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Abstract

Purpose

It has been implied that the collagen binding integrin a11B1 plays a role in carcinogenesis.
As still relatively little is known about how the stromal integrin a1131 affects different
aspects of tumor development, we wanted to examine the direct effects on primary tumor
growth, fibrosis, tumor interstitial fluid pressure (PIF) and metastasis in murine 4T1 mam-
mary and RM11 prostate tumors, using an in vivo SCID integrin a11-deficient mouse model.

Methods

Tumor growth was measured using a caliper, PIF by the wick-in-needle technique, activated
fibroblasts by a-SMA immunofluorescence staining and fibrosis by transmission electron
microscopy and picrosirius-red staining. Metastases were evaluated using hematoxylin and
eosin stained sections.

Results

RM11 tumor growth was significantly reduced in the SCID integrin a11-deficient (a11-KO)
compared to in SCID integrin a11 wild type (WT) mice, whereas there was no similar effect
in the 4T1 tumor model. The 4T1 model demonstrated an alteration in collagen fibril diame-
terin the integrin a11-KO mice compared to WT, which was not found in the RM11 model.
There were no significant differences in the amount of activated fibroblasts, total collagen
content, collagen organization or PIF in the tumors in integrin a11-deficient mice compared
to WT mice. There was also no difference in lung metastases between the two groups.

Conclusion

Deficiency of stromal integrin a1131 showed different effects on tumor growth and collagen
fibril diameter depending on tumor type, but no effect on tumor PIF or development of lung
metastasis.
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Introduction

Carcinomas consist of both malignant cells and stroma, the latter being composed of extracel-
lular matrix (ECM) molecules and associated cells [1]. The main focus of cancer research has
traditionally been on tumor cell alterations, but in the last decade ECM has been identified as
an important contributor to tumor development and progression [2, 3]. Tumor cells release
growth factors and proteolytic enzymes that modulate the stroma [4, 5], and the stromal com-
ponents interact with the tumor cells in a reciprocal manner to regulate different aspects of
tumor development [1].

Integrins belong to a family of major cell surface receptors that mainly bind ECM proteins.
Twenty-four different integrins, forming heterodimers by combining 18 o.- and 8 B-subunits,
have been identified. The integrins mediate cell-cell and cell-matrix adhesion and are capable
of cell inside-out and outside-in signaling [6, 7]. Their role on the surface of tumor cells has
been extensively studied, and integrins contribute to proliferation, migration and survival of
malignant cells, and have thus been suggested to play an important role in tumor progression
[8]. Altered integrin expression in several stromal cells, including the cancer associated fibro-
blasts, may also influence tumor growth and progression [8-10], and the present study focuses
on the effect of the collagen binding integrin at11B1 in the tumor stroma.

The integrin subunit 11 forms a heterodimer with integrin subunit 1 and is one of four
collagen-binding integrins [11]. In mouse embryos, integrin at11p1 is a major collagen receptor
on a subset of fibroblasts [12], but characterization of its expression in adult and human tissue
is still insufficient [13]. Integrin o11B1 has high affinity for collagen type I, and has been indi-
cated to be involved in cell migration and collagen reorganization [10, 14, 15], but other than
this, there is limited knowledge about c.11B1’s normal physiological role.

Integrin a11 has also been implicated to play a role in carcinogenesis. Integrin 11 is
expressed in metastases from human malignant melanoma [16], and in stromal fibroblasts in
human non-small-cell lung cancer (NSCLC) [9, 17]. It has also been shown, both in vitro and
in vivo, that a11 integrin expressed on fibroblasts may stimulate the growth of tumor cells [9,
10, 18]. Earlier findings have indicated that stromal integrin a11 has a role in both primary
tumor growth and in the metastatic process [9, 10], and this has raised the question if integrin
ol1 could be used as a biomarker, or if targeting integrin 11 could prove to be a novel
approach in cancer treatment.

Since still relatively little is known about how the stromal integrin o11p1 in tumors affects
different aspects of tumor development, we decided to examine the direct effects of integrin
0111 on primary tumor growth, fibrosis, tumor interstitial fluid pressure and metastasis in a
4T1 mammary tumor- and a RM11 prostate tumor model.

Methods
Cell Lines

The murine mammary carcinoma cell line 4T1 was obtained from the American Type Culture
Collection (Manassas, VA., USA). The prostate cell line RM11 was a gift from Associate profes-
sor Thomas S. Griffith (University of Minnesota, Minneapolis, MN., USA). This cell line was
originally derived from a ras/myc reconstituted tumor in a Balb/c mouse [19]. The cells were
grown in RPMI-1640 medium (HEPES solution for RM11 cells) supplemented with 10% Foetal
Bovine Serum (Sigma- Aldrich, Steinheim, Germany), 100 units/ml penicillin, 100 ug/ml strep-
tomycin, 1-2% L-glutamine (all from Sigma-Aldrich, Steinheim, Germany), with an addition
of 1% sodium pyruvate for the RM11 cells. All cells were grown as single monolayers in a
humidified incubator at 37°C in 5% CO, and they were seeded and used at log phase in all
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experiments. SV40 transformed wild type MEF cell line [12] was cultured in DMEM (Sigma-
Aldrich, Steinheim, Germany), 10% Foetal Bovine Serum and 100 units/ml penicillin, 100 pg/
ml streptomycin as previosly described.

Animal Model

The integrin o1 1-deficient heterozygous SCID mouse strain was generated as described [10].
The mice were bred heterozygously, and SCID integrin o.11 wild type (WT) and SCID integrin
ol1-deficient (a11-KO) offsprings were used in the experiments. PCR-genotyping was per-
formed on DNA extracted from ear biopsies as previously described [20]. Female mice were
used for the mammary 4T1 tumor model and male mice for the prostate RM11 tumor model.
The animals were kept in individually ventilated cages and cared for regularly. Efforts were
made to age- and weight match the animals. The animal experiments were approved by the
local ethical committee at The Laboratory Animal Facility, the Department of Clinical Medi-
cine, the Faculty of Medicine and Dentistry, University of Bergen (Permit Number 20135571).
All experiments were performed in accordance with the regulations of the Norwegian Animal
Research Authority.

Establishing Tumors

A total of 1 x 10° 4T1 tumor cells in 0.15 ml PBS were injected into the fourth mammary fat
pads on each side. 3 x 10> RM11 cells were injected subcutaneously on both sides of the mouse
flank. The 4T1 tumors were measured using a caliper on days 7, 10, 13, 16 and endpoint 18
post injection, but some were ended day 17 due to rapid tumor growth. The RM11 tumors
were measured using a caliper on days 9, 11 and endpoint day 13 post injection. All experi-
ments were performed blinded to genotype. The tumor volume was calculated using the for-
mula; tumor volume (mm?) = (1/6) x a® x b, where a represents the shortest diameter and b
represents the longest diameter of the tumor. All animals were anesthetized using Isofluran
(Isoba®vet. 100%, Schering-Plough A/S, Farum, Denmark) and were sacrificed by cervical dis-
location under anesthesia.

Measurement of Interstitial Fluid Pressure

The tumor interstitial fluid pressure (PIF) was measured using the wick-in-needle technique
[21]. Briefly, a standard 23-gauge needle with a side hole filled with nylon floss and saline was
inserted into the central part of the tumor after calibration and connected to a PE-50 catheter,
a pressure transducer and a computer for pressure registrations, using the software Powerlab
chart (version 5, PowerLAb/ssp ADinstruments, Dunedin, New Zealand). After a period of sta-
ble pressure measurements, the fluid communication was tested by clamping the catheter
which shall cause a transient rise and fall in pressure. Measurements were accepted if the pre-
to post-clamping value was within + 1 mmHg.

Electron Microscopy of Collagen Fibrils in the Tumor

A JEM-1230 Transmission Electron Microscope (TEM) (Jeol, Tokyo, Japan) was used to mea-
sure the diameter of the collagen fibrils. The tissue samples were cut into approximately 1x1x1
mm samples and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, and then washed in
PBS. The samples were post-fixed in 1% OsO, in PBS and dehydrated in increasing concentra-
tions of ethanol (70%, 95% and 100%), and then propylenoxide, before being embedded in
Agar 100 Resin and sectioned at 60 nm. Four to five images from different areas of the tissue
were captured at x100 000 magnification and analyzed using Image ] 1.46 (National Institute
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of Health, Beteshda, MD., USA). Because of uneven distribution of collagen in the tissue, the
images were taken from the areas of the tissue where collagen was found.

A Jeol JSM-7400F Scanning Electron microscope (SEM) was used to study the tumor colla-
gen scaffold architecture. The tumors were cut in 1x1x1 mm samples and fixed in 2.5% glutar-
aldehyde in 0.1 M phosphate buffer, before being placed in 10% NaOH for 7 days with
replacement every day. The samples were thereafter placed in tap-water for 2-4 days and then
dehydrated in increasing concentrations of ethanol (70%, 95% and 100%), and dried in a “criti-
cal point-dryer”. The tumor tissue was mounted on an Au-stub and coated with a 10 nm layer
of gold and palladium using a Jeol JFC-2300HR High Resolution fine coater. Five images from
different areas of the tumor were captured from each tumor at x10 000 magnification.

Protein Extraction and Western Blot Analysis

The protein expression of integrin a11 in tumors lysates and cultured tumor cell lines was
investigated. Tumor samples and cultured cell lines were lysed in buffer containing 50 mM
Tris-HCIL, pH 7.4, 150 mM NaCl and 1% Triton X supplemented with one tablet of protease
inhibitor cocktail (complete EDTA-free; Roche Diagnostics GMBh, Mannheim, Germany) per
10 ml buffer. After homogenization, tumor samples were centrifuged for 10 min at 12 000 rpm
and protein concentration was measured using Pierce'™ BCA Protein Assay Kit (Life Technol-
ogies, Thermo Fisher Scientific, Waltham, MA., USA) according to the manufacturer’s proto-
col. For western blot analysis cell lines were grown to confluency in 6 well plates washed with
cold PBS, lysed and scraped with cell scraper on ice. Cell lysates were centifuged at 13 000 rpm
for 30 min at +4° C, and supernatant harvested. Protein lysates were loaded in XT Sample
Buffer, 4X (Bio-Rad Laboratories, Inc, Hercules, CA., USA) containing 50 mM DL-Dithiothrei-
tol (dTT) (Sigma-Aldrich, Steinheim, Germany), and run through a 10% Precise ™ Protein
Gel (Life Technologies, Thermo Fisher Scientific). The proteins were then transferred to a
nitrocellulose membrane using Invitrogen™™ iBlot® Dry Blotting System (Life Technologies,
Thermo Fisher Scientific) and an iBlot® Transfer Stack (Life Technologies, Thermo Fisher
Scientific). After blocking in I-block (Life Technologies, Thermo Fisher Scientific) for 1 hour at
room temperature, the membranes were incubated over-night with rabbit polyclonal anti-
mouse 011 antiserum [22] 1:500 in I-block at +4°C. The anti-mouse o11 antiserum is produced
against the peptide CRREPGLDPTPKVLE from the integrin a11 cytoplasmic domain (Innova-
gen AB, Lund, Sweden) [22]. This was followed by incubation with a HRP-coupled secondary
antibody (goat anti-rabbit; AB97051, Abcam, Cambridge, UK; 1:5000 in TBS-T). The bands
were visualized by the ECL system Pierce™ ECL Western Blotting Substrate (Life Technolo-
gies, Thermo Fisher Scientific). The membrane was then re-probed with B-actin antibody
(AB8227, Abcam; 1:5000 in I-block) and HRP-coupled secondary antibody (goat anti-rabbit;
AB97051, Abcam; 1:5000 in TBS-T). Membranes were visualized using the Gel ChemiDoc sys-
tem and Quantity One 4.6.6 imaging software (Bio-Rad Laboratories, Inc, Hercules, CA.,
USA).

Picrosirius-Red and Immunofluorescence Staining

For a semi-quantitative measurement of collagen type I and III, picrosirius-red stain (Poly-
sciences inc, Warrington, FL., USA) was used. Five paraffin embedded tumor sections with a
thickness of 5 from each group were deparaffinized, stained in picrosirius-red for one hour,
dehydrated and mounted. Five to six images from each tumor were captured with x10 magnifi-
cation (Nikon Digital Sight, Nikon Corporation, Tokyo, Japan).

For a-SMA staining, FITC-conjugated monoclonal anti-actin o-smooth muscle antibody
(F3777, dilution 1:200, Sigma Aldrich, Steinheim, Germany) was used. Five paraffin embedded
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tumor sections with a thickness of 10p from each group were stained. Prior to staining, the sec-
tions were first deparaffinized, and then placed in citrate buffer for 25 minutes in 95°C. Non-
specific background staining was reduced by adding 0.3% hydrogen peroxide in methanol to
the sections. Five images from each tumor were captured with x20 magnification with an Axio-
scope fluorescence microscope and a digital Axiocam MRm camera (Zeiss, Oberkochen,
Germany).

To identify the amount of pixels positive for picrosirius-red staining and o-SMA, the soft-
ware Image ] (National Institute of Health, Beteshda, MD., USA) was used. Individual thresh-
old values were set for each image to adjust for differences in intensity and background. For
both stainings, images were taken in an organized pattern in the tumor periphery in order to
avoid the necrotic central area.

Metastasis

To allow development of metastasis, female animals were injected with 3 x 10° 4T1 cells in
their right, fifth mammary fat pad. The experiment was ended on day 21 due to animal welfare.
The lungs were fixed using approximately 1 ml of Bouin’s solution (Gurr BDH Chemicals Ltd,
Poole, UK) injected into the trachea. Then the lungs were dissected out, fixed in new Bouin’s
solution and washed in 70% ethanol before dehydration. Immediately following this procedure,
the liver and brain were harvested and fixed in formalin. All tissues were embedded in paraffin
using standard procedures, sectioned, and stained with hematoxylin and eosin (H & E). To
quantify lung metastasis, three coronal sections, 600 um apart and covering both lungs, were
examined for each animal. The number of metastases per section was counted and total area
covered by metastases was measured (Nikon Digital Sight, Nikon Corporation, Tokyo, Japan).

Statistical Analysis

For statistical analysis, Sigmaplot 12.5 (Systat Software Inc., Chicago, IL., USA) and Graph Pad
Prism 6 (GraphPad Software, Inc., La Jolla, CA., USA) were used. Either the unpaired two-
tailed t-test or the Mann U Whitney t-test, were used to analyze statistical differences between
the two groups. For analysis of tumor growth, t-test with Welch correction was used. The mice
injected with 4T1 cells were sacrificed at either day 17 or day 18, and the tumors harvested on
the same day were tested against each other. Results were accepted as statistically different
when p < 0.05. Graph Pad Prism 6 was used to create all figures. Data is given as mean + SD,
and number of measurements (n) refers to number of tumors unless otherwise specified.

Results
Integrin a11 Expression

Using western blotting, integrin a11 was found to be expressed in tumor lysates from both 4T1
and RM11 tumors grown in WT mice, whereas no integrin a.11 was detected in the tumors
grown in a.11-KO mice (Fig 1). No integrin o11 expression was detected in lysates from cul-
tured 4T1 and RM11 tumor cells (Fig 1).

Tumor Growth

The tumor volume of RM11 prostate tumors grown subcutaneously were significantly impeded
(p < 0.04 and 0.02) in tumors grown in 0:11-KO mice compared to tumors grown in WT mice
during their 13 day growth period, whereas 4T1 mammary tumors did not show any difference
in tumor growth between o11-KO mice and WT mice when comparing tumors that were
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Fig 1. The integrin a11 expression in 4T1 (A) and RM11 (B) cultured tumor cells and tumor lysates from
tumors in SCID integrin a11 wild type (+/+) and SCID integrin a11-deficient (-/-) mice. Positive control is a
SV40 transformed wildtype mouse embryonic fibroblast cell line (MEF).

doi:10.1371/journal.pone.0151663.g001

harvested on the same day (17 or 18) (Fig 2). All end-point measurements in the 4T1 tumor
model are summarized at day 17 in Fig 2.

a-Smooth Muscle Actin (a-SMA) Expression

0-SMA immunofluorescent stained tumor sections were used to quantify the relative amount
of activated fibroblasts in the tumors (represented by pixels). There was no significant differ-
ence in the level of 0-SMA expression in the 4T1 or the RM11 tumors grown in a11-KO mice
compared to that in WT mice (Fig 3).

Tumor Collagen Structure

In the present study collagen structure in the a:11-KO versus WT tumors was compared by
measuring the collagen fibril diameters using transmission electron microsopy (TEM) analyses.
An uneven distribution of fibril diameter was found, leading to a shift towards thinner collagen
fibrils in 4T1 carcinomas grown in 0:11-KO mice compared to WT (Fig 4A). The average colla-
gen diameter in the 4T1 tumors grown in o:11-KO mice (37.2 + 1.5 nm) was significantly
smaller (p < 0.006) than in WT mice (50.4 + 3.0 nm) (Fig 4B). In the RM11 tumors there was
no such difference in the collagen diameter between the tumors grown in 0.11-KO and WT
mice (Fig 4D). To evaluate whether the decreased collagen fibril diameter was a more general
feature in the ai11-KO mice and not only tumor specific, collagen fibril diameter in dermis
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Fig 2. The growth of 4T1 (A) and RM11 (B) tumors in SCID integrin a11 wild type (WT) and SCID integrin a11-deficient (a11-KO) mice. A total of 1 x 10° 4T1
and 3 x 10° RM11 cells were injected into the mammary fat pad and subcutaneously in the mouse flank, respectively. Endpoint values in the 4T1 model
include tumors that were harvested on days 17 and 18. Mean + SEM. * p < 0.04, ** p <0.02.

doi:10.1371/journal.pone.0151663.g002

from healthy male mice was evaluated. In dermis, no difference in the collagen diameter
between a:11-KO and WT mice was found.

Scanning electron microscopy (SEM) did not show any difference in collagen architecture
between the 011-KO and WT neither in the 4T1 tumors nor the RM11 tumors (Fig 5).

Tumor Collagen Amount

Picrosirius-red staining was used to quantify the most abundant collagens; type I and I, in the
tumor sections. No significant difference in the amount of collagen was seen in the 4T1 and the
RM11 tumors grown in a.11-KO compared to those grown in WT mice (Fig 6).

Tumor Interstitial Fluid Pressure (PIF)

Tumor PIF was determined using the wick-in-needle technique. There was no significant dif-
ference in PIF in either 4T1 or RM11 tumors grown in o.11-KO versus WT mice (Fig 7).

Tumor Metastases

To evaluate whether stromal integrin o:11 has an effect on metastatic potential, H & E stained
sections from the 4T1 metastatic model were used. The 4T1 breasts cancer cell line is known to
metastasize to lungs, liver, bone and brain [23]. Excessive macroscopic surface metastases were
observed in all lungs. There was no difference in the 4T1 tumor cells ability to metastasize to
the lungs in the 011-KO mice compared to the WT mice investigated at day 21 post injection
(Fig 8). Metastases were also observed in the livers. In addition, the livers were significantly
infiltrated by isles of extramedullary hematopoiesis, thereby making it difficult to quantify
these metastases. Hence, the liver metastases were not further evaluated. No metastases were
found in the brain of any of the animals at endpoint day 21.
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doi:10.1371/journal.pone.0151663.g003
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Discussion

Stromal integrin o11B1 has been implicated to play a role in experimental non-small-cell lung
cancer (NSCLC) carcinogenesis [9, 10], and is expressed in human lung cancer [9, 17, 24] and
in metastasis from human malignant melanoma [16]. However, the role of integrin a.11p1 in
other cancer types remains to be elucidated.

The present study showed that the primary tumor growth of RM11 prostate tumors was
reduced in o11-deficient mice compared with WT mice, however, this was not the case in 4T1
mammary tumors. Furthermore, there was a shift towards thinner collagen fibrils in the 4T1
tumors grown in o11-deficient mice. In spite of altered collagen fibrils, there were no differ-
ences in the amount of activated fibroblasts, total collagen content, collagen organization or
PIF in the tumors. In addition, the metastatic potential to the lung of 4T1 tumors was not
affected by stromal a:11-deficiency.

In this study we examined the role of integrin 11 in tumor stroma. Following injection of
tumor cells in both WT and o11-KO mice, the implanted tumor cells derive their stroma from
the host animal, and hence the tumors in 011-KO mice will have stroma that is deficient in
integrin a11. Differences in tumor development can be presumed to be due to differences in
tumor stroma between the two groups since the tumor cells injected are the same. As seen in
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diameter distribution and average fibril diameter per tumor in 4T1 (n =7 and n = 5) tumors (A, B), showed a
shift towards thinner fibrils in SCID integrin a11-deficient (a11-KO) mice. RM11 tumors (n =4 and n = 3) (C,
D) and dermis (n = 4 and n = 3) (E, F) showed no significant differences in average collagen fibril diameter in
SCID integrin a11 wild type (WT) and SCID integrin a11-deficient (a11-KO) mice (RM11 p = 0.20, dermis
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p = 0.47) using unpaired two-tailed t-test. Mean + SD. * p < 0.006. Representative TEM images of collagen
fibrils from both genotypes in 4T1 tumors (G, H), RM11 tumors (1, J) and dermis (K, L) are shown. Scale bars
indicate 0.2 pm.

doi:10.1371/journal.pone.0151663.g004

Fig 1, we find that integrin 11 is expressed in tumors grown in WT mice, but not in the
tumors grown in o11-KO mice.

There are only two previous in vivo studies concerning tumor growth and stromal integrin
o11-deficiency, and they both showed a stimulatory effect of integrin a11 on tumor growth [9,
10]. First, wildtype mouse embryonic fibroblasts (MEFs) were found to have a greater stimulat-
ing effect on the growth of human NSCLC cells than MEFs lacking integrin .11 when co-

Ll

Biomed UiB 1um WD 7.4mm Biomed UiB 4.0k¥  X10,000 1um WD 7.4mm

Biomed UiB LEI 5.0k¥  X10,000 1um WD 8.2mm Biomed UiB LEI 5.0kv  X10,000 1um WD 8.2mm

Fig 5. A representative scanning electron micrograph of collagen in 4T1 tumors (n = 3) from SCID integrin a11 wild type (WT) (A) and SCID integrin
al1-deficient (a11-KO) (B) and RM11 tumors (n = 3) from WT (C) and a11-KO mice (D), respectively. Scale bars indicate 1 ym.

doi:10.1371/journal.pone.0151663.g005
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injected in mice together with tumor cells [9]. Second, in a recent study by Navab et al.,
reduced tumor growth in 0:11-KO mice was described using subcutaneously implanted NSCLC
xenografts [10]. In addition, in an in vitro heterospheroid model, Lu ef al. showed that human
lung cancer cells grown with WT fibroblasts had a higher tendency to proliferate and migrate
compared to tumor cells grown with fibroblasts deficient in integrin a11 [18]. Taken together,
these studies indicate that a11 integrin on fibroblasts interact with tumor cells and can play a
role in regulating tumor growth. Nevertheless, in the present study we only found an effect on
tumor growth in the subcutaneously implanted RM11 tumor model, and not in the orthotopi-
cally implanted 4T1 tumor model. It is not known whether these effects are tumor-type spe-
cific, or if other factors such as the location of tumor implantation, is of importance.

Integrin a11 is a collagen-binding integrin, and has previously been shown to play a role in
collagen reorganization both in vitro and in vivo [10, 14, 15]. In this study we found that the
collagen fibrils in the 4T1 tumors grown in integrin o11-deficient mice were thinner than
those in tumors grown in WT mice. However, this finding was not universal, since the RM11
tumors showed no difference in collagen fibril diameter. A recent study on wound healing also
found an increase in thinner collagen fibrils in the granulation tissue from integrin o:11-defi-
cient mice [25]. Furthermore, the study demonstrated that ct11-deficiency resulted in reduced
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Fig 7. The individual interstitial fluid pressures (PIF) in 4T1 (A) and RM11 (B) tumors in SCID integrin a11 wild type (WT) and SCID integrin a11-deficient
(a11-KO) mice. The horizontal lines indicate the mean values. No statistical differences in 4T1 (p = 0.78) or RM11 (p = 0.47) tumors were found using

unpaired two-tailed t-test.

doi:10.1371/journal.pone.0151663.g007

formation of granulation tissue and impaired wound contraction [25]. As tumors can be
looked upon as “wounds that do not heal” and involve many of the same processes [26], this
could represent an interesting parallel to the present study. It is somewhat surprising that in
the current study the shift towards thinner collagen fibrils only was seen in the 4T1 model, in
which there was no effect of integrin a11 deficiency on tumor growth, whereas no alteration in
collagen fibrils was seen in the RM11 tumor model.

Activated fibroblasts play a crucial role in synthesis and remodeling of collagen in tumors
[27, 28]. We found here that the amount of activated fibroblasts, identified by the marker o-
SMA, was the same in tumors grown in o11-deficient mice when compared with WT mice.
This does not correspond to the findings in the study on NSCLC where a decrease in o-SMA
expression in 011-KO xenograft tumors was found compared to in WT xenograft tumors [10].
Moreover, reduced oi-SMA expression was found in granulation tissue in integrin o1 1-deficient
mice compared to WT mice [25]. In addition, also two earlier studies have suggested that integ-
rin o11 stimulates fibroblast differentiation under different conditions [29, 30]. Thus, available
data suggest that integrin a11 may play a role in activation of fibroblasts, although in this study
we did not observe any difference in 0.-SMA expression in tumors grown in o1 1-deficient mice
compared to WT mice.

Regarding the amount of collagen in the tumors, there was no significant difference in the
amount of picrosirius-red staining in the 4T1 or the RM11 tumors in the present study. This
does not correspond with the recent study on NSCLC where the amount of fibrillar collagen
was reduced in xenografts in a:11-KO compared to WT mice [10].

While we did not observe any difference in collagen organization in 4T1 or RM11 tumors,
neither with SEM nor with picrosirus-red staining, Navab et al [10] found that collagen had a
more non-linearized pattern in NSCLC tumors in o11-KO mice using different approaches,
namely picrosirius-red staining, second harmonic generation imaging and atomic force
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Fig 8. Histomorphometric quantification of H & E -stained lungs from the 4T1 model from SCID integrin a11 wild type (WT) (n = 4) and SCID integrin
al1-deficient (a11-KO) (n = 5) mice. Average number of metastasis per section (A) and average area per section (B) is shown. The horizontal lines indicate
the mean values. No significant differences were observed (p = 0.73 and p = 0.79) using Mann U Whitney t-test and unpaired two-tailed t-test, respectively. A
representative lung with metastasis from a WT mouse is shown (C, D). Scale bar indicates 100 ym.
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microscopy. It is therefore likely that the role of integrin a11 in collagen organization differs in
the NSCLC tumor model compared to the tumor models that were used in the present study.

Taken together, reduced tumor growth in a:11-KO mice, has in an earlier study, been shown
to be concomitant with reduced a-SMA and altered collagen structure in the tumors [10]. The
findings in the present study, however, are different. Stromal c.11-deficiency caused reduced
RM11 tumor growth, despite no differences in collagen fibril diameter, collagen amount or o-
SMA expression. In addition, there is a smaller proportion of activated fibroblasts (a-SMA
staining) and collagen in the RM11 tumors than the 4T1 tumors (Figs 3 and 6), and one could
therefore suggest that these stromal factors seem less relevant for RM11 tumor pathogenesis.
Hence, in this study, the difference in tumor growth cannot be associated to changes in fibro-
blast activation or collagen alterations, and the pathogenesis behind the reduced tumor growth
in the present study remains unknown. One can conclude, however, that the present findings
indicate that different tumors seem to show different responses to stromal integrin a:11-defi-
ciency, although the mechanisms responsible are at this point not yet known.

One of the common features in the tumor microenvironment is the high interstitial fluid
pressure (PIF), which can hinder efficient delivery of cytostatic drugs across the capillary bar-
rier and into the tumor [31, 32]. Therefore, pharmacologically lowering of PIF can improve
transport of cytostatic drugs [32]. Collagen in tumors has been recognized to be one of the fac-
tors important for tumor PIF [32-34]. Furthermore, two previous studies have shown that
integrin o11 may have a role in regulating PIF in different conditions [15, 18]. It was of interest
for us, therefore, to investigate the effect of stromal c.11 deficiency on tumor PIF. In this study
we did not find any difference in PIF between tumors grown in integrin o.11-deficient mice
compared to WT mice, indicating that ot11 may not be important for PIF regulation in these
tumors. Since collagen content is one of the factors that have been shown to be important for
PIF [32-34], and the present study did not reveal any effect of stromal integrin o11 deficiency
on amount of collagen in the tumors, an unchanged PIF was probably to be expected.

Little is known about how integrin .11 affects tumor metastasis, although there are some find-
ings that indicate that it may play a role in the metastatic process. Integrin 011 mRNA has been
found to be expressed in human metastases from malignant melanoma and high mRNA levels of
the collagen binding integrins o1, 02 and 11 correlated with poor patient outcome [16].

In the in vivo study by Navab et al., NCI-H460SM lung carcinoma cells formed significantly
less spontaneous metastases in SCID integrin o:11-deficient mice compared to SCID WT mice
[10]. Furthermore, in a heterospheroid in vitro model it was found that human lung cancer
cells had reduced migratory and invasive capacity when cultured together with integrin
a11-KO fibroblasts compared with WT fibroblasts [18]. Some studies have also indicated that
integrin a11 on cancer cells may be important in the metastatic process, such as the study by
Westcott et al where integrin .11 was among the genes highly expressed in a subpopulation of
breast cancer cells with enhanced invasiveness [35]. Furthermore, two separate tumor studies
indicate that integrin 011 RNA is upregulated during epithelial to mesenchymal transition
(EMT) [36, 37].

However, in spite of earlier findings, in the present study we found no indication that there
was a difference in lung metastases of 4T'1 tumors grown in the integrin o11-deficient mice
compared to those grown in WT mice, again demonstrating that integrin o.11"s role in cancer
development may vary in different tumor models.

Conclusion

The present study showed reduced tumor growth in the a:11-deficient mice in the RM11
model, but no effect in the 4T1 model, only partially confirming the suggested role of integrin
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oll in promoting tumor growth. Even though the present study demonstrated an alteration in
collagen fibril diameter in 4T1 mammary tumors in the a:11-deficient mice, it did not confirm
previously shown alterations in collagen amount and organization, or in a-SMA expression.
These discrepancies may be due to differences in tumor model, tumor type, location and
aggressiveness of the tumor type. Our findings clearly show that further investigations regard-
ing the role of integrin 111 in different tumor types are needed.

Acknowledgments

We greatly appreciate the technical assistance given by Tonje Senstevold and Endy Spriet. The
integrin ITGA11 WT and KO SCID mice were generously provided by Professor Ming-Sound
Tsao, University of Toronto, Dr Roya Navab, Ontario Cancer Institute at Princess Margaret
Hospital, and Professor Donald Gullberg, Department of Biomedicine, University of Bergen.

Author Contributions

Conceived and designed the experiments: LS RKR. Performed the experiments: IR HYHS KS
TS MCS. Analyzed the data: IR HYHS LS RKR. Wrote the paper: IR HYHS LS RKR KS TS
MCS.

References

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646—74. Epub
2011/03/08. doi: S0092-8674(11)00127-9 [pii] doi: 10.1016/j.cell.2011.02.013 PMID: 21376230.

2. vanDijk M, Goransson SA, Stromblad S. Cell to extracellular matrix interactions and their reciprocal
nature in cancer. Experimental cell research. 2013; 319(11):1663-70. Epub 2013/02/20. doi: 10.1016/].
yexcr.2013.02.006 PMID: 23419246.

3. LuP,Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in cancer progression. The Jour-
nal of cell biology. 2012; 196(4):395—-406. Epub 2012/02/22. doi: 10.1083/jcb.201102147 PMID:
22351925; PubMed Central PMCID: PMCPmc3283993.

4. Mueller MM, Fusenig NE. Friends or foes—bipolar effects of the tumour stroma in cancer. Nature
reviews Cancer. 2004; 4(11):839-49. Epub 2004/11/02. doi: 10.1038/nrc1477 PMID: 15516957.

5. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nature reviews Cancer. 2006; 6(5):392—401. Epub 2006/
03/31. doi: 10.1038/nrc1877 PMID: 16572188.

6. vander Flier A, Sonnenberg A. Function and interactions of integrins. Cell Tissue Res. 2001; 305
(3):285-98. Epub 2001/09/27. PMID: 11572082.

7. Barczyk M, Carracedo S, Gullberg D. Integrins. Cell Tissue Res. 2010; 339(1):269—-80. Epub 2009/08/
21. doi: 10.1007/s00441-009-0834-6 PMID: 19693543; PubMed Central PMCID: PMCPMC2784866.

8. Desgrosellier JS, Cheresh DA. Integrins in cancer: biological implications and therapeutic opportuni-
ties. Nature reviews Cancer. 2010; 10(1):9-22. Epub 2009/12/24. doi: nrc2748 [pii] doi: 10.1038/
nrc2748 PMID: 20029421.

9. ZhuCQ, Popova SN, Brown ER, Barsyte-Lovejoy D, Navab R, Shih W, et al. Integrin alpha 11 regulates
IGF2 expression in fibroblasts to enhance tumorigenicity of human non-small-cell lung cancer cells.
Proceedings of the National Academy of Sciences of the United States of America. 2007; 104
(28):11754-9. Epub 2007/06/30. doi: 10.1073/pnas.0703040104 PMID: 17600088; PubMed Central
PMCID: PMCPmc19139083.

10. Navab R, Strumpf D, To C, Pasko E, Kim KS, Park CJ, et al. Integrin alphai1beta1 regulates cancer
stromal stiffness and promotes tumorigenicity and metastasis in non-small cell lung cancer. Oncogene.
2015. Epub 2015/07/07. doi: 10.1038/onc.2015.254 PMID: 26148229.

11.  Popova SN, Lundgren-Akerlund E, Wiig H, Gullberg D. Physiology and pathology of collagen receptors.
Acta physiologica (Oxford, England). 2007; 190(3):179-87. Epub 2007/06/22. doi: 10.1111/j.1748-
1716.2007.01718.x PMID: 17581134.

12. Popova SN, Rodriguez-Sanchez B, Liden A, Betsholtz C, Van Den Bos T, Gullberg D. The mesenchy-
mal alphaiibetal integrin attenuates PDGF-BB-stimulated chemotaxis of embryonic fibroblasts on col-
lagens. Developmental biology. 2004; 270(2):427—-42. Epub 2004/06/09. doi: 10.1016/j.ydbio.2004.03.
006 PMID: 15183724.

PLOS ONE | DOI:10.1371/journal.pone.0151663 March 18,2016 15/17


http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1016/j.yexcr.2013.02.006
http://dx.doi.org/10.1016/j.yexcr.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23419246
http://dx.doi.org/10.1083/jcb.201102147
http://www.ncbi.nlm.nih.gov/pubmed/22351925
http://dx.doi.org/10.1038/nrc1477
http://www.ncbi.nlm.nih.gov/pubmed/15516957
http://dx.doi.org/10.1038/nrc1877
http://www.ncbi.nlm.nih.gov/pubmed/16572188
http://www.ncbi.nlm.nih.gov/pubmed/11572082
http://dx.doi.org/10.1007/s00441-009-0834-6
http://www.ncbi.nlm.nih.gov/pubmed/19693543
http://dx.doi.org/10.1038/nrc2748
http://dx.doi.org/10.1038/nrc2748
http://www.ncbi.nlm.nih.gov/pubmed/20029421
http://dx.doi.org/10.1073/pnas.0703040104
http://www.ncbi.nlm.nih.gov/pubmed/17600088
http://dx.doi.org/10.1038/onc.2015.254
http://www.ncbi.nlm.nih.gov/pubmed/26148229
http://dx.doi.org/10.1111/j.1748-1716.2007.01718.x
http://dx.doi.org/10.1111/j.1748-1716.2007.01718.x
http://www.ncbi.nlm.nih.gov/pubmed/17581134
http://dx.doi.org/10.1016/j.ydbio.2004.03.006
http://dx.doi.org/10.1016/j.ydbio.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15183724

@’PLOS ‘ ONE

Integrin a11B1 and Tumor Growth

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zeltz C, Lu N, Gullberg D. Integrin alphai1beta1: a major collagen receptor on fibroblastic cells.
Advances in experimental medicine and biology. 2014; 819:73-83. Epub 2014/07/16. doi: 10.1007/
978-94-017-9153-3_5 PMID: 25023168.

Tiger CF, Fougerousse F, Grundstrom G, Velling T, Gullberg D. alpha11beta1 integrin is a receptor for
interstitial collagens involved in cell migration and collagen reorganization on mesenchymal nonmuscle
cells. Developmental biology. 2001; 237(1):116-29. Epub 2001/08/24. doi: 10.1006/dbio.2001.0363
PMID: 11518510.

Svendsen OS, Barczyk MM, Popova SN, Liden A, Gullberg D, Wiig H. The alpha11beta1 integrin has a
mechanistic role in control of interstitial fluid pressure and edema formation in inflammation. Arterioscle-
rosis, thrombosis, and vascular biology. 2009; 29(11):1864—70. Epub 2009/09/05. doi: 10.1161/
atvbaha.109.194308 PMID: 19729609.

Vuoristo M, Vihinen P, Vlaykova T, Nylund C, Heino J, Pyrhonen S. Increased gene expression levels
of collagen receptor integrins are associated with decreased survival parameters in patients with
advanced melanoma. Melanoma research. 2007; 17(4):215-23. Epub 2007/07/13. doi: 10.1097/CMR.
0b013e328270b935 PMID: 17625451.

Navab R, Strumpf D, Bandarchi B, Zhu CQ, Pintilie M, Ramnarine VR, et al. Prognostic gene-expres-
sion signature of carcinoma-associated fibroblasts in non-small cell lung cancer. Proceedings of the
National Academy of Sciences of the United States of America. 2011; 108(17):7160-5. Epub 2011/04/
09. doi: 10.1073/pnas.1014506108 PMID: 21474781; PubMed Central PMCID: PMCPMC3084093.

Lu N, Karlsen TV, Reed RK, Kusche-Gullberg M, Gullberg D. Fibroblast alphaiibetal Integrin Regu-
lates Tensional Homeostasis in Fibroblast/A549 Carcinoma Heterospheroids. PloS one. 2014; 9(7):
€103173. doi: 10.1371/journal.pone.0103173 PMID: 25076207.

Thompson TC, Timme TL, Kadmon D, Park SH, Egawa S, Yoshida K. Genetic predisposition and mes-
enchymal-epithelial interactions in ras+myc-induced carcinogenesis in reconstituted mouse prostate.
Mol Carcinog. 1993; 7(3):165—79. Epub 1993/01/01. PMID: 8489712.

Popova SN, Barczyk M, Tiger CF, Beertsen W, Zigrino P, Aszodi A, et al. Alpha11 beta1 integrin-
dependent regulation of periodontal ligament function in the erupting mouse incisor. Mol Cell Biol.
2007; 27(12):4306—16. Epub 2007/04/11. doi: 10.1128/mcb.00041-07 PMID: 17420280; PubMed Cen-
tral PMCID: PMCPMC1900066.

Wiig H, Reed RK, Aukland K. Measurement of interstitial fluid pressure: comparison of methods. Ann
Biomed Eng. 1986; 14(2):139-51. Epub 1986/01/01. PMID: 3740566.

Velling T, Kusche-Gullberg M, Sejersen T, Gullberg D. cDNA cloning and chromosomal localization of
human alpha(11) integrin. A collagen-binding, | domain-containing, beta(1)-associated integrin alpha-
chain present in muscle tissues. J Biol Chem. 1999; 274(36):25735-42. Epub 1999/08/28. PMID:
10464311.

Heppner GH, Miller FR, Shekhar PM. Nontransgenic models of breast cancer. Breast cancer research:
BCR. 2000; 2(5):331—4. Epub 2001/03/16. PMID: 11250725; PubMed Central PMCID: PMC138654.

Wang KK, Liu N, Radulovich N, Wigle DA, Johnston MR, Shepherd FA, et al. Novel candidate tumor
marker genes for lung adenocarcinoma. Oncogene. 2002; 21(49):7598—604. Epub 2002/10/19. doi: 10.
1038/sj.onc.1205953 PMID: 12386823.

Schulz JN, Zeltz C, Sorensen IW, Barczyk M, Carracedo S, Hallinger R, et al. Reduced Granulation Tis-
sue and Wound Strength in the Absence of alpha11betal Integrin. The Journal of investigative derma-
tology. 2015. Epub 2015/01/31. doi: 10.1038/jid.2015.24 PMID: 25634355.

Dvorak HF. Tumors: wounds that do not heal. Similarities between tumor stroma generation and wound
healing. The New England journal of medicine. 1986; 315(26):1650—9. Epub 1986/12/25. doi: 10.1056/
nejm198612253152606 PMID: 3537791.

Ishii G, Ochiai A, Neri S. Phenotypic and functional heterogeneity of cancer-associated fibroblast within
the tumor microenvironment. Adv Drug Deliv Rev. 2015. Epub 2015/08/19. doi: 10.1016/j.addr.2015.
07.007 PMID: 26278673.

Kharaishvili G, Simkova D, Bouchalova K, Gachechiladze M, Narsia N, Bouchal J. The role of cancer-
associated fibroblasts, solid stress and other microenvironmental factors in tumor progression and ther-
apy resistance. Cancer cell international. 2014; 14:41. Epub 2014/06/083. doi: 10.1186/1475-2867-14-
41 PMID: 24883045; PubMed Central PMCID: PMCPmc4038849.

Carracedo S, Lu N, Popova SN, Jonsson R, Eckes B, Gullberg D. The fibroblast integrin alpha11betal
is induced in a mechanosensitive manner involving activin A and regulates myofibroblast differentiation.
J Biol Chem. 2010; 285(14):10434—45. Epub 2010/02/05. doi: 10.1074/jbc.M109.078766 PMID:
20129924; PubMed Central PMCID: PMCPMC2856250.

Talior-Volodarsky I, Connelly KA, Arora PD, Gullberg D, McCulloch CA. alpha11 integrin stimulates
myofibroblast differentiation in diabetic cardiomyopathy. Cardiovascular research. 2012; 96(2):265-75.
Epub 2012/08/08. doi: 10.1093/cvr/cvs259 PMID: 22869616.

PLOS ONE | DOI:10.1371/journal.pone.0151663 March 18,2016 16/17


http://dx.doi.org/10.1007/978-94-017-9153-3_5
http://dx.doi.org/10.1007/978-94-017-9153-3_5
http://www.ncbi.nlm.nih.gov/pubmed/25023168
http://dx.doi.org/10.1006/dbio.2001.0363
http://www.ncbi.nlm.nih.gov/pubmed/11518510
http://dx.doi.org/10.1161/atvbaha.109.194308
http://dx.doi.org/10.1161/atvbaha.109.194308
http://www.ncbi.nlm.nih.gov/pubmed/19729609
http://dx.doi.org/10.1097/CMR.0b013e328270b935
http://dx.doi.org/10.1097/CMR.0b013e328270b935
http://www.ncbi.nlm.nih.gov/pubmed/17625451
http://dx.doi.org/10.1073/pnas.1014506108
http://www.ncbi.nlm.nih.gov/pubmed/21474781
http://dx.doi.org/10.1371/journal.pone.0103173
http://www.ncbi.nlm.nih.gov/pubmed/25076207
http://www.ncbi.nlm.nih.gov/pubmed/8489712
http://dx.doi.org/10.1128/mcb.00041-07
http://www.ncbi.nlm.nih.gov/pubmed/17420280
http://www.ncbi.nlm.nih.gov/pubmed/3740566
http://www.ncbi.nlm.nih.gov/pubmed/10464311
http://www.ncbi.nlm.nih.gov/pubmed/11250725
http://dx.doi.org/10.1038/sj.onc.1205953
http://dx.doi.org/10.1038/sj.onc.1205953
http://www.ncbi.nlm.nih.gov/pubmed/12386823
http://dx.doi.org/10.1038/jid.2015.24
http://www.ncbi.nlm.nih.gov/pubmed/25634355
http://dx.doi.org/10.1056/nejm198612253152606
http://dx.doi.org/10.1056/nejm198612253152606
http://www.ncbi.nlm.nih.gov/pubmed/3537791
http://dx.doi.org/10.1016/j.addr.2015.07.007
http://dx.doi.org/10.1016/j.addr.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26278673
http://dx.doi.org/10.1186/1475-2867-14-41
http://dx.doi.org/10.1186/1475-2867-14-41
http://www.ncbi.nlm.nih.gov/pubmed/24883045
http://dx.doi.org/10.1074/jbc.M109.078766
http://www.ncbi.nlm.nih.gov/pubmed/20129924
http://dx.doi.org/10.1093/cvr/cvs259
http://www.ncbi.nlm.nih.gov/pubmed/22869616

@’PLOS ‘ ONE

Integrin a11B1 and Tumor Growth

31.

32.

33.

34.

35.

36.

37.

Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, Jain RK. Vascular normalization by vascular
endothelial growth factor receptor 2 blockade induces a pressure gradient across the vasculature and
improves drug penetration in tumors. Cancer research. 2004; 64(11):3731-6. Epub 2004/06/03. doi:
10.1158/0008-5472.can-04-0074 PMID: 15172975.

Heldin CH, Rubin K, Pietras K, Ostman A. High interstitial fluid pressure—an obstacle in cancer ther-
apy. Nature reviews Cancer. 2004; 4(10):806—13. doi: 10.1038/nrc1456 PMID: 15510161.

Friman T, Gustafsson R, Stuhr LB, Chidiac J, Heldin NE, Reed RK, et al. Increased Fibrosis and Inter-
stitial Fluid Pressure in Two Different Types of Syngeneic Murine Carcinoma Grown in Integrin beta3-
Subunit Deficient Mice. PloS one. 2012; 7(3):e34082. Epub 2012/04/06. doi: 10.1371/journal.pone.
0034082 PONE-D-11-22052 [pii]. PMID: 22479530; PubMed Central PMCID: PMC3316610.

Oldberg A, Kalamajski S, Salnikov AV, Stuhr L, Morgelin M, Reed RK, et al. Collagen-binding proteo-
glycan fibromodulin can determine stroma matrix structure and fluid balance in experimental carci-
noma. Proceedings of the National Academy of Sciences of the United States of America. 2007; 104
(35):13966—71. Epub 2007/08/24. doi: 10.1073/pnas.0702014104 PMID: 17715296; PubMed Central
PMCID: PMCPMC1955775.

Westcott JM, Prechtl AM, Maine EA, Dang TT, Esparza MA, Sun H, et al. An epigenetically distinct
breast cancer cell subpopulation promotes collective invasion. The Journal of clinical investigation.
2015; 125(5):1927—43. Epub 2015/04/07. doi: 10.1172/jci77767 PMID: 25844900; PubMed Central
PMCID: PMCPMC4463195.

Ke XS, Qu Y, Goldfinger N, Rostad K, Hovland R, Akslen LA, et al. Epithelial to mesenchymal transition
of a primary prostate cell line with switches of cell adhesion modules but without malignant transforma-
tion. PloS one. 2008; 3(10):e3368. Epub 2008/10/15. doi: 10.1371/journal.pone.0003368 PMID:
18852876; PubMed Central PMCID: PMCPmc2557125.

Fernando R, Litzinger M, Trono P, Hamilton DH, Schlom J, Palena C. The T-box transcription factor
Brachyury promotes epithelial-mesenchymal transition in human tumor cells. The Journal of clinical
investigation. 2010; 120(2):533—44. Epub 2010/01/15. doi: 10.1172/jci38379 PMID: 20071775;
PubMed Central PMCID: PMCPMC2810072.

PLOS ONE | DOI:10.1371/journal.pone.0151663 March 18,2016 17/17


http://dx.doi.org/10.1158/0008-5472.can-04-0074
http://www.ncbi.nlm.nih.gov/pubmed/15172975
http://dx.doi.org/10.1038/nrc1456
http://www.ncbi.nlm.nih.gov/pubmed/15510161
http://dx.doi.org/10.1371/journal.pone.0034082
http://dx.doi.org/10.1371/journal.pone.0034082
http://www.ncbi.nlm.nih.gov/pubmed/22479530
http://dx.doi.org/10.1073/pnas.0702014104
http://www.ncbi.nlm.nih.gov/pubmed/17715296
http://dx.doi.org/10.1172/jci77767
http://www.ncbi.nlm.nih.gov/pubmed/25844900
http://dx.doi.org/10.1371/journal.pone.0003368
http://www.ncbi.nlm.nih.gov/pubmed/18852876
http://dx.doi.org/10.1172/jci38379
http://www.ncbi.nlm.nih.gov/pubmed/20071775

