	 and	was	 interpreted	 as	 ” – corrected to “minor	 subset	 was	 depleted	 of	

markers	for	myofibroblasts	and	CAFs,	and	was	interpreted	as ” 

Page 31 Figure 8 legend Misspelling: “Attributuin” – corrected to “Atribution” 
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Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 
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Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	

 3 

Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	

 3 

Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	

 3 

Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	

 3 

Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	

 3 

Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	

 3 

Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	

 3 

Page 36  Section 3.1 Misspelling: “Colaborators ” – corrected to “Collaborators ” 

Page 36 Section 3.2 Misspelling: “reccurence” – corrected to “recurrence” 

Page 37 Section 3.3 Missing comma: “The purity of each strain of primary cells, NOFs or 

CAFs, was confirmed by flow cytometry which”- corrected to “The purity of each strain of 

primary cells, NOFs or CAFs, was confirmed by flow cytometry, which” 

Page 37 Section 3.3 Missing space: “99.4%of ” corrected to “99.4% of” 

Page 37 Section 3.5 Missing verb: “The	gels	were	then	placed	on	a	metal	grid	layered	

with	a	lens	paper	with	OSCC	cells	facing	the	top	and	the	gels	grown” corrected to “The	

gels	were	then	placed	on	a	metal	grid	layered	with	a	lens	paper	with	OSCC	cells	facing	

the	top	and	the	gels	were	grown” 

Page 37 Section 3.5 Figure 9 legend Missing word: “from primary fibroblasts isolated from” 

corrected to “ from primary fibroblasts and cancer cells isolated from” 

Page 37 Section 3.6 Missing word: “miRNA	overexpression	mimicked” corrected to 

“miRNA	overexpression	was	mimicked” 

Page 40 Section 3.8 Misspelling: “ benmark” – corrected to “benchmark ” 

    “ Thermifisher” – corrected to “Thermofisher ” 

Page 41 Section 3.10 Misspelling: “ intergrin α11” – corrected to “integrin α11 ” 

Page 41 Section3.10 Missing space: “ miRDB(” corrected to “miRDB  ” 

Page 42 Section3.11 Missing verb: “two	primary	protein	coding	transcripts	of	ITGA11	

used	for	target	reporter	assay.	” corrected to “two	primary	protein	coding	transcripts	of	

ITGA11	were	used	for	target	reporter	assay.	” 

Page 42 Section3.11 Misspelling: “Non-complimetary” corrected to “Non-complimentary” 

Page 42 Section3.11 Misspelling: “targetting” corrected to “targeting ” 

Page 42 Section3.11 Missing word: “(Promega)” corrected to “E1910, Promega” 

Page 45 Table 4 Missing superscript: “miRCURY LNATM; 5`-DIG and 3`-DIG labeled.” 

corrected to “miRCURY LNATM; 5`-DIG and 3`-DIG labeled)” 

Page 46 Section3.13 Incorrect preposition: “miRNA	staining	in	double	stained	OSCC	

tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	using	
Hamamatsu	NanoZoomer-XR,	Japan.	” corrected to “miRNA	staining	in	double	stained	

OSCC	tissues	were	digitally	quantified	using	scanned	images	of	stained	tissue	sections	

by	Hamamatsu	NanoZoomer-XR,	Japan. ” 

Page 46 Section3.13 Misspelling: “individual stainings” corrected to “ individual staining”	



 4 

Page 46 Section3.13 Missing superscript: “PPAP	and	IOD	were	quantified	in	the	tissue	

regions	of	approximately	0.4-0.8	mm2.	”  corrected to  “PPAP	and	IOD	were	quantified	

in	the	tissue	regions	of	approximately	0.4-0.8	mm2 ” 

Page 46 Section3.14 Misspelling: “ tisssues” corrected to “ tissues” 

Page 46 Section3.15 Misspelling: “ upaired T-test” corrected to “ unpaired T-test” 

Page 46 Section3.15 Misspelling: “ goups” corrected to “ groups” 

Page 47 Section3.15 Misspelling: “ ploted” corrected to “ plotted” 

Page 48 Section 4.1.2 Misspelling: “respone” corrected to “response” 

Page 49 Section4.1.3 Incorrect word: “An	increase	in	these	molecules	was	observed	

when	the	CAFs	were	treated	with	miR-204	mimics. ” corrected to “ However, increase in 
some of these molecules was observed when NOFs were treated with miR-204 inhibitors ” 

Page 40 Section 4.2.2 Misspelling: “tumour stoma” corrected to “tumour stroma” 

Page 51 Section 4.3.1 Misspelling: “Inhibition	of	miR-138-5p” corrected to “Inhibition	of	

miR-138 ” 

Page 52 Section 4.3.2 Misspelling: “NOM ” corrected to “NHOM ” 

Page 53 Section 5 Misspelling: “challage” corrected to “challenge” 

Page 54 Section 5 Misspelling: “reporte” corrected to “reported” 

Page 55 Section 5 Preposition correction: “Increasing	miR-204	expression	by	miR-204	
mimics” corrected to “Increasing	miR-204	expression	with	miR-204	mimics” 

Page 57 Section 5 Misspelling: “clincal ” corrected to “clinical ” 

Page 58 Misspelling: “normal/peritumouuur” corrected to “normal/peritumour” 

Page 58 Misspelling: “fibroblats ” corrected to “fibroblasts ” 

Page 59 Misspelling: “thorugh ” corrected to “through ” 

Page 62 Misspelling: “concominant ” corrected to “concomitant ” 

Page 63 Misspelling: “intergrative” corrected to “integrative ” 

Page 61 Extra word: “other potential differentially regulated” corrected to “other 

differentially regulated” 
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Page 46 Section3.13 Missing superscript: “PPAP	and	IOD	were	quantified	in	the	tissue	

regions	of	approximately	0.4-0.8	mm2.	”  corrected to  “PPAP	and	IOD	were	quantified	

in	the	tissue	regions	of	approximately	0.4-0.8	mm2 ” 

Page 46 Section3.14 Misspelling: “ tisssues” corrected to “ tissues” 

Page 46 Section3.15 Misspelling: “ upaired T-test” corrected to “ unpaired T-test” 

Page 46 Section3.15 Misspelling: “ goups” corrected to “ groups” 

Page 47 Section3.15 Misspelling: “ ploted” corrected to “ plotted” 

Page 48 Section 4.1.2 Misspelling: “respone” corrected to “response” 

Page 49 Section4.1.3 Incorrect word: “An	increase	in	these	molecules	was	observed	

when	the	CAFs	were	treated	with	miR-204	mimics. ” corrected to “ However, increase in 
some of these molecules was observed when NOFs were treated with miR-204 inhibitors ” 

Page 40 Section 4.2.2 Misspelling: “tumour stoma” corrected to “tumour stroma” 

Page 51 Section 4.3.1 Misspelling: “Inhibition	of	miR-138-5p” corrected to “Inhibition	of	

miR-138 ” 

Page 52 Section 4.3.2 Misspelling: “NOM ” corrected to “NHOM ” 

Page 53 Section 5 Misspelling: “challage” corrected to “challenge” 

Page 54 Section 5 Misspelling: “reporte” corrected to “reported” 

Page 55 Section 5 Preposition correction: “Increasing	miR-204	expression	by	miR-204	
mimics” corrected to “Increasing	miR-204	expression	with	miR-204	mimics” 

Page 57 Section 5 Misspelling: “clincal ” corrected to “clinical ” 

Page 58 Misspelling: “normal/peritumouuur” corrected to “normal/peritumour” 

Page 58 Misspelling: “fibroblats ” corrected to “fibroblasts ” 

Page 59 Misspelling: “thorugh ” corrected to “through ” 

Page 62 Misspelling: “concominant ” corrected to “concomitant ” 

Page 63 Misspelling: “intergrative” corrected to “integrative ” 

Page 61 Extra word: “other potential differentially regulated” corrected to “other 

differentially regulated” 

 

 

 4 

Page 46 Section3.13 Missing superscript: “PPAP	and	IOD	were	quantified	in	the	tissue	

regions	of	approximately	0.4-0.8	mm2.	”  corrected to  “PPAP	and	IOD	were	quantified	

in	the	tissue	regions	of	approximately	0.4-0.8	mm2 ” 

Page 46 Section3.14 Misspelling: “ tisssues” corrected to “ tissues” 

Page 46 Section3.15 Misspelling: “ upaired T-test” corrected to “ unpaired T-test” 

Page 46 Section3.15 Misspelling: “ goups” corrected to “ groups” 

Page 47 Section3.15 Misspelling: “ ploted” corrected to “ plotted” 

Page 48 Section 4.1.2 Misspelling: “respone” corrected to “response” 

Page 49 Section4.1.3 Incorrect word: “An	increase	in	these	molecules	was	observed	

when	the	CAFs	were	treated	with	miR-204	mimics. ” corrected to “ However, increase in 
some of these molecules was observed when NOFs were treated with miR-204 inhibitors ” 

Page 40 Section 4.2.2 Misspelling: “tumour stoma” corrected to “tumour stroma” 

Page 51 Section 4.3.1 Misspelling: “Inhibition	of	miR-138-5p” corrected to “Inhibition	of	

miR-138 ” 

Page 52 Section 4.3.2 Misspelling: “NOM ” corrected to “NHOM ” 

Page 53 Section 5 Misspelling: “challage” corrected to “challenge” 

Page 54 Section 5 Misspelling: “reporte” corrected to “reported” 

Page 55 Section 5 Preposition correction: “Increasing	miR-204	expression	by	miR-204	
mimics” corrected to “Increasing	miR-204	expression	with	miR-204	mimics” 

Page 57 Section 5 Misspelling: “clincal ” corrected to “clinical ” 

Page 58 Misspelling: “normal/peritumouuur” corrected to “normal/peritumour” 

Page 58 Misspelling: “fibroblats ” corrected to “fibroblasts ” 

Page 59 Misspelling: “thorugh ” corrected to “through ” 
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