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Abstract

Glioblastoma (GBM) represents the most devastating brain tumor in adults. Its
characteristic ability to extensively invade into healthy brain structures forms a major
challenge in regard to treatment as these diffusely invading cells evade local and
systemic therapy. GBM invasion therefore represents a leading cause for therapy
resistance and tumour recurrence, resulting in a dismal prognosis of around 15 months.
This highlights the need to better understand the mechanisms underlying the invasive

phenotype of GBM cells.

The following thesis is based on a previously performed short hairpin RNA (shRNA)
interference screen that was utilized for the identification of novel invasion-promoting
and invasion-inhibiting genes in GBM. This genome-wide shRNA interference screen
was done in a highly invasive patient-derived GBM cell line using an in vitro Boyden
chamber invasion assay and led to the identification of candidate genes potentially

involved in GBM invasion.

Following bioinformatic analyses, various candidate genes of interest were identified,
from which some were selected for further investigation. One of the top hits from the
invasion-promoting gene list was the AN 1-type zinc finger protein 3 (ZFAND3), which
we were able to identify as a novel driver of GBM cell invasion through the
transcriptional regulation of invasion-related genes. We showed that a knockdown of
ZFAND?3 reduced in vitro, ex vivo and in vivo invasion of invasive GBM cells, whereas
its overexpression enhanced the invasion capacity of initially non-invasive GBM cells.
We further determined that this activity required ZFAND3 nuclear localization and its

two integral zinc finger domains.

Proteomic analyses revealed a range of proteasomal subunits and ubiquitin-associated
proteins as potential interaction partners of ZFAND3, suggesting an involvement in
proteasomal protein degradation. This hypothesis was strengthened by the cytoplasmic
localization of ZFAND3 and by the fact that several other ZFAND proteins (ZFANDI,
ZFAND2A, ZFAND2B, ZFANDS and ZFANDG6) were already shown to be implicated
in the ubiquitin/proteasome system (UPS) and stress response signalling. Indeed, we

found that ZFAND3 directly interacts with ubiquitin and with the ATP-selective
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ATPase valosin containing protein (VCP, also known as p97). Furthermore we found

that ZFAND?3 is involved in the clearance of sodium arsenite-induced stress granules.

Additional candidate genes that were selected for further investigation included
glutathione peroxidase 7 (GPX7) as potential invasion-promoting candidate gene, and
glycerol kinase (GK), the general transcription factor IIH subunit 1 (GTF2H1) and the
actin-related protein 1A (ACTR1A4) as putative invasion-inhibiting candidate genes. We
show that the knockdown of GPX7 reduced the in vitro and ex vivo invasion potential
of invasive GBM cells, while its overexpression enhances the invasive capacity of
initially non-invasive GBM cells. Overexpression of GK, GTF2H1 or ACTR1A led to

decreased invasion in vitro and partially ex vivo.

In conclusion, these results highlight the relevance of the shRNA interference screen
as a powerful tool to identify novel drivers and inhibitors involved in the invasive
process of GBM cells. In addition, we also started to unravel the cytoplasmic function
of ZFAND3, which includes its potential involvement in the UPS and in the clearance

of stress granules.
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General introduction

1. Tumors of the central nervous system (CNS)

Brain and spinal tumors represent a heterogeneous group of neoplasms located in the
central nervous system (CNS), which can develop as primary or secondary tumors. The
more frequently occurring secondary brain tumors represent tumors that are not
originating within the CNS, but metastasize from their tissue of origin into the brain.
In contrast, primary brain tumors have their origin within the brain [1] and usually do

not metastasize out of the brain.

The group of primary brain tumors can be separated into non-malignant and malignant
tumors. The majority of primary brain tumors (almost 70%) is non-malignant, with
meningiomas being the largest group. The remaining 30% represent the malignant
primary brain tumors, where the greatest proportion (81%) corresponds to diffuse
gliomas. Among diffuse gliomas, Glioblastoma (GBM) is the most abundant and most
aggressive tumor type (Figure 1). Interestingly, non-malignant brain tumors occur
more frequently in females (64%) compared to males (36%), whereas for malignant
brain tumors males (55.4%) are slightly more often affected than females (44.6%). In
general, the incidence for primary brain tumors rises with increasing age with an
average age of 60 years at diagnosis [2]. Gliomas represent a rather rare tumor type
with an annual incidence of 23.41 per 100.000 persons in the United States. Glioma
patients with a younger age at diagnosis have a better outcome, indicating that age is
prognostic factor [2]. Yet, primary brain tumors form the most frequently occurring
solid tumors in infants and children aged 0-14 years and are also the most common

reason for a cancer-related death in this age group [3].
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Malignant tumors Malignant Meningioma
30.2% All other malignant 0.4%

5.4%
All other

malignant gliomas
9.8%

Non-malignant
Meningioma

o
Glioblastoma 37.2%

14.6%

Non-malignant glioma
1.1%

All other non-malignant

6.2%

Non-malignant
tumors
69.8%

Non-malignant nerve
sheath tumors
8.6%

Non-malignant
Pituitary tumors
16.7%

Figure 1: The distribution of non-malignant (shades of green) and malignant (shades
of orange) primary brain tumors and other CNS tumors. Data from the US Cancer
Statistics between 2012 and 2016. Adapted from [2] and created with Microsoft

Powerpoint.

The only known risk factor for glioma development in children as well as adults is
ionizing radiation of the head and neck during childhood. In addition, it was shown that
a history of allergies may have a protective value with regard to gliomas as this reduces
the risk for glioma development by around 30% [4, 5]. Interestingly, only 5% of
gliomas have a familial component [6], while the remaining 95% occur sporadically
without any known genetic predisposition. Up to now, no preventive measure for

glioma development is known [7].

2. Classification of brain tumors

Among primary brain tumors, gliomas represent the most abundant type of malignant
tumors, which used to be classified and graded based on their histological
characteristics. As the World Health Organization (WHO) classifications on CNS
tumors are regularly updated, the latest 2021 WHO classification also incorporates
molecular features [8]. In general, tumors are grouped into different tumor families,
where some tumors are identified based on shared genetic alterations (e.g. specific
genetic mutations). Other tumors, as for instance glioneuronal and neuronal tumors that

show varying molecular markers, are also grouped based on histological similarities.
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Gliomas, glioneuronal tumors and neuronal tumors form the largest family that is
subdivided into six subgroups: adult-type diffuse gliomas, pediatric-type diffuse low-
grade gliomas, pediatric-type diffuse high-grade gliomas, circumscribed astrocytic

gliomas, glioneuronal and neuronal tumors as well as ependymomas [8] (Figure 2).
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Figure 2: The current WHO classification of gliomas, glioneuronal and neuronal

tumors. Adapted from [8] and created with Microsoft Powerpoint.

The individual tumor types are further assigned to one of four WHO grades, with grade
4 representing the most aggressive tumors with the worst prognosis. While this grading
was based only on histological characteristics during the last decades, the current WHO
classification also adds molecular markers as some specific molecular alterations have

a prognostic value. This means that in certain cases molecular factors can add
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information to the histological assessment and help in the assignment of a WHO grade
[8]. Based on this, low-grade gliomas (grade 1 and 2) can be distinguished from high-
grade gliomas (grade 3 and 4), which is reflected in the significant differences in patient
survival. While the prognosis for low-grade glioma patients after maximal treatment
lies between 10 to 15 years [9], high-grade gliomas, in particular GBM, have an

estimated survival rate of only 12-14 months following standard of care therapy [10].

2.1. Diffuse gliomas

As the name indicates diffuse gliomas are defined by their ability to extensively invade
into healthy surrounding brain structures. In contrast, non-diffuse gliomas like pilocytic
astrocytomas and ependymomas display a slower and more circumscribed tumor
growth [11, 12]. With increasing grade, diffuse gliomas display a faster and more
aggressive disease progression and a higher degree of phenotypic heterogeneity.
Lower-grade diffuse gliomas display a slower progression, but still represent deadly
diseases as they also display a diffuse tumor cell infiltration into surrounding healthy

brain structures and frequently transform to high-grade gliomas [13].

Diffuse gliomas can be divided into glioneuronal tumors and neuronal tumors. Among
those, diffuse gliomas in children (pediatric-type) are distinguished from adult-type
diffuse gliomas based on their molecular and prognostic differences (Figure 2).
Pediatric-type diffuse gliomas are subdivided into low-grade gliomas, which have a
predictable good prognosis, and high-grade gliomas, that display an aggressive
phenotype [8].

Adult-type diffuse gliomas form the most abundant group of primary brain tumors in
adults and are categorized into three distinct tumor types: (1) astrocytoma IDH-mutant,
(2) oligodendroglioma IDH-mutant and 1p/19g-codeleted, and (3) Glioblastoma
(GBM) IDH-wild-type [8]. These tumor types are further assigned to specific WHO
grades based on a histological assessment and aggressive growth behaviour. An
astrocytoma IDH-mutant can be assigned a WHO grade 2, 3 or 4, whereas an
oligodendroglioma IDH-mutant and 1p/19q-codeleted can be WHO grade 2 or 3. In
contrast, GBM IDH-wild-type tumors always corresponds to a WHO grade 4 [7].
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2.2. Molecular characteristics of diffuse gliomas

The latest WHO classification (2021) incorporates several molecular features of diffuse
gliomas as additive information to the histological assessment for tumor classification

as described in Figure 3 and discussed below:

Mutations of the isocitrate dehydrogenase gene (/DH): The metabolic enzymes IDH1

(cytosolic) and IDH2 (mitochondrial) are responsible for the catalysis of isocitrate to
a-ketoglutarate through a reversible oxidative decarboxylation [14]. The mutation of
IDHI1 at amino acid 132 confers a novel activity to the enzyme, converting o-
ketoglutarate into the onco-metabolite D-2-hydroxyglutarate. IDH2 can be mutated at
amino acid 172, although such mutations occur less frequently [15, 16]. Pathways that
rely on a-ketoglutarate as substrate or co-factor are impaired by IDH1 mutations.
Consequently, IDH1 mutations cause alterations of histone marks and aberrant DNA
methylation. IDH mutant gliomas are characterized by DNA hypermethylation on
specific CpG islands, leading to a CpG island methylator phenotype (G-CIMP) [17].

Nuclear expression of the alpha thalassemia/mental retardation syndrome X-linked

(ATRX): The transcriptional regulator ATRX is involved in chromatin remodelling,
specifically at the chromosome ends (telomeres). Mutations of ATRX, which result in
a loss of nuclear ATRX protein expression have been shown to be associated with an

alternative lengthening of telomeres [18], promoting cellular longevity.

Co-deletion of the two chromosome arms 1p and 19q: The 1p/19q co-deletion results

in the loss of potential tumor suppressor genes like Far Upstream Element Binding
Protein 1 (FUBPI) (on 1p) and Capicua Transcriptional Repressor (CIC) (on 19q) [7].
Chromosomal deletion of 1p and 19q is characteristic for oligodendroglioma [19] and

is associated with a favourable patient outcome [20].

Homozygous loss of the cyclin dependent kinase inhibitor 2A and B (CDKN2A/B):

The tumor suppressors CDKN2A/B form important components of cell cycle

regulation machinery, where its loss is associated with increased proliferation [21].
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Mutations of the telomerase reverse transcriptase (TERT) promoter: Mutations in the

TERT promoter have been shown to activate telomerase activation, resulting in a

lengthening of telomeres and consequently in cellular longevity [22].

Genetic amplification of the epidermal growth factor receptor (EGFR): As a classical

proto-oncogene, an amplification of the receptor tyrosine kinase EGFR leads to an
activation of signalling pathways associated with cell proliferation, invasion as well as

apoptosis resistance [7].

Gain of chromosome 7 and loss chromosome 10: The gain of chromosome 7 involves

genes like EGFR or the platelet derived growth factor alpha (PDGFA), which

positively affect glioma progression. The loss of chromosome 10 leads to the loss of

tumor suppressor genes like MGMT and phosphatase and tensin homolog (PTEN) [7].

Mutations of the histone variant 3.3 G34R/V and histone 3 K27M: As structural

components of nucleosomes that organize DNA, histones are critically involved in all
DNA-related processes like gene expression, DNA repair or DNA replication [23].
Missense mutations in histones, and specifically in histone tails, can cause a
deregulation of chromatin remodelling and epigenetic regulation of gene expression
subsequently influencing genomic stability. Such mutations are often observed in
pediatric gliomas, including amino acid substitutions in the tails of histone 3.3 at

position 34 and histone 3 a position 27 [24].

Promoter methylation of the O-6-methylguanine-DNA methyltransferase (MGMT):

The promoter methylation of the DNA repair gene MGMT represents so far the only
predictive factor for the response to therapy with the DNA-alkylating agent
temozolomide (TMZ). GBM patients with a methylated MGMT promoter have an
increased survival when treated with a combination of radio-and chemotherapy with
TMZ, whereas patients without this methylation barely benefit from a TMZ-based
chemotherapy [25]. The predictive power of MGMT methylation for DNA-alkylating-
based therapy is restricted to wild-type IDH tumors [26].
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Figure 3: Classification of diffuse gliomas based on molecular markers. Green shapes
represent markers that are wild-type, intact or present, while orange shapes correspond
to markers that are mutated, deleted, amplified or lost. In yellow the MGMT promoter

methylation is shown. Adapted from [7] and created with Microsoft Powerpoint.

According to the 2021 WHO classification diffuse gliomas are defined as follows:

An IDH mutation, a retained nuclear ATRX expression and a co-deletion of the two
chromosome arms 1p and 19q are the molecular determinants for the diagnosis of an

oligodendroglioma, IDH-mutant and 1p/19g-codeleted, WHO grade 2 or 3, which may

also carry TERT mutations [7, 11]. An IDH mutation, lost ATRX expression and intact

1p/19q chromosome arms defines an astrocytoma, IDH-mutant. Additional loss of

CDKN2A/B or the presence of necrosis and/or microvascular proliferation (MVP)
assigns these tumors a WHO grade 4. The deletion of CDKN2A/B was found to have

a prognostic impact and is associated with a reduced patient survival [7, 21, 27].

The diffuse hemispheric glioma, H3.3 G34-mutant, WHO grade 4 is defined by a wild-
type IDH, a mutation in the position G34 of histone 3.3 and ATRX expression loss [7,
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28]. Another histone mutation, in histone 3 at position K27, classifies together with a
retained nuclear ATRX expression and a wild-type IDH the predominantly pediatric-

type diffuse midline glioma, H3 K27M-mutant, WHO grade 4, which occurs in midline

structures like the pons, the spinal cord, the thalamus and the brainstem [7, 11].

A Glioblastoma, IDH wild-type, WHO grade 4 is classified based on the presence of

wild-type IDH and nuclear ATRX expression. GBMs do not show a deletion of the two
chromosome arms 1p and 19q or the genetic loci for CDKN2A/B [7, 8, 29, 30]. The
presence of necrosis and/or MVP displays an optional criterion for the classification of
GBM as in their absence three additional molecular events are assessed. This includes
EGFR amplification, TERT promoter mutation and the combination of chromosome 7
gain and chromosome 10 loss. Even if such tumors would be assigned a WHO grade 2
or 3 after histological assessment, the presence of one or more of these molecular

events classifies them as WHO grade 4 [7, 29].

2.3. Glioblastoma (GBM)

Among adult-type diffuse gliomas GBM represents the most common primary brain
tumor in adults [8] with an age-adjusted overall incidence of 3.22 out of 100.000
persons in the United States [2] (Figure 4). The incidence of GBM rises with age with
a median age of 65 years and a peak between 75-84 years. In addition, the age at

diagnosis plays a prognostic role and males are slightly more affected than females [2].
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Figure 4: The distribution of malignant primary brain tumors and other CNS tumors
based on histology. Data from the US Cancer Statistics between 2012 and 2016.
Adapted from [2] and created with Microsoft Powerpoint.

Even though the cellular origin of GBM has not been elucidated, it is thought that
GBMs develop from neuroglial progenitor cells [31]. Typical characteristics of GBM
include nuclear atypia, high mitotic activity, diffuse infiltration, pseudo-palisading
necrosis, MVP [11] as well as a prominent molecular and cellular heterogeneity [32].
Based on these features GBM forms the most aggressive tumor type among the adult-
type diffuse gliomas. This is reflected by a low 5-year overall survival rate of only
6.8% [2], with a median patient survival of around 12-14 months [10] and a median

survival of 24-44 weeks following tumor recurrence [33].

The majority of GBMs are diagnosed upon onset of neurological symptoms, which
include focal neurologic deficits like impaired neuro-cognitive processes, epileptic
seizures, vomiting, continuous headaches, vision problem, loss of appetite and an
alteration of consciousness that are augmented to a large extent by an increased
intracranial pressure [34, 35]. GBMs are usually detected by magnetic resonance
imaging (MRI) showing a contrast-enhancing tumor surrounded by non-enhancing
regions including edema and tumor infiltration (Figure 5A and 5B). Frequently, a
multi-centric enhancement, haemorrhage and cystic abnormalities are also visible by
MRI [36]. The infiltrative growth of GBM cannot be visualized to full extent by MRI.
The final diagnosis of a GBM requires besides the histological assessment of the tumor

(Figure 5C) also the presence or absence of specific molecular markers.
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Figure 5: MRI images of a GBM patient taken from the cancer imaging archive [37].
(A) A T1-weighed MRI picture including contrast enhancement with gadolinium. (B)
A T2-weighed MRI image. (C) Histological tissue section of a human GBM stained
with haematoxylin-eosin. Kindly provided by Dr. Michel Mittelbronn.

2.4. Glioblastoma subtyping based on gene expression

Based on transcriptional profiling, three GBM subtypes have been proposed: proneural,
classical and mesenchymal [38]. To some extent these subtypes correlate with specific
genetic alterations. The proneural subtype is often linked to PDGFRA amplification as
well as IDH1 and tumor protein 53 (TP53) mutations. The classical subtype is often
associated with a combination of chromosome 7 gain and chromosome 10 loss as well
as a CDKN2A/B deletion. In the mesenchymal subtype many tumors display
abnormalities of the tumor suppressor genes neurofibromatosis type 1 (NF1) and PTEN
[38, 39] (these studies were performed before the 2021 WHO classification). The
clinical relevance of these subtypes is currently unclear as none has a predictive value
in regard to therapy response [31]. More advanced technologies, like single-cell RNA
sequencing point out that GBMs do not contain cells from just one subtype, but rather
represent a mixed cell population of multiple subtypes [32]. Recent evidence indicates
that GBM cells are highly plastic. It is, for instance, frequently noted that GBMs switch
their transcriptional subtype upon recurrence [40]. It remains to be seen to what extent

transcriptional subtyping may become useful for clinical decision making.

2.5. Standard of care and challenges of Glioblastoma treatment

The standard treatment of GBM includes a maximal safe resection, which is followed
by concomitant radio- and chemotherapy with TMZ [10]. The extent of tumor resection
correlates with a prolonged patient survival [41], especially in recurrent GBM [42].
Still, tumor recurrence is inevitable. The invasive behaviour of GBM constitute a
clinical challenge as these cells are not targeted by local therapies like surgery and
radiotherapy and form a reservoir of GBM cells that facilitate recurrence. When the

tumor recurs, no standard of care exists. Repeated surgery or radio- and chemotherapy
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can be considered, although the overall survival after recurrence is around 30 weeks
[43]. Other factors that make GBM treatment difficult include the high proliferative
rate, inter- and intratumoral heterogeneity and the presence of a largely intact blood-
brain barrier. An additional difficulty can arise from the frailty of the often elderly
patients, which may have comorbidities, tolerate therapy-related toxicities less, need

longer to recover and have a worse prognosis compared to younger patients [44, 45].

A therapy option that impacts GBM cell proliferation and invasion are tumor treating
fields (TTFs) [46], which are thought to affect the mitotic spindle apperatus during cell
division through low intensity, intermediate frequency alternating electric fields [47].
TTFs were shown to increase the median overall survival of newly diagnosed GBM
patients to around 21 months when combined with TMZ [48]. Still, this therapy is
controversially debated within the field of neuro-oncology. Reasons why TTFs are not
used as a standard therapy include the high device costs [49], major practical
implications for the patient and the notion that it is not clear which patients will benefit
from this treatment [50]. In patients with recurrent GBM the survival benefit of TTFs

is comparable to that obtained with chemotherapy as shown in a phase III trial [51].

2.6. Past and ongoing therapeutic approaches for Glioblastoma

A wide range of drugs has been tested for GBM treatment from which only a few made
it into phase III trials. Unfortunately none has shown a therapeutic benefit. Efforts have
been made for the establishment of new treatments involving the development of
potentially better drugs for the same target, trying new drug combinations, developing
drugs for novel targets or initiating innovative drug delivery systems. Below is a list of

the most important drug targets that have been under investigation during recent years:

EGFR: EGFR affects proliferation, angiogenesis and invasion [52]. Over 50% of GBMs
harbour EGFR alterations [53], with EGFR variant III (EGFRVIII) being the most
abundant. It is defined by a truncated extracellular domain, inducing constitutive and
ligand-independent receptor activation [54]. EGFR and EGFRVIII are attractive therapy
targets, yet monoclonal antibodies or small molecule tyrosine kinase inhibitors did not

show efficacy in GBM patients [55]. This includes the antibody cetuximab, which did



30

not reach phase III trials due to lack of efficacy in earlier studies [56, 57]. The antibody
nimotuzumab made it into a phase III trial, but did not cause a survival benefit in newly
diagnosed GBM patients [58]. Sym-004, a combination of the antibodies futuximab and
modotuximab against distinct epitopes on EGFR, was tested on recurrent GBM patients
in a phase II trial (NCT02540161), but no results are published yet. The antibody
GC1118, which had an anti-tumoral effect in mouse models [59], is currently tested in
a phase II trial for recurrent GBM patients with EGFR amplification (NCT03618667).
None of the tyrosine kinase inhibitors against EGFR reached phase III trials, including
erlotinib [60, 61], gefitinib [62, 63], afatinib [64] and dacomitinib [65].

PI3BK/AKT/mTOR: This pathway is often upregulated in GBM and includes the kinases

phosphatidylinositol 3-kinase (PI3K), AKT and the mammalian target of rapamycin
(mTOR). PI3K inhibitors, like buparlisib [66] and sonolisib [67], were not effective in
recurrent GBM in a phase II clinical trial. The AKT inhibitor enzastaurin did not show
a survival benefit in a phase III clinical trial in recurrent GBM [68]. The mTOR
inhibitors temsirolimus [69] and everolimus [70] were unsuccessful in newly diagnosed
GBM patients in a phase I clinical trial. Anti-AKT agents in preclinical studies include
perifosine [71] and MK2206 [72]. In an ongoing phase II clinical trial the mTOR
inhibitor ABI-009 is tested in newly diagnosed GBM patients (NCT03463265).

Anti-angiogenic therapy: GBM is a highly vascularized tumor, suggesting angiogenesis

as effective target, especially the vascular endothelial growth factor receptor (VEGFR)
and its ligand VEGF [73]. Unfortunately, agents against VEGFR, like tyrosine kinase
inhibitors and monoclonal antibodies, did not show clinical efficacy. This includes
cediranib, an inhibitor blocking all three VEGFRs, which did not prolong the survival
of patients with recurrent GBM in a phase 111 trial [74]. Also, the anti-VEGFR antibody
bevacizumab did not result in an improvement of overall survival of newly diagnosed
GBM patients in two large phase III clinical trials [75, 76]. The failure of anti-VEGFR
therapies may be explained by other factors influencing angiogenesis and compensating
for a VEGFR inhibition, like c-MET [77]. A phase I clinical trial in newly diagnosed
GBM patients using crizotinib, which blocks the receptor tyrosine kinases c-MET and
ALK, is in progress (NCT02270034). Also, the anti-VEGFR-2 antibody tanibirumab is
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assessed in an ongoing phase II clinical study on recurrent GBM (NCT03856099). The
multi-kinase inhibitor regorafenib, which also targets VEGFR-2, was tested on

recurrent GBM patients in a phase II trial and showed a survival benefit [78].

Immune checkpoint inhibitors: Immune checkpoints regulate immune responses by
modulating T-cell activation [79]. The effector cell activation is influenced by the
balanced signalling of stimulatory and inhibitory receptors. Inhibitory receptors include
cytotoxic T-lymphocyte associated protein 4 (CTLA-4), programmed cell death 1 (PD-
1), lymphocyte activation gene 3 (LAG3) and T cell immunoglobulin and mucin
domain-containing protein 3 (TIM3). An upregulation of inhibitory checkpoint
pathways is linked to GBM progression [80]. Almost 90% of GBM cells express the
programmed cell death ligand 1 (PD-L1) [81]. The anti-PD-1 antibody nivolumab was
unsuccessful in newly diagnosed GBM patients in a phase III trial (NCT02617589).
Recent phase I trials use the alternative immune checkpoints LAG3 and TIM3 either as
single agents or combined with anti-PD-1 therapy (NCT02658981 and NCT02817633).
A combination of nivolumab and the anti-CTLA4 antibody ipilimumab is currently

tested in a phase III clinical trial in recurrent GBM patients (NCT02017717).

Proteasome inhibitors: The proteasome regulates protein degradation [82]. In GBM the
proteasome degrades several essential proteins triggering the activation or deactivation
of cancer-associated pathways [83]. Various proteasome inhibitors have been tested in
clinical trials. Among those, bortezomib showed promising effects in combination with
standard of care in a phase II study, especially in patients with MGMT promoter
methylation [84]. A more recently developed proteasome inhibitor is marizomib, which
crosses the blood-brain-barrier. After a successful assessment in phase I and II studies,

a phase I1I trial in newly diagnosed GBM patients is ongoing (NCT03345095) [85].

Oncolytic viruses: Therapy with oncolytic viruses can be based on viruses that are used

as vectors for therapeutic gene delivery or viruses designed to infect tumor cells without
affecting surrounding healthy cells [86]. Oncolytic viruses have gained attention in
GBM therapy and are currently tested in clinical studies for their efficacy. This includes

among others, engineered adeno, parvo and herpex simplex viruses (reviewed in [80]).
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e Vaccines: Among vaccines, peptide-based are distinguished from cell-based vaccines.
Peptide-based vaccines focus on antigen epitopes from upregulated or mutated GBM-
specific proteins. For cell-based vaccines, antigen-presenting cells are isolated from
patients, expanded and stimulated ex vivo and injected back into the patients. Currently

such vaccines are tested in clinical trials for their efficacy in GBM (reviewed in [87]).

A problem for most therapies is the invasion of GBM cells that may evade local and
systemic therapies and form a source for tumor recurrence. This highlights the need to
better understand the mechanisms underlying GBM cell invasion. As we published a

review on GBM invasion (paper 1V), the most important aspects are described below.

3. The invasive behaviour of Glioblastoma

Although cells have an inherent ability to move, cell movement is tightly regulated in
the healthy organism and limited to defined processes like embryonic development or
immune surveillance. In cancer cells this physiological cell movement is deregulated
leading to uncontrolled motility and tissue disruption. With regard to cell motility two
mechanisms can be distinguished, namely migration and invasion. While cell migration
refers to an active cell movement on a surface, invasion is defined as cell movement,
which requires prior disruption of the tissue-specific matrix the cell is invading into.
Cell invasion plays an important role in diffuse gliomas and in particular GBM, which
is characterized by an extensive invasion potential into surrounding brain structures. In
contrast to other solid tumors, which use the blood and lymphatic system as route for
metastasis, intravasation of GBM cells into blood vessels rarely occurs [88]. Instead to

facilitate their invasion GBM cells use pre-existing routes in the brain.

3.1. Routes of Glioblastoma cell invasion

As early as in 1938, the German neuropathologist Hans-Joachim Scherer carried out a
comprehensive study where he serially sectioned the brains of 100 GBM patients and

examined the tumor and the surrounding brain. He found that the tumors preferentially
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migrate along pre-existing brain structures such as blood vessels, white matter tracts

and the leptomeningeal space, which are today known as the Scherer’s structures [89].

3.1.1. Invasion within the perivascular space

GBM cells show extensive invasion along vascular structures, in particular the
cerebrospinal fluid-filled perivascular space (Virchow Robin Space). Here, the tumor
cells have access to extracellular matrix (ECM) components of the basal lamina of
endothelial cells, as well as the glia limitans, the physical barrier of the blood brain
barrier formed by astrocytic end feet. The implantation of GBM cells into the rodent
brain has shown that most cells outside the tumor bulk locate in proximity to blood
vessels, suggesting perivascular invasion as frequent GBM invasion route (Figure 6A)
[90]. Preclinical studies showed that this is at least partially due to the bradykinin
release from endothelial cells, resulting in activation of the bradykinin receptor and
intracellular calcium (Ca*") changes in GBM cells, suggesting bradykinin 2 receptor

antagonists like Icatibant as potential targets to interfere with GBM invasion [91, 92].

3.1.2. Invasion along white matter tracts

In 1928, the neurosurgeon Walter Dandy performed brain hemispherectomies to cure
GBM patients. These efforts failed since contralateral tumor recurrences were observed
in the opposite hemispheres. By this, it was realized that GBM cells migrate over long
distances along white matter tracts from the primary tumor mass to the contralateral
hemisphere [93]. The white matter is composed of myelinated axons connecting
various brain compartments, such as the corpus callosum between the two hemispheres.
These structures represent ideal ‘highways’ for cell movement along parallel fiber

spaces, a phenomenon also observed in pre-clinical models (Figure 6B) [90].

3.1.3. Invasion within the subarachnoid space

The subarachnoid space represents the cerebrospinal fluid-filled area between the

arachnoid layer and the pia mater. It is part of the meninges that separates the brain
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from the skull. Since the subarachnoid space is continuous with the perivascular space,
it also represents an, albeit less common, route for GBM cell invasion. GBM cells that
invade the perivascular space may reach the surface of the brain and continue to invade
the subarachnoid space. This route most likely involves a dissemination of single cells

mediated by the shear flow of the cerebrospinal fluid and active cell movement [94].

3.1.4. Invasion into the brain parenchyma

Gliomas further diffusely infiltrate the neuropil of the gray matter composed of
neuronal cell bodies and glial cells (Figure 6C). Compared to the nerve fibers and
blood vessels, the parenchyma is of a softer matrix but with a high cellular density

providing more physical hindrance for cell movement [90]. The patterns of invasion in

this context may be subdivided into single cell and collective cell invasion.

Figure 6: Routes of GBM cell invasion shown in a patient-derived xenograft model
after implanting a human GBM orthotopically into immunodeficient rats [95, 96]. (A)
GBM cell invasion within perivascular spaces. (B) GBM cells invading along white

matter tracts. (C) Single GBM cells invading the gray matter [90].

3.2. Modes of Glioblastoma cell invasion

3.2.1. Single cell invasion

Single cell invasion can occur in the form of amoeboid or mesenchymal invasion.
Amoeboid invasion is a rather fast process that involves a weak adhesion with limited
proteolytic ECM degradation. It is characterized by rapid changes in cell shape and the
development of filopodia allowing cells to scan their environment and move through

small gaps in the matrix [97]. It was shown that this process is accompanied by a
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reduction in cell volume (30-35%) which relies on potassium (K*) and chlorine (CI)
channels expelling unbound water from the cytoplasm. Inhibitors of these K* and CI
channels were found to reduce cell migration in vitro [98], pointing at a potential
therapy option. This includes the food and drug administration (FDA)-approved drug
bumetanide blocking the sodium-potassium-chlorine (Na-K-Cl) cotransporter NKCCl1,
which was shown to influence GBM cell migration. Yet it should be emphasized that

bumetanide shows limited blood brain barrier penetration [99].

Mesenchymal invasion, in contrast, is characterized by cells adopting an elongated,
spindle-like shape. It represents a slow and complex process, which is associated with
integrin-mediated adhesion and proteolytic ECM degradation [100]. GBM cells were
shown to preferentially invade as single cells or small groups in a mesenchymal mode

irrespective of the used invasion path [13].

It has become evident that tumor cells can switch between amoeboid and mesenchymal
invasion, indicating that these processes are highly dynamic involving a migratory
plasticity in response to changes in the brain microenvironment. It appears that changes

in ECM stiffness can influence the transition between these two invasion modes [101].

3.2.2. Collective cell invasion

In contrast to single cell invasion, collective cell invasion is characterized by the
coherent movement of groups of cells maintaining contact with each other [102]. The
presence of cell-cell junctional processes between tumor cells is accompanied by a
reorganization of the actin cytoskeleton. A number of leading cells, which sense and

process potential guidance signals mediate invasive traction (Haeger et al., 2015).

The concept of collective invasion has gained renewed momentum following the
discovery of tumor microtubes (TMs) in GBMs, which may increase in number during
tumor progression [103]. Generally larger than nanotubes, these TMs represent long
(>500um) and thin (1-2um) filamentous membrane protrusions. It is postulated that
TMs represent tracks for invasion by establishing large networks of glioma cells. The
TM network may vary according to the tumor type, the ECM microenvironment and

its anatomical location. For instance, TMs were described in astrocytomas of various
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grades, including GBM, but not in oligodendrogliomas. TM networks functionally
connect and coordinate communication between astrocytoma cells. This connection is
facilitated by gap junctions, which form channels allowing molecular exchange
between cells like Ca?". Inhibition of intracellular Ca?>" waves through the cellular
networks reduced their invasion capacity. As a component of gap junctions connexin
43 (Cx43) plays a role in TM-linked connections between astrocytoma cells [103]. In
addition, GBM cell invasion is promoted by a Cx43-mediated communication between
GBM cells and astrocytes at the tumor border. In vitro and ex vivo GBM cell invasion
was reduced, when surrounding astrocytes were deficient for Cx43 [104].

Besides Cx43, also the armadillo repeat-containing protein p120-catenin is required for
TM-mediated cell-cell interactions as it induces adherens junctions during collective
migration [105]. Knockdown of either Cx43 or p120-catenin impaired TM formation
and glioma cell invasion [103, 105]. Interestingly, such multicellular connections may
also render GBM cells resistant to chemo- and radiotherapy while single tumor cells
could be eradicated more effectively by these treatments [103, 106].

A recent study showed that the transforming growth factor-p (TGF-) can increase TM
formation and calcium-mediated communication between GBM cells. Blocking the
TGF-p cascade resulted in a decrease of TMs and in a reduced in vitro and in vivo GBM

cell invasion [107].

3.3. Molecular mechanisms underlying the invasive behaviour
3.3.1. The extracellular matrix (ECM) in Glioblastoma

The ECM represents an important substrate for glioma cell invasion, comprising
around 20% of the adult brain volume [108]. The ECM composition varies depending
on the invasion location (Figure 7). In the perivascular space the ECM is rather rigid
based on the presence of laminins, collagens, fibronectin, heparan sulfate, entactin and
vitronectin [108-110]. In contrast, the normal brain parenchyma contains a softer ECM
with tenascin-C, thrombospondin (THBS1), hyaluronan, glycosaminoglycans and
various proteoglycans as main components [ 108]. Glioma cells have the ability to adapt

to these different ECMs at the transcriptional and metabolic level [111]. An
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upregulation of THBS1, tenascin-C and secreted protein acidic and rich in cysteine
(SPARC) has been observed in the perivascular space, whereas in the brain
parenchyma, a downregulation of versican and THBS1 has been reported,
accompanied by an upregulation of hyaluronan, vitronectin, osteopontin, collagens and
tenascin-C [108, 112]. THBS1 is known to be involved in angiogenesis, yet recently it
has been shown that TGFB1 can induce THBS1 expression thereby contributing to the
invasive behaviour of GBM cells [113]. Tenascin-C, which besides resident glia is also
produced by glioma cells, was found to be overexpressed in the GBM infiltrative areas
where it supports invasion while reducing proliferation [114]. In addition, integrin
transmembrane receptors are important for cell-cell and cell-matrix interactions and
can influence GBM cell invasion. For instance, integrin (1, involved in tenascin-C
signalling, is upregulated at the mRNA level in GBM compared to normal brain tissue
(GlioVis portal: http://gliovis.bioinfo.cnio.es/ [115]). GBM cell invasion is further
promoted by an enhanced integrin f1-mediated adhesion to ECM factors and by the
phosphorylation of the focal adhesion kinase (FAK) as well as activation of the Rac
Family Small GTPase 1 (Racl) [116]. The expression of FAK was found to be

upregulated in glioma cells, particularly in infiltrating areas [117].
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Figure 7: Paths used by GBM cells to invade the brain tissue. The corresponding ECM
composition in these brain areas and the modulations of the ECM structure during the

invasion process are indicated. Adapted from [108] and created with BioRender.com.
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3.3.2. The role of proteases and the tumor microenvironment during the

invasive process in Glioblastoma

Glioma cell invasion involves the degradation of the brain ECM, which can be
mediated by several proteases, like matrix metalloproteinases (MMPs), urokinase-type
plasminogen activator (uPA), cathepsins, a Disintegrin and Metalloproteinases

(ADAMSs) and ADAMs with Thrombospondin motifs (ADAMTSs) (Figure 8) [88].

One important group of proteases are MMPs, which are endopeptidases involved in
tissue remodeling through the proteolytic degradation of various ECM proteins.
Although non-malignant cells like endothelial cells, microglia and macrophages can
also secrete MMPs, glioma cells are the main source of these proteases. Especially the
secreted MMP-2 and MMP-9 as well as MTI-MMP (membrane type 1-matrix
metalloproteinase, also known as MMP-14) play important roles in GBM invasion and
their expression is correlated with tumor grade (Hagemann et al., 2012; Hatoum et al.,
2019). This is confirmed by public databases showing an upregulation of these MMPs
at the mRNA level compared to normal brain. All three MMPs also show the highest
expression in GBM compared to astrocytoma and oligodendroglioma

(http://gliovis.bioinfo.cnio.es/ [115]). GBM cell expression of MT1-MMP can be

induced, at least in vitro, by interleukin-6 (IL-6) released by astrocytes [118]. In this
context, it has also been shown that tumor-associated microglia and macrophages
express MT1-MMP. MTI-MMP supports glioma cell invasion by the proteolytic

cleavage of glioma cell-derived pro-MMP-2 into its active form [119].

uPA is a serine protease involved in ECM degradation. The secretion of uPA occurs as
soluble pro-uPA and requires activation via plasmin-mediated cleavage. Another
important ECM-degrading molecule in GBM is the lysosomal cysteine protease
cathepsin B, which is involved in direct and indirect pro-uPA and pro-MMP activation,
including MMP-2 and MMP-9 [88]. According to the Gliovis data portal, cathepsin B
and uPA mRNA are highly upregulated in GBM compared to normal brain and lower
grade gliomas [115]. Moreover, uPA has been reported to be preferentially expressed
at the invasive front of GBM (Colin et al., 2009). GBM cell invasion is also promoted

through the cross-talk between GBM cells and reactive tumor-associated astrocytes.
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This crosstalk can induce the interaction between uPA and its corresponding receptor
uPAR on the astrocyte surface resulting in the activation of plasmin, which can in turn

activate MMP-2 and thereby promote GBM cell invasion [120].

Furthermore, GBM cells harbouring EGFRVIII have been shown to upregulate the
expression of uPAR and the release of soluble uPAR (suPAR), resulting in enhanced
suPAR plasma levels. By this, suPAR can activate cell signalling in a paracrine fashion
to stimulate GBM cell migration and invasion independent of uPA. An increase of
uPAR expression was observed upon addition of exogenous EGF, which was
diminished by the EGFR tyrosine kinase inhibitor AG1478. The reduced uPAR
expression upon EGFR blockade is compensated by an uPA upregulation, which could

explain the resistance to anti-EGFR therapies frequently seen in GBM patients [121].

Also, the metalloproteinases ADAMs and ADAMTSs affect cell adhesion through
integrin interactions via their disintegrin domain [122]. They can also act as
‘sheddases’ by cleaving the extracellular fragment of transmembrane proteins to
release soluble ectodomains. Particularly ADAMTS-4/5 are upregulated in GBM
surgical samples and show confined expression in astroglial and GBM cells. In vitro
expression can be increased by cytokines like interleukin-1p (IL-1B) and TGF-B,
resulting in enhanced GBM cell invasion [88, 123]. ADAMTS-5 may also promote
invasion through cleavage of the brain-specific ECM proteoglycan brevican. ADAM-
17 may affect GBM invasion through its function as sheddase for activation of EGFR
ligands such as tumor necrosis factor oo (TNF-o) and TGF-8 [122].

Endothelial cells, as components of the perivascular niche, have been shown to play a
role in GBM invasion. Upon recruitment, they release large amounts of proangiogenic
factors, like VEGF. The interaction between glioma cells and endothelial cells is
controlled by an axis consisting of the growth factor angiopoetin 1 and the tyrosine
kinase receptor Tie2, which further promotes GBM cell invasion [124]. Still, targeting
angiopoetin 1 and 2 with the peptibody trebananib, a peptide fused to an antibody, did
not prolong the survival of patients with recurrent GBM in a phase 11 study [125].

Interestingly, it was also found that the number of regulatory T cells is enhanced in

glioma patients. In addition, invading glioma cells display a reduced expression of
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major histocompatibility complex (MHC) class I and II molecules, suggesting that
these infiltrative cells escape an immune response and can thereby invade the brain

parenchyma without being sensed and attacked by the immune system [126].
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Figure 8: Proteases involved in the ECM degradation during GBM cell invasion.

Adapted from [88] and created with BioRender.com.

3.4. The influence of metabolism on Glioblastoma cell invasion

The energy required for invasion and for the adaptation to different oxygen and nutrient
concentrations can be facilitated by a reprogramming of the cellular metabolism [127].
This includes an upregulation of glucose transporters, which facilitates the enhanced
uptake of glucose observed in GBM, which besides affecting signalling pathways also

influence GBM cell invasion [128], as shown for the glucose transporter 3 [129].

As early as in 1999 it was recognized that GBM cells release considerable amounts of
glutamate [130], which results in elevated glutamate levels in the tumor as well as in
the surrounding environment [131]. It was shown that glutamate levels are reduced in
clinical samples of lower grade IDH mutant gliomas compared to GBM [132]. This
might be explained by the fact that in IDH mutant gliomas, glutamate is needed to fulfil
metabolic demands, such as tricarboxylic acid (TCA) cycle replenishment in the
absence of a-ketoglutarate. It may be that xCT transporters that export glutamate are

less active in IDH mutant gliomas and instead glutamate may be taken up from the
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surroundings [133]. The secretion of high glutamate levels confers a growth advantage
to glioma cells transplanted into the rat brain [134]. This may be explained by the fact
that high glutamate levels are excitotoxic [130], thereby killing nearby neurons and

offering space for the tumor to expand and invade the surrounding brain tissue.

In addition, GBM cell-released glutamate acts in an autocrine fashion through Ca?*-
permeable alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)
receptors to stimulate cell motility via intracellular Ca?" signalling [135]. In line with
this, recent work suggests that TM networks underlie electrochemical communication
through synapses between presynaptic neurons and postsynaptic GBM cells [ 136, 137].
Such neuro-gliomal synapses were found to elicit spontaneous excitatory postsynaptic
currents (SEPSCs), including Ca?*- permeable AMPA receptor associated currents. The
AMPA receptors, specifically its most common subunit the glutamate ionotropic
receptor AMPA type subunit 1 (GluR1), were shown to support perivascular GBM
invasion. Pharmacological inhibition of AMPA receptors may lead to decreased glioma

growth and to reduced Ca?"-mediated invasion of TM-connected GBM cells [136].

3.5. Therapies aimed at targeting Glioblastoma cell invasion

Extensive glioma cell invasion into healthy brain structures represents a major clinical
challenge. A problem is that GBM cells have invaded the brain far beyond the tumor
core when clinical disease manifestations occur, which explains the high recurrence
rates seen in patients. To target the diffuse infiltration of gliomas including GBM poses
challenges. One of them is that the invasive cells are situated within CNS areas where
the blood brain barrier represents a pharmacokinetic barrier for drug delivery. The
notion of a pure anti-invasive strategy may therefore be futile. Still, reducing invasion
would ideally complement current strategies of targeting the tumor core with surgery
and radio-chemotherapy. Benefits of such combination treatments may lead to a more
compact tumor that is potentially more drug-penetrable with a switch to a proliferative

state rendering tumor cells more sensitive to anti-proliferative treatment [138].

Interestingly, it has been hypothesized that cell proliferation and invasion are mutually

exclusive, indicating that GBM cells may either proliferate or invade but not both
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simultaneously. This is supported by the notion that cells from the tumor core
upregulate signalling of the mitogen-activated protein kinase (MAPK) pathway,
favouring cell proliferation. In contrast, infiltrative GBM cells showed a reduced
MAPK signalling, but an increased signalling through the AKT, corresponding to the
activation of cell survival pathways [139]. Still, this phenomenon is highly debated as

there are also studies reporting contrary observations [ 140, 141].

Nevertheless, it would be beneficial to reduce GBM cell invasion. Even though
considerable advances have been made over the past decades, there is still no possibility
to interfere with GBM invasion. To target GBM cell invasion, several agents were or

are currently tested in clinical trials for their efficacy, which includes:

MMPs: The use of broad-spectrum MMP inhibitors like marimastat failed to improve
GBM patient survival in a phase II study [142]. These broad-spectrum MMP inhibitors
result in musculoskeletal pain as major adverse effect and inhibit various MMPs, some
of which may also have anti-tumoural functions [122]. To overcome these aspects the
more specific inhibitor prinomastat was developed, which specifically targets MMP-2
and MMP-9. Unfortunately, also prinomastat failed to increase patient survival in a

phase II study in combination with TMZ [143].

TGF-B receptor 1 (TGFBR1): TGFBRI is involved in the regulation of various cellular

processes, including differentiation, proliferation, invasion and apoptosis. Therapeutic
approaches have been unsuccessful so far, including galunisertib, a small molecule

inhibitor, which did not show beneficial effects in a phase I/II trial [144].

Ephrin type-A receptor 3 (EphA3): Among receptor tyrosine kinases, ephrin receptors

together with their ligands are essential for the development of the nervous system as
they control axon guidance, cell adhesion and migration in the brain [145]. The
pathway of ephrins and their receptors is upregulated in invasive GBM cells compared
to cells from the tumor core [146]. A recent phase I trial tested the monoclonal antibody
KB004 against the ephrin receptor EphA3 to target GBM cell invasion
(NCT03374943), but no results are published so far.

Integrins: Integrins have been studied in GBM as they influence invasion through their

function in cell adhesion. Latest efforts to target integrins in GBM were based on the
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avf5 integrin antagonist cilengitide. The promising effect on GBM patient survival

shown in a phase I/II study [147] was not confirmed in a phase III trial [148].

Fibulin-3: Fibulin-3 is an ECM glycoprotein enriched in GBM. Its functional motif can
be blocked by the antibody mAb428.2. In preclinical studies this inhibition resulted in

an increase of apoptosis and in a reduction of invasion and vascularization [149].

Casein kinase 2 (CK2): The serine/threonine kinase CK2 negatively regulates interferon

regulatory factor 3 (IRF3), a transcription factor repressing ECM genes, which support
GBM invasion. Preclinical studies show that a CK2 blockade by the small-molecule

inhibitor silmitasertib (CX4945) activates IRF3 and reduces GBM cell invasion [150].

Metabolic targets: Attempts have been made to inhibit glutamate release and/or target

glutamate receptors, which have been shown to be involved in neuro-gliomal synapse
regulation [135, 151]. Furthermore, ion channels such as K and CI- channels as well as
the ion transporter NKCC, for which the inhibitor bumetanide is available, are
promising targets [99]. In addition, targeting calcium channels may be considered as a
treatment option based on the important role of calcium signalling in GBM invasion.
Mibefradil, a selective T-type calcium channel blocker was tested in a phase I study in
recurrent GBM and reported that the combination with TMZ was well tolerated and

showed response in some patients, highlighting the need for further studies [152].

Targeting cytoskeletal elements: In general, cancer cell invasion can be impaired by

targeting cytoskeletal elements directed towards actin (e.g. latrunculin A, cytochalasin
D and jasplakinolide) and microtubules (e.g. vincristine, taxol and taxotere). With
regard to GBM, a tubulin-binding peptide was found to be specifically taken up by
GBM cell lines causing a reduction in GBM cell proliferation and motility in vitro,
accompanied by a disruption of the microtubule network [153]. This drug appears to be
still in pre-clinical development [154]. Another drug that interferes with microtubules
is depatuxizumab mafodotin (Depatux-M), an antibody-drug conjugate linking the anti-
microtubule agent monomethyl auristatin F (MMAF) to an antibody against EGFR.
Depatux-M binds to EGFR and as soon as the complex is internalized MMAF is
released, resulting in apoptosis [155]. A phase II study in recurrent GBM patients
suggests a potential clinical benefit of Depatux-M in combination with TMZ [156].
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4. Experimental assays and models to study Glioblastoma cell invasion

To study cell invasion, various experimental models are available with different
degrees of physiological relevance. This ranges from basic in vitro assays to very
laborious in vivo experiments. As cell invasion is a characteristic feature of GBM, it is
of high importance to utilize appropriate experiments to capture GBM cell invasion in
areliable and reproducible way. Some assays to investigate GBM cell invasion (Figure
9) are summarized and briefly explained with their advantages and disadvantages.

Except for the scratch assay, all mentioned models were also used in the present thesis.

Figure 9: Representation of available models to study GBM cell invasion

experimentally. Created with Microsoft Powerpoint and BioRender.com.

A: Scratch assay: A scratch is made into a confluent adherent cell monolayer, which
can be covered with ECM. To close the «wound» the cells need to invade through the
ECM, which can be measured and quantified. This assay is easy, cheap and fast to
perform and can be used to study migration (without coating) and invasion (by covering
the scratch with ECM). The low physiological relevance and the impact of proliferation

form disadvantages.

B: Sprouting assay: Three-dimensional tumor spheroids are placed into a well coated
with ECM and collagen and covered with ECM. The distance of cells moving away
from the core can be quantified and corresponds to the invasive potential of the cells.

This model is easy, cheap and fast to perform, but has a limited physiological relevance.

C: Boyden chamber assay: The membrane (0.8 pm pore size) of a 24-well insert is

coated with an ECM-collagen layer. The cells are seeded on top of this matrix and



45

invade through it to reach the chemoattractant in the lower chamber. Invaded cells can
be fixed and stained for quantification. This assay is easy, cheap and fast to perform
and can be used to study migration (without coating) as well as invasion (with coating
of the membrane). A major advantage here is that both invading cells (on the bottom
of the membrane) and non-invading cells (remaining on the top of the membrane) can
be separately collected and analysed. Disadvantages include the limited physiological

relevance, the variability between assays and the impact of cell proliferation.

D: Murine brain slice cultures: A mouse brain is cut into 400 pm thin sections, which
are cultured for a few days on 6-well inserts with 1 um pore size before fluorescently
labeled tumor cells are implanted directly above the corpus callosum. This model
maintains the brain tissue architecture and allows the analysis of real-time single cell
invasion in a mature brain tissue. As an ex vivo system, this is probably the closest
system to recapitulate invasion in the adult brain. It requires animals, special equipment

and sufficient technical expertise.

E: Brain organoid model: Brain organoids can be produced from human induced
pluripotent stem cells (iPSCs) or from fetal rat brains, which can be co-cultured with
fluorescently labeled tumor spheroids. Organoids reestablish to some extent the brain
tissue architecture and allow high-throughput assessment. This model is time-
consuming due to prior organoid differentiation and may be challenging to quantify

depending on brain organoid size (up to 3mm) and image resolution.

F: Patient-derived orthotopic xenograft (PDOX): Patient-derived tumor cells are
implanted orthotopically into the brain of an immunodeficient rodent. For invasion
analysis, consecutive sections are microscopically imaged and tumor cells found away
from the tumor core or in the contralateral hemisphere can be counted and quantified.
This model shows the highest physiological relevance and allows studying invasion in
a living organism. Still, the disadvantages include the requirement of special equipment
and trained personnel. This model is based on animals, which does not allow for high-
throughput. Additionally, imaging single cell invasion is difficult. Furthermore, this
model is time-consuming because of the multiple handling steps (animal preparation,

sectioning, immuno-histochemistry staining, data analysis).
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5. Protein degradation and stress response in cancer

To ensure protein homeostasis, cells utilize protein quality control processes including
protein folding and protein degradation processes like autophagy and the ubiquitin-
proteasome system (UPS) [157]. By utilizing such processes cells remove misfolded
and damaged proteins and thereby prevent an accumulation of defective and potentially

harmful proteins, ensuring cellular integrity essential for normal cell physiology [158].

Compared to normal cells, cancer cells display a higher proliferation rate and
consequently a higher demand for macromolecules, indicating the importance of
functional protein synthesis. The enhanced proliferation and the genomic instability
observed in cancer cells suggest that cancer cells compared to healthy cells rely more
on efficient protein degradation systems to degrade misfolded, excessive and disrupted
proteins [159]. This is supported by the fact that cancer cells show an increased
proteasomal activity [160]. Still, before misfolded proteins are degraded, chaperones

try to refold them. If this is not successful, the proteins are sent for degradation [158].

A deregulation of the main protein degradation mechanism, the UPS, can be associated
with different malignancies like cancer [161, 162]. Such deregulations can be caused
by a gain-of-function mutation in an ubiquitin-related enzyme leading to enhanced

protein degradation or by a loss-of-function mutation stabilizing the substrates [163].

Autophagy plays a dual role in cancer cells. It can be tumor suppressive through the
removal of damaged proteins and organelles, but can also serve as a survival

mechanism for tumor cells through the regeneration of nutrients [164].

5.1. Protein degradation via autophagy

A major cellular degradation system forms autophagy, which is a process that
stimulates the degradation of cytoplasmic components within specific organelles called
lysosomes. Substrates targeted for autophagy can be of exogenous origin like bacteria
or viruses as well as of endogenous origin including cytoplasmic protein aggregates,
long-lived proteins and defective organelles like mitochrondria [165, 166]. Autophagy

can occur in three forms: (1) chaperone-mediated autophagy, which uses chaperones
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for the lysosomal protein degradation, (2) microautophagy, which subjects substrates
directly to the lysosome and (3) macroautophagy that depends on the formation of

autophagosomes to sequester and subsequently degrade the substrate [166, 167].

The fact that autophagy requires lysosomal activity distinguishes it from proteasomal
degradation, which functions independent of lysosomes [168]. The connection between
autophagy and the proteasome is shown in cases of compromised proteasome activity,
through proteasome inhibition or genetic alterations [169], which increases autophagic
activity [170]. Reduced proteasomal activity causes an accumulation of ubiquitinated
proteins, which can form protein aggregates that are too large to be degraded by the
proteasome [171]. The link between autophagy and the proteasome is also shown by
proteaphagy, a process in which defect proteasomes are degraded through autophagy,

induced upon proteasome inhibition or mutations in proteasomal subunits [172].

5.2. Protein degradation via the ubiquitin-proteasome system

Besides autophagy, the UPS represents the main mechanism for the controlled
degradation of unnecessary, disrupted or misfolded nuclear and cytoplasmic proteins
in proliferating mammalian cells [82]. Its proper function is essential for the control of
intracellular protein level and the maintenance of cellular processes [173]. The UPS,
which is responsible for over 80% of intracellular protein degradation [174], is
composed of the multi-catalytic 26S proteasome complex and the 76 amino acids long
ubiquitin proteins. The 26S proteasome complex is built up by a 20S core particle,
forming the catalytic component, and two 19S regulatory subunits (a base and a lid)
(Figure 10A), which enable adenosine triphosphate (ATP) and ubiquitin-dependent
protein degradation [82]. It is thought that the majority of the 26S proteasome

complexes are inactive in cells and get rapidly activated upon stress induction [175].

5.2.1. The process of ubiquitination

The attachment of ubiquitin (ubiquitination) to a specific target protein requires three
members of different enzyme families being an ubiquitin-activating enzyme 1 (E1), an

ubiquitin-conjugating enzyme (E2) and an ubiquitin protein ligase (E3). El enzymes
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utilize ATP for the C-terminal adenylation of ubiquitin, which is followed by a
thioester bond between E1 and ubiquitin [176] and the transfer of ubiquitin to E2
enzymes. Besides activating E2 enzymes, E3 enzymes also catalyse the ubiquitin
transfer from E2 enzymes to target proteins, which represents the last step of

ubiquitination [177, 178] (Figure 10B).

Before transferring the ubiquitin from the E2 enzyme to the target protein, the substrate
protein has to be recognized and bound by an E3 enzyme, which thereby plays a
significant role in UPS specificity. Substrate proteins can be recognized either via
primary signals that allow direct binding to E3 enzymes or require secondary signals
for recognition. Primary signals represent specific structural motifs within the target
protein, whereas post-translational modifications, like phosphorylation, form
secondary signals for protein recognition. Additionally, ancillary proteins like

chaperones can assist substrate recognition [163, 179].

An important determinant for the specificity of the UPS forms ubiquitination, which
labels proteins for proteasomal degradation. Ubiquitination is reversible and can occur
in different forms. This includes the attachment of a single ubiquitin (mono ubiquitin)
as well as poly- or multi-ubiquitination at one of seven lysine residues (K6, K11, K27,
K29, K33, K48 and K63) within the ubiquitin. The length and the linkage of the
ubiquitin chains enhance specificity by determining distinct degradation processes
[180]. The most abundant poly-ubiquitin chains are K48-linked (aggregated poly-
ubiquitin) and subject proteins to 26S proteasome-mediated degradation [181], while
mono ubiquitin or K63-linked linear poly-ubiquitin chains induce non-proteasomal

mechanisms like autophagy or endocytosis [182].

Deubiquitinating proteins (deubiquitinases or DUBs) play an essential role during the
process of protein degradation as they catalyse the removal of ubiquitin from target
proteins (deubiquitination), which is required before a protein can be degraded [183].
With the removal of ubiquitin DUBs simultaneously remove the signal for proteasomal
degradation and can thereby increase protein stability. Thus, DUBs can influence the
cellular protein homeostasis [184]. Additionally, DUBs are involved in the restoration

of the ubiquitin pool within a cell [185].
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Figure 10: (A) The 26S proteasome complex involving the 20S catalytic core as well
as the 19S regulatory lid and base. (B) Ubiquitin-dependent protein degradation by the
26S proteasome and the involved components facilitating ubiquitination. Ub: ubiquitin,
E1l: ubiquitin-activating enzyme, E2: ubiquitin-conjugating enzyme, E3: ubiquitin

protein ligase and DUB: deubiquitinating protein. Created with BioRender.com.

5.2.2. The process of protein degradation

Ubiquitination of a protein does not represent the final determinant for its degradation.
Also ubiquitinated proteins and even proteins that are already associated with the
proteasome are not automatically degraded. In addition to recognizing ubiquitin, the
proteasome also needs to recognize a region within the target protein that is loosely
folded [186]. These two factors determine if a protein is degraded. Thus the proteasome
is not an automated complex randomly degrading proteins, but makes a selective
decision which proteins are degraded. The duration of proteasome-mediated substrate
binding, referred to as dwell-time, determines if a protein is degraded. This occurs in a
two-step process. Firstly, the ubiquitin chain attached to the target protein binds to
receptors on the 26S proteasome. This binding is still reversible [183, 187]. The dwell-
time can be affected by DUBs, which remove ubiquitin proteins and prevent
degradation of the protein [188, 189]. However, once the loosely folded region of the

target protein is tightly bound to the proteasome the activation of proteasome-
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associated ATPases and subsequently the degradation of the protein is initiated [190].
Therefore, the 19S regulatory complex selects the ubiquitinated protein, unfolds it,
removes the ubiquitin chains via 19S-associated DUBs and regulates its translocation
to the 20S catalytic core, where hydrolysis of the protein into small peptides occurs,

which are then available for de novo protein production [190] (Figure 10A).

6. Cellular stress response

Stressors are defined as stimuli, intrinsic or extrinsic, inducing a stress situation within
the cell that requires adaptation. In response to stress, cells either activate survival
pathways to adapt and survive the stress or undergo apoptosis if the stress is too severe
and adaptation cannot be facilitated. This decision largely depends on the cell type and
on the type and duration of the stress [191]. Rather than recognizing the stressor itself,
cells usually sense the stress-induced insults like damaged DNA or a decrease in ATP
synthesis. Upon stress detection, cells initiate signalling cascades, resulting in altered
gene expression. Most stress factors trigger the induction of a network of integrated
pathways to cope with the multiple damages a single stressor can cause. Stressors often
target macromolecules like DNA, RNA, proteins or lipids, which negatively affects
cellular integrity. Therefore, the first response to severe stress includes a cell cycle

arrest to prevent the distribution of defective macromolecules, especially DNA [158].

Compared to normal cells, cancer cells are constantly exposed to a diverse range of
intracellular and external stressors. Examples for intracellular stressors are mitotic,
oxidative, metabolic and endoplasmic reticulum stress. External stressors include
hypoxia, nutrient deprivation and DNA damage stress induced by chemotherapeutic
agents [192-194]. In cancer cells the stress response can additionally be induced by an
activated oncogene [195]. While normal cells would undergo apoptosis under such
conditions, cancer cells are more plastic and able to adapt to such stressors. To do so,
besides induction of genomic instability and mutations, cancer cells also trigger
alterations in gene expression and metabolic signalling to circumvent growth arrest
[196]. This is underlined by the finding that, compared to normal cells, cancer cells

have a more pronounced basal level of stress response due to their high proliferative
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rate, which requires an increased protein synthesis [195, 197]. Thus, the stress response
can on the one hand promote cell survival and on the other hand favor apoptosis,

thereby influencing tumor progression and therapy response [198].

6.1. Cytoplasmic stress granules

Upon cellular stress, cells induce adaptation mechanisms such as protection of
macromolecules and conservation of energy [199]. Different stress situations like heat,
oxidative stress or the exposure to chemicals (e.g. sodium arsenite) [200] can induce
the formation of cytoplasmic stress granules (SGs) as an adaptive stress response. The
most important function of SGs is to transiently store messenger RNAs (mRNAs) in
stress conditions [201] and protect them from degradation [199]. Thus, SGs act as
transient pro-survival structures assisting cells to overcome stressful situations [202].
SGs are transient and membrane-less aggregates with a diameter of 200-400 nm in
mammalian cells [203], which form during liquid-liquid phase separation that induces
liquid-like compartments of RNA and proteins in the cytoplasm. It is triggered by high
local RNA and protein concentrations, which create a condensed compartment that
behaves like a membrane-less organelle. This process can be supported by protein-

protein and protein-RNA interactions driven by SG-mediated factors [204].

In cancer it was found that radio-or chemotherapy can promote SG formation,
rendering tumor cells more resistant to treatment and consequently promoting tumor
progression including metastasis. In this regard SGs represent an adaptive response to

stress by protecting the cells from chemotherapy-induced apoptosis [193, 205].

6.1.1. Stress granule formation

Cellular stress may lead to a translation stop and a disassembly of polysomes, an
aggregate of ribosomes on mRNA. The translation arrest is in most cases initiated by
the phosphorylation of the eukaryotic translation initiation factor 2 subunit alpha
(elF2a) [206], by one of four stress-sensing sentinel kinases: protein kinase R (PKR),
PKR-like endoplasmic reticulum kinase (PERK), general control nonderepressible 2

(GCN2), or hemeregulated eukaryotic translation initiation factor 2 alpha kinase (HRI)
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[207]. Stalled translation initiation complexes release ribosomal subunits, translation
initiation factors and mRNAs, which upon recruitment of RNA-binding proteins form
the substrate for the formation of SGs [199, 208]. Upon stress, SGs shelter mRNAs
together with translation-related components, preventing stress-induced apoptosis and

allowing a re-entry into translation once the stress is resolved [209].

The assembly of messenger ribonucleoprotein particles (mRNPs), which is mRNA
bound to proteins, initiates SG formation that is stimulated by RNA-binding proteins
like the Ras-GTPase-activating protein SH3-domain binding protein 1 (G3BP1) [210]
and the T-cell intracellular antigen 1 (TIA-1) [211].

Upon stress G3BP1 is dephosphorylated at Ser-149, which induces its multimerization
[210] that stimulates SG formation. Knockdown of G3BP1 leads to a reduction of SG
formation [201]. G3BP1 plays also a role in liquid-liquid phase separation as G3BP1
can induce the RNA-dependent liquid-liquid phase separation upon increased

intracellular concentrations of free RNA [212].

TIA-1 shuttles between the nucleus and the cytoplasm and shows a cytoplasmic
accumulation upon stress [208]. TIA-1 contains three RNA-recognition motifs that
facilitate RNA binding and a glutamine-rich prion-related domain, which allows self-

association of the protein required for the formation of SGs [213].

6.1.2. Composition of stress granules

It was shown that depending on the type of cell, stress and disease condition, the
composition of SGs can vary. Although hundreds of proteins were found as factors
involved in the formation and clearance of SGs, the main components defining a SG
include stalled pre-initiation complexes, translation initiation factors, nucleating RNA-
binding proteins, like G3BP1 and TIA-1, mRNAs and core 40S ribosomal subunits
[203, 214]. SGs are composed of a stable core and a more dynamic shell. While the
core is defined as a region of high protein and mRNA concentration as well as a high
level of protein-protein interactions, the surrounding shell is classified by a low protein
and mRNA concentration. After the SG core is formed, additional proteins can be

recruited to establish the more dynamic shell around the core [215, 216] (Figure 11).
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Figure 11: Main components of SGs. The darker area represents the core, while the
lighter outer region displays the SG shell. G3BP1: Ras-GTPase-activating protein SH3-
domain binding protein 1, TIA-1: T-cell intracellular antigen 1, mRNA: messenger

RNA, mRNPs: messenger ribonucleoprotein particles. Created with BioRender.com.

6.1.3. Stress granule clearance

An essential characteristic of SGs is their dynamic nature. SGs form within minutes to
hours upon stress and are cleared minutes (after cold shock [217]) to hours (after
sodium arsenite [218]) after the stress is resolved. The clearance of SGs is important
for normal cell physiology as a deregulated or non-efficient SG clearance results in an
alteration of SG composition and dynamics. This may cause an accumulation of
aberrant SGs, which persist longer than their normal counterparts. Aberrant SGs as
well as mutations in SG-associated RNA-binding proteins are implicated in
neurodegenerative diseases [203, 209]. While normal SGs form a response to stress,

persistent SGs may suggest a pathological condition [219].

The clearance of SGs starts with the dissipation of the shell, which is followed by the
clearance of the core [215]. An essential action for SG clearance is the
dephosphorylation of elF2a, which is facilitated by the stress-stimulated phosphatase,
growth arrest and DNA damage-inducible protein 34 (GADD34) or by the protein
phosphatase CREP. This allows the re-initiation of translation [220]. The mode of SG
clearance can be affected by several factors. One such factor is the duration of stress
and hence the lifetime of SGs. Normal SGs are usually degraded via autophagy-

independent mechanisms involving chaperones [213] or the 26S proteasome, while
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persistent SGs are cleared by an autophagy-mediated process called granulophagy
[221, 222]. Additional determinants for the mechanism of clearance represent the cell

type and the type of stress [223].

6.1.3.1. Chaperones in stress granules

It is hypothesized that chaperones control the dynamic exchange of proteins between
the SG core and the shell. A defective exchange negatively impacts SG kinetics and
results in an accumulation of aberrant SGs [216]. The maintenance of SG composition
and dynamics is called granulostasis, which defines the cellular SG homeostasis.
Chaperones play an important role in granulostasis as they refold misfolded proteins
within SGs. This includes the HSPB8-BAG3-HSP70 complex, which assures that
defective ribosomal products (DRiPs) and misfolded proteins are sent for degradation.

Like this, chaperones support the clearance of SGs before they become aberrant [224].

6.1.3.2. Valosin containing protein (VCP) in stress granules

VCP (valosin containing protein, also known as p97 or Cdc48) is a predominantly
cytosolic ATPase that acts as an ubiquitin-selective and ATP-dependent segregase.
VCP is important for maintaining protein homeostasis as it is involved in the UPS
through the segregation of ubiquitinated proteins from protein aggregates, chromatin
or membranes [225, 226]. Thus, VCP is required in various ubiquitin-mediated
processes [227]. Additionally, VCP is essential for endolysosomal trafficking and
autophagy of ubiquitinated substrates, defective lysosomes and SGs [221, 228, 229].

VCP is an essential component for the maintenance of granulostasis. It is involved in
SG clearance through supporting the proteasomal degradation of ubiquitinated SG
proteins [218], but also facilitates the clearance of aberrant SGs through autophagy
(granulophagy) [221]. To initiate the autophagy-dependent clearance of SGs, the unc-
51 like autophagy activating kinase 1 and 2 (ULK1/2) induces the phosphorylation and
subsequent activation of VCP [230]. The importance of VCP in SG clearance is shown
by the observation that mutations in VCP hinder an efficient SG clearance, resulting in

an accumulation of aberrant SGs often linked to pathogenesis [221].
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6.1.3.3. Ubiquitin-proteasome system in stress granules

It is becoming evident that the UPS is involved in SG granulostasis as VCP [221] and
the 26S proteasome [218] have been shown to associate with SGs. Also ubiquitin
associates with SGs. This was predominantly seen in the dynamic shell of SGs and the
abundance of ubiquitin varied among SGs induced by different stressors. More
specifically, ubiquitin associated with SGs in form of K48- or K63-linked conjugates.
The K48-linked ubiquitin chains were shown to co-localize with VCP and the
proteasome at the periphery of SG cores [231]. This is in line with the association of
VCP and the 26S proteasome with SGs to facilitate their clearance [218, 221]. The SG
clearance is negatively affected by blocking the ubiquitin system [231] or by inhibiting
the 26S proteasome, which results in aberrant SGs, suggesting that the 26S proteasome
supports SG clearance through the degradation of ubiquitinated proteins from SGs,
which cannot be refolded by the HSPB8-BAG3-HSP70 chaperone complex.
Additionally, it seems likely that VCP supports the 26S proteasome in that process as

it was shown to be essential for an efficient SG clearance [218].

So, an efficient SG clearance requires the combined action of the HSPB8-BAG3-
HSP70 chaperone complex [224], VCP and the 26S proteasome [218] (Figure 12).
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Figure 12: Mechanisms facilitating SG clearance, including proteasomal degradation,

autophagy and the HSPB8-BAG3-HSP70 complex. Created with BioRender.com.
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Aim of the thesis

The ability of GBM cells to extensively invade into normal brain structures forms a
major challenge in the treatment of this aggressive brain tumour. Current therapy
options are limited and, in particular, no treatment specifically targets the invasive
GBM cells. Therefore, the aim of this PhD project was to identify novel genes involved

in the invasive process of GBM cells and to propose new targets for treatment.

This work is based on a whole-genome shRNA interference screen previously

performed in the lab to identify novel invasion-related genes in GBM (Figure 13).

The specific aims included:

e To characterize potential invasion-promoting and invasion-inhibiting genes in GBM
selected from a large-scale shRNA interference screen and validate their

involvement in GBM cell invasion by using in vitro and ex vivo invasion models.

e To unravel additional functions of identified proteins.

These specific aims were reached by:
I. The identification of ZFAND?3 as novel driver of GBM cell invasion

II. The elucidation of the potential involvement of ZFAND3 in the UPS and SG

clearance

III. The analysis of additional invasion-related genes (GPX7, GK, GTF2HI and
ACTR14) at the functional level
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Figure 13: Schematic workflow of the performed shRNA interference screen,

indicating the identified candidate genes that were used for further investigation.
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Results

L Paper I: AN1-type zinc finger protein 3 (ZFAND3) is a

transcriptional regulator that drives Glioblastoma invasion

This paper focuses on GBM cell invasion and starts by introducing our patient-derived
GBM cell lines and their invasive behaviours in vitro, ex vivo and in vivo. Based on
several assay we could distinguish non-invasive, invasive and highly-invasive GBM
cell lines. One of these highly-invasive GBM cell lines was used to perform a whole
genome shRNA interference screen to identify novel invasion-promoting and -
inhibiting genes in GBM. The analysis of the screen data, which focused on invasion-
promoting genes, identified the zinc finger protein ZFAND3, one of the top hits among
the invasion-promoting candidate genes. At first, we showed that ZFAND3 is more
highly expressed in invasive GBM cell lines compared to non-invasive ones. Next, we
confirmed a role of ZFAND3 in GBM cell invasion, since its downregulation reduced
the invasion potential of invasive GBM cells, whereas its overexpression enhanced the
invasive capacity of initially non-invasive GBM cells. In addition, we show the
importance of the nuclear localization sequence (NLS) and the integral zinc finger
domains (AN1 and A20). Indeed, the mutation of the NLS as well as the deletion of
the zinc finger domains led to a loss of the invasive phenotype. To unravel ZFAND3’s
mechanism of action, we performed a RNA-sequencing on ZFAND3 knockdown cells,
which revealed 58 downregulated genes. Gene ontology analyses linked these genes
with migration- and invasion-related pathways. Among those genes we found the
alpha-2 subunit of type VI collagen (COL6A42), the neuronal cell adhesion molecule
(NRCAM) and fibronectin 1 (FNI), suggesting a transcriptional regulation of these
genes by ZFAND3. Furthermore, we performed proteomic analyses to identify
potential ZFAND3 interacting partners. Several of those proteins were involved in
RNA regulation and transcriptional processes according to gene ontology analyses. We
were able to show a direct interaction of ZFAND?3 with the splicing factor PUF60 by
co-immunoprecipitation (Co-IP). Mechanistically by using luciferase gene reporter
assays and ChIP-qPCRs, we found that ZFAND3 associates with the promoter regions
of COL6A2, NRCAM and FN1 to regulate gene transcription, indicating that ZFAND3
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acts as a transcriptional regulator of these invasion-related genes to promote the

invasive behaviour of GBM cells (Figure 15).
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transcriptional regulator of invasion-related genes to drive GBM cell invasion [232].

II.  Paper II: The role of ZFAND3 in the ubiquitin-proteasome
system and stress granule clearance
In the second paper we unravel the cytoplasmic functions of ZFAND?3. As our protein-
protein interaction studies pointed to an interaction of ZFAND3 with proteasomal
subunits and several ZFAND members are known to be involved in the UPS system
and stress response, we aimed here to investigate a similar role of ZFAND3. At first,
we could validate that ZFAND?3 is able to bind ubiquitin and that its N-terminal A20
domain is responsible for this binding. In addition, we were able to show in a Co-IP
that ZFAND3 is directly interacting with VCP and that it co-localizes with transiently
formed, cytoplasmic stress granules upon sodium arsenite-induced stress. Furthermore,
we investigated the impact of ZFAND3 in the formation and clearance of sodium
arsenite-induced stress granules. While the formation of stress granules was not
affected by a modulation of ZFAND3 expression, we found that the clearance of stress
granules is significantly less efficient upon knockdown of ZFAND3. In contrast,
ZFAND3 overexpression improved the clearance of sodium arsenite-induced stress
granules. This effect was lost upon deletion of the N-terminal A20, the C-terminal AN1
or both zinc finger domains, suggesting that both zinc finger domains are required for

an efficient clearance of arsenite-induced SGs.
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These data indicate that, in addition to its role as transcriptional regulator, ZFAND3 is
involved in the UPS and especially in the clearance of cytoplasmic sodium arsenite-

induced SGs.

III. Paper III: Large-scale shRNA interference screen to unravel

Glioblastoma cell invasion

The third paper aims to analyse additional gene lists from our previously performed
shRNA interference screen to identify novel invasion-related genes in GBM. We used
the screen data described in paper I for the selection of additional invasion-promoting
candidate genes and selected the glutathione peroxidase 7 (GPX7) for further
investigation. We also re-analysed the screen data to identify potential invasion-
inhibiting genes and focused on the glycerol kinase (GK), the general transcription
factor IIH subunit 1 (GTF2HI) and the actin-related protein 1A (ACTRI1A) for
additional analysis. At first, we show that GPX7 is more highly expressed in invasive
GBM cell lines compared to non-invasive ones, whereas GK, GTF2H1 and ACTR1A
reveal a higher expression in non-invasive GBM cell lines. Knockdown of GPX7 in an
invasive patient-derived GBM cell line led to a significant reduction of in vitro and ex
vivo invasion potential, while GPX7 overexpression enhanced the invasion capacity of
initially non-invasive GBM cells in vitro and partially ex vivo. In conclusion, we find
that GPX7 may to some extent be involved in GBM cell invasion, but it remains to be
determined whether this conclusion can be generalized to other cell lines and to the in
vivo situation.

With regard to the potential invasion-inhibiting genes we overexpressed GK, GTF2H1
and ACTRI1A in an invasive GBM cell line. These overexpressions were able to reduce
the invasion potential of invasive GBM cells in vitro and partially ex vivo.

This manuscript highlights the potential and challenges of the performed shRNA

interference screen as a tool to identify novel invasion-related genes in GBM.
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Discussion

This thesis focuses on the identification and characterization of novel invasion-related
genes in GBM through a large-scale shRNA interference screen. The selection of genes
for further investigation included ZFAND3 and GPX7 as invasion-promoting candidate
genes and GK, GTF2HI and ACTRIA as invasion-inhibiting candidate genes. We
functionally validated these genes in in vitro and ex vivo assays after shRNA-mediated
knockdowns of ZFAND3 and GPX7 and overexpressions of GK, GTF2H1 or ACTRIA,
which led to a reduction of GBM cell invasion. To our knowledge, this is the first report
showing the putative involvement of these genes in GBM cell invasion. Additionally,
except GPX7 none of these genes has been linked to GBM so far. These results
underline the potential of shRNA interference screens to unravel novel invasion-related

genes in GBM, which may also represent possible drug targets for GBM therapy.

1. Methods to identify invasion-related genes

For the identification of invasion-related genes in GBM, several options are available.
The simplest approach, for instance, would be to perform an in vitro invasion assay,
like a Boyden chamber invasion assay, where the invasive cells can be clearly separated
from the non-invasive cells and be subjected to bulk or single cell RNA sequencing to

interrogate transcriptional differences between these two cell populations.

A way to increase the physiological relevance may be the use of an ex vivo model based
on brain organoids, which can be confronted with fluorescently labeled GBM
spheroids. GBM cell invasion into the organoids can then be microscopically
visualized and dissected, enabling a clear separation of invasive from non-invasive
tumor cells. RNA sequencing of invasive versus non-invasive GBM cells then allows
to identify transcriptional differences between these two cell populations. This
differential gene expression analysis together with the invasion assay as functional

read-out can indicate which genes may play a role in GBM cell invasion.

In addition, gene expression analyses of different cell lines, like in our case invasive

and non-invasive patient-derived GBM cell lines, can be utilized to identify genes that
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are differentially expressed between invasive and non-invasive cell lines and may
therefore represent potential invasion-related genes. In this case publically available
databases, like the GlioVis portal [115] or the Ivy Glioblastoma Atlas Project
(IvyGAP), which focuses on transcriptional changes based on anatomic locations
[233], can be used to support the identification of potential invasion-related genes. To
confirm if these genes are involved in GBM cell invasion, genetic approaches like gene
knockdown, knockout or overexpression may be applied. Subsequently, to validate the

function of the gene, invasion assays can be performed.

2. shRNA interference versus CRISPR/Cas9 screens

When performing gene expression analyses, a limitation may be that gene expression
is just be correlated with invasion, but not necessary for invasion. To circumvent this,
genetic approaches can be applied in form of large-scale screens to study the function
of genes. Among loss-of-function screens, RNA interference using shRNAs or small
interfering RNAs (siRNAs) can be distinguished from CRISPR/Cas9 technologies,
which utilize single guide (sg) RNAs [234]. While RNA interference screens are based
on partial gene knockdowns, CRISPR/Cas9 knockout screens rely on full gene
knockouts [234, 235]. In general, many genetic screens have been performed in GBM
cells focusing on cell proliferation, survival or cell surface markers (reviewed in [236]),
but only a low number, including ours, was performed to study GBM cell migration or
invasion [232,237,238]. A large-scale CRISPR/Cas9 screen, for instance, revealed the
mitogen-activated protein kinase 4 (MAP4K4) as an invasion-promoting gene in GBM
[237]. Moreover, a genome-wide RNA interference screen identified the host cell
factor C1 (HCFCI1), KH-type splicing regulatory protein (KHSRP) and filamin A
(FLNA) as genes inhibiting migration of GBM cells [238].

As we planned our screen in a three-dimensional stem-like GBM cell line, which are
not easy to transfect, we decided to perform a pooled whole genome shRNA
interference screen as such screens rely on the endogenous RNA interference
machinery. Therefore, prior to infecting the cells with the shRNA library, the

introduction of foreign sequences and proteins is not required [234]. In addition,
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shRNA interference screens are also not influenced by the conformation of the
chromatin, by the accessibility of the locus or by the ploidy of the cells as the RNA
interference system works on RNA localized in the cytoplasm. These aspects are
important in cancer cells, which are often aneuploid. Nevertheless, a difficulty of
shRNA interference screens is to identify essential genes that show low to moderate
expression levels. Moreover, variable knockdown efficiencies between shRNAs,
different cell types and off-target effects are major reasons for the limited overlap

between different studies and the limited gene validation [239].

Alternatively, CRISPR/Cas9-based knockout screens can be used, where the efficiency
of the knockout relies on a one-time editing event. This explains the higher detection
specificity and sensitivity for essential genes, especially those that show moderate
expression [239]. Disadvantages of CRISPR/Cas9-based knockout screens include the
poor cutting efficiency and off-target effects. This increases the potential of false
positive and false negative hits, which makes a reliable analysis more difficult.
Reducing these off-target effects can be achieved by using CRISPR interference
(CRISPRi), which is based on a nuclease-deficient Cas9 that targets regulatory
sequences like gene promoters close to transcriptional start sites [240]. In addition,
CRISPRi screens show higher knockdown efficiencies compared to shRNA

interference screens [241].

Depending on the biological question, loss-of function screens can be distinguished
from gain-of-function screens, where genes are exogenously overexpressed [242]. In
this case, an option represents the CRISPR activation (CRISPRa) system, which relies
on the activation and increase of gene expression through a nuclease-deficient Cas9

combined with transcriptional activators [240].

2.1. Biological read-outs for genetic screens investigating invasion

A common challenge for genetic screens in the context of cell invasion is the biological
read-out. A genetic screen ideally requires a straightforward and scalable assay where
the invasive cells can be clearly distinguished and physically separated from the non-

invasive cells.
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In our case, we used an in vitro Boyden chamber invasion assay as biological read-out,
which allows the clear separation of invasive and non-invasive cells. Although this
assay is easy to perform and can be carried out with varying cell numbers, limitations
include the limited physiological relevance and the fact that it does not allow to study
invasion over time as it represents an end-point assay. Additionally, variability between
replicates can occur depending on the cell line used and the experimenter, although
normalization can account for that in most cases. High variability between biological
replicates, as observed in our screen, made a reliable analysis more difficult and

different analysis tools, which should give similar results, revealed different results.

Nevertheless, the Boyden chamber invasion assay is the most commonly used invasion
assay in research and also the few genetic screens that are published on GBM cell
migration or invasion, including ours, used this assay for biological read-out [232, 237,
238]. The difficulty of other models like the scratch assay is to clearly distinguish the
invading from the non-invading cells. While this problem may be overcome with a

sprouting assay, the number of cells obtained may be a limiting factor here.

In addition to in vitro models, the physiological relevance can be increased by moving
such screens into ex vivo or in vivo systems. This is more time-consuming and makes
a high-throughput setting difficult due to the workload and the requirement of animals
for most models. Such approaches enable the maintenance of the tissue architecture as
well as the interaction of tumor cells with the ECM and non-malignant stromal cells of
the microenvironment. To a limited extent this also holds true for ex vivo models such
as ex vivo brain slice cultures or brain organoids, as used here for validation purposes.
To our knowledge, no genetic in vivo screen on GBM cell invasion has been performed
so far. This may be due to the fact that major difficulties for an in vivo screen studying
invasion remain shRNA representation and the fact that only low cell numbers can be
obtained. An additional problem may be a clear separation of invasive from non-
invasive cells in vivo as a proper visualization of cell invasion in the brain is
challenging. That may be the reason why most large-scale screens performed on GBM

cells do not focus on cell migration or invasion.
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3. Diverse functions of ZFAND3

We characterized the nuclear activity of ZFAND3 within a proposed transcriptional
protein complex regulating the transcription of invasion-related genes to drive GBM
invasion [232]. We also unraveled cytoplasmic functions of ZFAND3, including
ubiquitin binding, interaction with VCP and involvement in sodium arsenite-induced
SG clearance, suggesting a dual role of ZFAND3 depending on its subcellular

localization.

Although the nuclear expression of ZFAND3 dominates, it is also regularly found in
the cytoplasm. When querying the Human Protein Atlas (http://www.proteinatlas.org)
[243] it appears that the expression pattern of ZFAND3 and ZFANDS are highly

similar, with a predominant nuclear, but also cytoplasmic localization. This is striking
as ZFAND3 is the only ZFAND protein containing a NLS. Proteins without a NLS can

still be transported into the nucleus, but lack the interaction with transport receptors.

We found that both ZFAND?3 zinc finger domains are crucial for its nuclear function
as their deletion resulted in a loss of the invasion phenotype. This might be explained
by the fact that the deletion of the zinc finger domains may impair a potential binding
of ZFAND?3 to the promoter regions of invasion-related genes or hinder the formation
of a putative transcriptional complex involving ZFAND?3. The zinc finger domains also
seem to be important for cytoplasmic SG clearance, while only the N-terminal A20
domain was required for ubiquitin binding. Whether the AN1 domain is responsible
for the interaction with the 26S proteasome or VCP, as shown for other ZFAND
proteins (ZFAND1 [218], ZFAND2A [244], ZFAND2B [245] and ZFANDS [246]),

remains to be seen.

The deletion of one or both zinc finger domains may also affect the protein
conformation of ZFAND3, which may lead to its dysfunction. This does not seem to
be the case for the AN1 domain deletion as this still allowed ubiquitin binding, but it
may be the case for the deletion of both domains. This hypothesis is strengthened by
the finding that upon deletion of both zinc finger domains the translocation of ZFAND3
to the nucleus was impaired, which was not observed for the single domain deletions

[232].
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3.1. Relevance of proteasomal degradation in Glioblastoma

We showed the impact of ZFAND3 on SG clearance in HEK293T and LN229 GBM
cells, indicating that this cytoplasmic function of ZFAND3 may also be of importance
in cancer and specifically in GBM. This is supported by the notion that cancer cells
often show increased proteasomal activity [160], suggesting that this may also be the
case for GBM. Many signalling pathways in GBM show an increased activity,
translating into increased proliferation and protein production [247]. This indicates the
importance of the UPS in GBM as it regulates the activation or deactivation of several
signalling cascades [83]. While there is no report linking mutations in E1 enzymes and
GBM, all other three enzyme classes involved in ubiquitination (E2, E3 and DUBs)
were shown to influence oncogenic features like proliferation, invasion, apoptosis and
drug resistance in GBM [248]. E3 enzymes and DUBs can exert oncogenic or tumor
suppressive activity depending on their target protein. For DUBs the oncogenic
abilities dominate, like stabilizing oncoproteins and compromising tumor suppressors,
thereby maintaining oncogenic signalling [83]. Overexpression of DUBs in GBM is
often associated with increased cell proliferation and invasion (reviewed in [83, 184]).
The vital role of these three enzyme classes following malignant transformation in

GBM suggests them as potential therapeutic targets.

Additionally, several important signalling proteins, like EGFR, its mutant variant
EGFRVIII or AKT, as well as ECM-degrading components, such as MMP-2 or uPA,
associated with GBM cell invasion are regulated by proteasomal degradation (reviewed
in [249]), suggesting a link between the UPS and GBM cell invasion. This raises the
question if the nuclear and the cytoplasmic activity of ZFAND3 may be linked or are

independent from each other.

3.2. Cytoplasmic stress granules and their influence on Glioblastoma

Even though the role of SGs in GBM has not been extensively studied so far, it has
been shown that the mRNA expression level of G3BP1, PERK, GCN2 and GADD34
are increased in GBM tissue compared to lower-grade gliomas, suggesting a more

active stress response in GBM [207]. Therefore, SG formation as well as SG clearance
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may be important in GBM to maintain a high proliferation rate. It remains to be seen

to what extent SGs are involved in GBM cell invasion.

This hypothesis is supported by the notion that G3BP1 promotes invasion of pancreatic
cancer [250] and renal cell carcinoma cells [251]. An inactivation of G3BP1 in sarcoma

cells reduced SG formation in vivo as well as the invasive capacity [205].

In GBM cells, a G3BP1 knockdown resulted in a reduction of SG formation upon
proteasomal inhibition by bortezomib. Additionally, the level of apoptosis was rising
in G3BP1 depleted cells treated with bortezomib [252]. Also G3BP2 has an impact on
GBM as its knockdown or pharmacological inhibition blocks stress-stimulated PD-L1
expression, suggesting G3BP2 as novel drug target in GBM, whose inhibition might

potentiate the efficacy of immune checkpoint inhibitors [253].

In a drug screen, Attwood et al identified 129 drugs that delay the clearance of hypoxia-
stimulated SGs in GBM cells. One of them was raloxifene, a selective estrogen receptor
modulator. Combining raloxifene with hypoxia caused an inhibition of autophagy and

increasing numbers of apoptotic GBM cells [207].

As SGs contain multiple proteins and mRNAs, it might also be possible that SGs either
harbor anti-invasive proteins or specifically store mRNAs that encode for anti-invasive
proteins, allowing SG-containing cells to invade [205]. Still, it remains to be

determined if SGs are directly linked to an invasive phenotype in cancer.

4. The role of GPX7 in cancer cell invasion

GPX7 is one of eight members of the glutathione peroxidase (GPX) family, which are
antioxidant enzymes involved in the management of reactive oxygen species (ROS).
In contrast to GPX1-4 and GPX6, which represent classical GPXs, GPXS5, GPX7 and
GPX8 form the group of non-selenocysteine-containing GPXs harboring a cysteine
instead of the glutathione-binding selenocysteine in their catalytic center [254]. While
classical GPXs use glutathione as major substrate, GPX5, GPX7 and GPX8 use

different substrates like thioredoxin or protein disulfide isomerase [255].
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The importance of GPX7 in physiology is shown by a GPX7 knockout mouse, which
shows a shortened lifespan due to increased oxidative stress and higher risk of cancer
development [255]. In this work we have shown that GPX7 has an impact on in vitro

and ex vivo GBM cell invasion by manipulating expression levels.

Interestingly, also other GPXs were shown to be implicated in tumor cell invasion.
GPX1 stimulates migration and invasion of esophageal cancer cells [256] and its
knockdown reduces the invasion of triple-negative breast cancer cells [257]. In
contrast, GPX2 has an inhibitory effect on colon cancer cell migration and invasion
[258]. Moreover, an upregulation of GPX3 expression negatively affects the migration
and invasion of esophageal squamous cell carcinoma cells [259]. GPX4 is involved in
the invasion of pancreatic cancer cells as its knockdown reduces their invasive ability
[260]. In addition, GPX4 is overexpressed in glioma tissues and its knockdown causes
a reduction of glioma cell migration [261]. Furthermore, GPXS is highly expressed in
non-small cell lung cancer and promotes the invasive behavior of these cells [262],

while also stimulating the migratory phenotype of breast cancer cells [263].

GPX7 functions as an oxidative stress sensor through the transmission of ROS signals
to redox-sensitive proteins like chaperones. A GPX7 loss resulted in impaired function
of the chaperone 78 kDa glucose-regulated protein (GRP78) leading to an
accumulation of misfolded proteins and increased oxidative stress [255]. As GPX7 is
situated in the ER [264], we thought that GPX7 might be involved in the ER-induced
unfolded protein response (UPR), which can influence cell invasion (reviewed in [265,
266]). Assessing the expression of the main UPR marker inositol-requiring enzyme 1
(IRE1), PERK and GRP78 after GPX7 knockdown and overexpression did not reveal
a significant difference at the gene expression level (data not shown). Also GRP78
protein level stayed unaffected (data not shown), suggesting that GPX7 exerts its
function independent from the UPR.

To further study the impact of GPX7 on invasion, we generated a CRISPR/Cas9-
mediated knockout of GPX7 in an invasive GBM cell line. Surprisingly, GPX7

knockout (34 single knockout clones analyzed) did not show a consistent impact on
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GBM cell invasion in vitro. An ongoing study in immunodeficient rats aims to

investigate the impact of a GPX7 knockout on in vivo GBM cell invasion.

As a systemic GPX7 knockout leads to increased oxidative stress [255], we thought to
investigate the expression level of the nuclear factor erythroid 2-related factor 2 (Nrf2),
a transcriptional regulator of ROS signalling, upon GPX7 knockdown, knockout or
overexpression. While no change of Nrf2 mRNA and protein expression upon GPX7
knockdown or overexpression was observed, we saw a decreased Nrf2 protein
expression in GPX7 knockout clones (data not shown). It has been shown that Nrf2,
which is upregulated in GBM compared to normal brain (GlioVis portal [115]),
promotes GPX7 expression via binding the antioxidant response elements in the GPX7
promoter. Under physiological conditions enhanced GPX7 expression serves as
protection against oxidative stress and may extend lifespan as its loss leads to
premature senescence [267]. So one could hypothesize that enhanced GPX7 expression
induced by Nrf2 protects the tumor from increasing ROS level, while a GPX7 loss
results in too high ROS level, which might lead to apoptosis or senescence. We were
not able to confirm this hypothesis as we did not observe increased level of apoptosis
upon GPX7 knockdown or knockout, also not when the cells were challenged with
increasing concentrations of hydrogen peroxide (H20O>) (data not shown). It may be that
GBM cells have developed alternative pathways to regulate oxidative stress response,

thereby becoming largely independent of GPX7.
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Conclusions

I. Paper I: AN1-type zinc finger protein 3 (ZFAND3) is a

transcriptional regulator that drives Glioblastoma invasion

A whole genome shRNA interference screen on invasive GBM cells led to the
identification of the zinc finger protein ZFAND3 as a putative invasion-promoting
gene. Its loss reduced GBM cell invasion, while its overexpression induced the motility
of initially non-invasive GBM cells in vitro, ex vivo and in vivo. ZFAND3 was
proposed to act in a nuclear protein complex regulating the transcription of invasion-

related genes to promote the invasive behaviour of GBM cells.

II.  Paper II: The role of ZFAND3 in the UPS and stress granule

clearance

Besides the nuclear function of ZFAND?3 in promoting GBM cell invasion, it seems to
have a cytoplasmic function in the regulation of the UPS as it directly binds ubiquitin
via its N-terminal A20 domain and interacts with VCP. Additionally, ZFAND?3 co-
localizes with sodium arsenite-induced SGs and promotes their clearance as
overexpression of ZFAND?3 resulted in a more efficient SG clearance. More work is
required to unravel if ZFAND3 acts in a direct mechanism on SGs or if additional

factors are involved.

III. Paper III: Large-scale shRNA interference screen to unravel

Glioblastoma invasion

This paper highlights the relevance of a large-scale shRNA interference screen as
powerful tool for the identification of novel invasion-related genes in GBM. This is
shown by the functional validation of the invasion-promoting gene GPX7 and the
invasion-inhibiting candidate genes GK, GTF2HI and ACTR1A as the knockdown of
GPX7 as well as the overexpression of GK, GTF2H1 or ACTRIA reduced the in vitro
and partially the ex vivo invasion potential of GBM cells. For a conclusion on the exact

function of these genes in GBM cell invasion, more research is required.
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Future perspectives

The extensive invasion potential of GBM cells into normal brain structures remains a
major challenge for an effective treatment, as these cells often escape therapy and
represent a leading cause for tumor recurrence. Until now there is no treatment
specifically targeting GBM cell invasion. The present work aimed to identify novel
drivers and inhibitors of GBM cell invasion in order to develop novel therapeutic
options. A promising therapeutic strategy may be to combine drugs targeting the
invasive nature of GBM cells as well as their high proliferative capacity. A prior anti-
invasive treatment, leading to a more circumscribed tumor, may further improve the

extent of surgical tumor removal.

shRNA interference as well as CRISPR/Cas9-based screens have gained considerable
attention as they can be used to study the function of genes in a large-scale setting. To
make the performed invasion screen more robust and account for the high variability
between biological replicates, it would be useful to run multiple biological replicates.
It may also be necessary to repeat this screen in additional invasive GBM cell lines and
focus on the genes that are common among them in order to find the most relevant hits.
Furthermore, to increase the physiological relevance of such screens it should be
considered to perform them in an ex vivo or in vivo setting, which until now remains a

challenge, especially in vivo.

ZFAND3 was shown to be important for GBM cell invasion as well as for the efficient
clearance of sodium arsenite-induced SGs. Although we showed that ZFAND3 drives
GBM cell invasion through the transcriptional regulation of invasion-related genes, it
remains to be elucidated if ZFAND3 itself is binding to DNA to fulfil the
transcriptional activation or if it associates with a transcriptional complex that activates
the expression of invasion-related genes. ZFAND3 binding to a specific DNA sequence
could be investigated by DNA electrophoretic mobility shift assays. Furthermore, it
would be interesting to identify additional target genes of ZFAND?3, besides NRCAM,
FNI and COL6A42.
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The exact mechanism by which ZFAND3 promotes the clearance of SGs remains
elusive. As a mutation of its NLS leads to a cytoplasmic accumulation of ZFAND3
[232], it would be interesting to investigate if this could potentiate the effect on SG
clearance. Additionally, studying the recruitment of ZFAND?3 to SGs may be facilitated
by live cell imaging using a fluorescently labelled ZFAND3 construct expressed in the

cells.

In analogy to ZFAND1 [218], ZFAND3 may recruit VCP and the 26S proteasome to
SGs to facilitate their clearance. This hypothesis could be tested through co-
localization studies, which in case of a lost co-localization upon ZFAND3 knockdown,
would indicate that ZFAND3 is required for the recruitment of VCP and the 26S
proteasome. Moreover, this may also be assessed with the zinc finger domain deletion
constructs to investigate which domain is responsible for the interaction and

recruitment of VCP and the 26S proteasome.

A major question remains if there is a link between the nuclear and the cytoplasmic
function of ZFAND?3, pointing at a connection between cell invasion and SGs. It could
be speculated that ZFAND3 contributes to SG formation and clearance as a survival
mechanism under stress, which at the same time would activate a transcriptional
invasion program, as part of an escape mechanism to reach better growth conditions.
This hypothesis could be tested in the context of hypoxia, which is known to increase

the invasion potential of GBM cells [268].
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ancer cell invasion and ensuing metastasis are a leading

cause of death. Malignant tumors of the brain, including

Glioblastoma (GBM), are characterized by a high invasive
capacity leading to a spread throughout the brain parenchymal, a
growth pattern which is largely accountable for the current
therapeutic failure and poor patient outcome. Invasive cells that
migrate away from the tumor core escape surgical resection, are
partially sheltered from radio- and chemotherapy and are not
detected by standard imaging techniques. Furthermore it was
recently shown that glial tumors form multicellular networks
through ultra-long membrane protrusions, so-called tumor
microtubes, that facilitate brain invasion and contribute to
treatment resistance®>.

Due to the specific structure of the adult brain, GBM invasion
differs from vascular or lymphathic pathways classically associated
with peripheral metastatic cancer. GBM cells insinuate themselves
in the interstitial space of the neural tissue or migrate along blood
vessels and white matter tracts, relying on basal membranes and
extracellular matrix (ECM) components?. Although significant
efforts were carried out to elucidate the mechanisms underlying
GBM cell invasion (e.g., cytoskeleton remodeling, secretion of
proteases, intracellular signaling)®, therapeutic approaches tar-
geting GBM invasion have not heralded any benefit so far and
novel targets regulating the invasive process are actively being
pursued®S,

RNA interference screens are powerful tools to uncover gene
function and their contribution to specific cellular phenotypes®.
Such approaches allowed e.g., the identification of genes involved
in cell migration and invasion in various cancer models!%!!
including GBM!2. Here, we applied genome-wide RNA inter-
ference in GBM and identified AN1-Type Zinc Finger protein 3
(ZFAND3) as a key regulator of GBM cell invasion. Zinc finger
(ZF) proteins are involved in nucleic acid recognition, tran-
scriptional activation, protein folding and assembly, however the
function of ZFAND3 remains unknown. ZFAND3 (also known as
testis expressed sequence 27, Tex27) was initially characterized
during mouse sperm maturation!>!4 and was associated with
susceptibility for development of type 2 diabetes in humans!>16.
We find that ZFAND?3 strongly potentiates invasiveness of GBM
patient-derived cells in vitro, ex vivo and in vivo. We show that
nuclear ZFAND3 expression is increased in the infiltrative com-
partment in GBM patient biopsies and that nuclear localization is
essential for ZFAND3 activity. Finally we identify ZFAND3 as a
transcription factor that regulates expression of adhesion and
invasion-related genes.

Results

RNA interference screen identifies ZFAND3 as a candidate
gene involved in GBM invasion. Although GBMs in patients are
invariably invasive, not all patient-derived GBM cells display the
same invasion capacity. Inter-patient differences can be observed
when patient-derived GBM stem-like cells (GSCs) are implanted
into the mouse brain: Non-invasive (NI) cells grow as circum-
scribed tumors displaying aberrant blood vessels and necrosis;
low invasive (LI) cells partially invade into the cortex and traverse
the corpus callosum to the contralateral hemisphere and highly
invasive cells (HI) completely colonize the brain parenchyma of
both hemispheres (Fig. 1a, additional examples on Supplementary
Fig. 1a, b). We have previously described similar histological
phenotypes with differential invasive potential in GBM patient-
derived orthotopic xenografts based on organotypic tumor
spheroids!”. Interestingly the distinct invasive behavior of GSCs
could be recapitulated in vitro, e.g., using 3D-Boyden chamber
assays (Fig. 1b, ¢, Supplementary Fig. 1a, b) or sphere sprouting
assays (Fig. 1d, e). We further confirmed the differential invasive

phenotypes in ex vivo invasion assays in organotypic brain slice
cultures, which allowed to determine differences in single cell
velocity (Fig. 1f-i). The invasion capacity was correlated to the
expression of some (CDH2, MMP2, SNAII, ZEBI) but not all
known invasion markers in vitro and in vivo (Supplementary
Fig. 1c-h), but did not correlate to transcriptional GBM subtypes
(proneural, mesenchymal, classical) as defined by Wang et al.18
(Supplementary Fig. 1i). Taken together these data indicate that
patient-derived GSCs faithfully reflect the heterogeneity and
invasion capacity of GBM in vivo, ex vivo and in vitro.

Using highly invasive (HI) GBM GSCs, we performed a
genome-wide loss-of-function shRNA screen to uncover novel
key drivers of GBM invasion. Invasion-defective and invasion-
competent cells were specifically isolated using the Boyden
chamber assay (Fig. 2a). In highly aneuploid cancer cells, such as
GBM GSCs, RNA interference may be more reliable then CRISPR
based knockout screens, because the transcripts rather than the
DNA are targeted’. Focusing on the invasion-defective cells,
barcoded shRNAs were sequenced and a stringent bioinformatic
analysis pipeline was applied by combining four of the most
common analysis methods: RSA1?, RIGER??, MAGeCK?2122, and
HiTSelect?? (Supplementary Fig. 2a, b). Only the gene candidates
in common between all four methods were selected, resulting in a
set of 17 invasion-essential candidate genes within the 2% top hits
(Fig. 2b). This included Colony stimulating factor 1 (CSFI), a
known cytokine involved in invasion and metastasis. To further
reduce the number of gene candidates of interest, we analysed the
expression of the 17 genes in NI, LI, and HI cells in vitro and
when grown as xenografts in vivo. Compared to other candidate
genes, the ANI1-Type Zinc Finger protein 3 (ZFAND3) gene
showed higher expression in HI cells compared to NI and LI cells,
in vitro as well as in vivo, and corresponding knockdown clones
were enriched in the analysis (Supplementary Fig. 2b-d), we
therefore focused on ZFAND3 for further analysis. Quantitative
real time PCR (qPCR) confirmed a higher expression of ZFAND3
in HI cells, compared to LI and NI (Fig. 2¢). Immunohistochem-
istry of corresponding GBM xenografts in the mouse brain
showed more ZFAND3 positive cells in HI tumors in comparison
to LI tumors (Fig. 2d). Analysis of TCGA data via the GlioVis
platform?* revealed strong ZFAND3 expression in all classes of
diffuse glioma compared to nontumor controls (Supplementary
Fig. 2e), in line with the high invasive potential of these tumors.
There was no correlation with transcriptional GBM subtypes
(Supplementary Fig. 2f). Pan-tumor studies based on TCGA and
GTEx databases (via GEPIA platform)?>2¢ also highlighted
increased ZFAND3 expression in diverse cancers compared to
control tissue, in particular in pancreatic adenocarcinoma and
melanoma (Supplementary Fig. 2g). Next we analysed ZFAND3
protein expression in 21 fresh GBM patient biopsies. ZFAND3
protein was detected in the majority of GBM (17/21) and
throughout different tumor compartments, including central,
intermediate and peripheral areas (Fig. 2e). By immunofluores-
cence, we found that ZFAND3 was present in the cytoplasm and
the nucleus of GBM cells (identified by P53 staining) and we
analysed the fraction of ZFAND3 positive tumor cells based on
subcellular localization (Fig. 2f and Supplementary Fig. 3a, b).
The fraction of positive cells was similar throughout different
tumor compartments, both for cytoplasmic and nuclear staining
(Supplementary Fig. 3¢, d). However, in contrast to cytoplasmic
ZFAND3 staining (Fig. 2g), we found that both the staining
intensity and the ratio of nuclear/cytoplasmic ZFAND3 staining
were increased in peripheral tumor cells compared to central
cells, indicating that the relative fraction of tumor cells with
nuclear ZFAND3 is higher in the tumor periphery, and that
nuclear ZFAND3 is expressed to a higher extent in these cells
(Fig. 2h, i). Since ZFAND3 appeared also in nontumor cells, we
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Fig. 1 Patient-derived GBM stem-like cells (GSCs) display different i ion phenotypes in vivo, which are recapitulated in in vitro and ex vivo assays.

a Early, intermediate and late time point of different GSC orthotopic xenografts in mice displaying non invasive (NI), low invasive (LI) and highly invasive (HI,
HI-2) phenotypes. Respective tumor development times were 5 weeks (NI), 8 weeks (LI) and 25 weeks (HI, HI-2). Anti-human vimentin staining was used
to visualize tumor cells (Scale bars =100 um and 1000 um for overview). (n = 2 mice for each tumor and time point with n = 3-4 sections per mouse). b In
vitro Boyden Chamber invasion assay, displaying the relative number of invaded cells (n = 3). ¢ Representative pictures of in vitro Boyden chamber invasion
assay reflecting the different invasion phenotypes. Scale bar 100 um. d Quantification of invasion of GSCs in 3D sprouting assay (n = 3). e Representative
pictures of sprouting assay of different GFP-positive GSCs (n = 3) (Scale bar =1000 um). GFP: Green fluorescent protein. f Quantification of increase of
colonized area of GSCs in ex vivo brain slice cultures, 9 days after tumor implantation (n=10). g Representative pictures of GSCs in ex vivo brain slice
cultures at day O, 4, and 9 (Scale bar =1000 pum). h Displacement of GSCs injected into ex vivo brain slice cultures (n =10). i Velocity of GSCs in ex vivo
brain slice cultures. Results of (b, d, f are i) displayed as average + SEM and were analyzed with one-way ANOVA. **p,jue < 0.01, ****p,z1,e < 0.0001.
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performed colabeling for Ibal (microglia marker) and NeuN
(neuronal marker). We observed some colocalization with Ibal,
but not with NeuN, both in clinical samples (Supplementary
Fig. 3e) and in xenografts (Supplementary Fig. 3f), indicating that
ZFAND3 is expressed by a subpopulation of microglial cells. The
majority of staining was found in the tumor area rather than in
the neuropil (Supplementary Fig. 3f lower panel). In conclusion,

4

Central  Intermediate ~Periphery

Intermediate Periphery

we identified ZFAND3 as an invasion-related gene that displays
increased nuclear expression in the infiltrative tumor compart-
ment of clinical GBM specimen.

ZFAND3 knockdown impairs GBM cell invasion in vitro,
ex vivo and in vivo. To confirm the functional screen data,
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Fig. 2 Expression of ZFAND3 is associated with GBM cell invasion. a Set up of genome-wide shRNA pooled screen selecting for invasion-defective and
invasion-competent cells in ECM-collagen coated transwell chambers. b Loss-of-function screen focused on shRNAs significantly enriched in invasion-
defective cells. Results were analysed with RSA, RIGER, MAGeCK and HitSelect methods, identifying 17 genes as the top 2% common hits. € gPCR showed
higher ZFAND3 expression in highly invasive GSCs (HI, HI-2) compared to non invasive (NI) (n=3; p=0.007) and low invasive (L) cells (n=3
biologically independent samples). Results are displayed as average + SEM and were anlysed with one-way ANOVA. *p,.,e <0.1. d IHC for ZFAND3 in
intracranial GBM xenografts in mice generated from respected patient-derived GSCs (NI, LI HI) (Scale bars = 50 um, hematoxylin counterstaining). e IHC
revealed ZFAND3 protein in GBM patient biopsies in the tumor core (central), intermediate area (intermediate) and tumor margin with diffuse infiltration
(periphery) (Scale bars =100 pm). Representative images are shown (n = 21). f Triple immunofluorescence identified ZFAND3 staining in cytoplasm and
nucleus of positive tumor cells: ZFAND3 (red), P53 (green) and DAPI (blue) (Scale bar upper row = 50 um, lower row =15 um). (n =17 different partient
samples). Mean intensity of cytoplasmic (g) and nuclear (h) ZFAND3+ tumor cells in central, intermediate, and peripheral tumor areas, the latter being
increased in the periphery (n =17). Data were analyzed as matched data with one-way ANOVA and Tukey s multiple comparison test. (p = 0.009) i Ratio
of nuclear/cytoplasmic ZFAND3 staining is increased in the periphery compared to the central tumor area (n =17 patient samples). Data were analysed as
matched data with Kruskal-Wallis test and Dunn’s multiple comparison test (p =0.012). *pyaiue < 0.05, **pyajue < 0.01.

shRNA-mediated knockdown (KD) of ZFAND3 was performed
in two highly invasive GSCs (HI and HI-2). Efficient KD with two
different sShRNAs was achieved at RNA and protein level (Fig. 3a,
b and Supplementary Fig. 4a-e). Similar to patient samples,
endogenous ZFAND3 protein displayed cytoplasmic and nuclear
localization, while KD cells only retained minor cytoplasmic
staining (Fig. 3¢). ZFAND3 KD had no significant impact on cell
proliferation (Fig. 3d). Using Boyden chamber assays on the same
cells, ZFAND3 KD significantly reduced invasion compared to
shCtrl in HI cells (Fig. 3e, f). This was confirmed in the HI-2 cell
line (Supplementary Fig. 4a-e).

To better imitate invasion in a brain microenvironment, we
implanted GBM HI cells into ex vivo brain slices. In ZFAND3 KD
cells the area of colonization of the brain slice was decreased in
contrast to shCtrl (Fig. 3g, h) and cellular velocity, as determined
by single cell tracking, was reduced accordingly (Fig. 3i, j). Finally,
we evaluated the invasion potential of ZFAND3 KD cell in vivo:
eight weeks after intracranial tumor implantation, the mice were
sacrified and cell invasion to the contralateral hemisphere was
quantified. We found significantly less cells in ZFAND3 KD
tumors compared to control (Fig. 3k, 1 and Supplementary
Fig. 4j). Taken together these data validate the result of the screen
and indicate that loss of ZFAND3 strongly impairs GBM cell
invasion in vitro, ex vivo and in vivo.

Expression of ZFAND3 confers invasion potential to non-
invasive patient-derived GBM cells. Given that ZFAND3
downregulation considerably decreased the invasion potential of
invasive GSCs, we asked if ZFAND3 overexpression was able to
bestow invasion capacity to non-invasive (NI) GSCs. We there-
fore expressed ZFAND3 in NI GSCs, as shown by qPCR (Fig. 4a)
and western blot analysis (Fig. 4b). Upon overexpression,
ZFAND3 protein mostly accumulated in the nucleus (Fig. 4c) and
did not affect proliferation of the cells (Fig. 4d). Instead we found
that ZFAND?3 increased invasion in vitro (Fig. 4e, f) and ex vivo
in brain slice cultures. ZFAND3 expressing cells colonized a
larger area (Fig. 4g, h) and displayed higher velocity (Fig. 4i, j).
Upon transplantation in the mouse brain, ZFAND3 expressing
tumors lost the circumscribed growth pattern of control NI cells
(Fig. 4k and Supplementary Fig. 4k). The number of cells
escaping the tumor mass was significantly increased for ZFAND3
expressing cells, compared to controls (Fig. 41). These data indi-
cate that ZFAND?3 expression confers invasion potential to GBM
cells that were initially not invasive.

Nuclear localization of ZFAND3 is required for GBM cell
invasion. ZFAND3 contains two ZF domains, a N-terminal A20
domain and a C-terminal AN1 domain separated by a linker
region (Fig. 5a). As we found ZFAND3 immunostaining in the

nucleus and nuclear localization was increased in the infiltrative
tumor compartment, we asked whether nuclear localization was
needed for ZFAND3 activity. A ZFAND3 construct with a
mutated nuclear localization signal (NLS) (ZFAND3-mutNLS)
was expressed in NI cells (Fig. 5a-c and Supplementary
Fig. 5a—c). This resulted in ZFAND3 accumulation in the cyto-
plasm (Fig. 5d) and prevented ZFAND3-induced invasion
(Fig. 5f, g). The addition of a second NLS sequence to the mutant
construct rescued both nuclear localisation and the invasion
phenotype (Fig. 5a-g), indicating that ZFAND3 was active in the
nucleus. No impact on proliferation was observed (Fig. 5e). In
summary, these data demonstrate that nuclear localization is
required for ZFAND3-induced invasion.

Deletion of zinc-finger domains leads to loss of invasion phe-
notype. In an attempt to further uncover the molecular basis of
its activity, we generated ZFAND3 mutants with deletion of
individual or both ZF domains (ZFAND3-Al, A2, and A1A2)
(Fig. 5a and Supplementary Fig. 5a), and expressed them in NI
GSCs (Fig. 5h, i). None of the variants exhibited proliferation
defects (Fig. 5j). In contrast to full length ZFAND3, no increase in
invasion was observed in cells expressing ZFAND3-Al,
ZFAND3-A2 or ZFAND3-A1A2 (Fig. 5k, 1), suggesting that both
ZF domains are required for induction of invasion. Of note, while
the double deletion construct accumulated in the cytoplasm,
ZFAND3-Al and ZFAND3-A2 correctly translocated to the
nucleus (Fig. 5m). To further pinpoint the active residues, we
generated point mutations in putative zinc-complexing amino
acids (M1, M2, and M1-M2) (Supplementary Fig. 5a). These
constructs retained nuclear localization, but also full activity with
regard to the invasive phenotype (Supplementary Fig. 5b-g). In
conclusion, although the exact residues conferring nuclear
ZFAND3 activity remain elusive, our data hint to the need of
both ZF domains to trigger invasion in GBM cells, suggesting that
ZFAND3 may act as a transcriptional regulator.

ZFAND?3 is involved in transcriptional regulation of invasion-
related genes. To address whether ZFAND3 correlates with the
expression of genes involved in migration and epithelial-
mesenchymal transition, we analysed expression of CDH2 (coding
for N-cadherin), MMP2, SNAI2 and ZEBI in GSCs with various
ZFAND?3 expression levels. Surprisingly, the modulation of ZFAND3
expression (KD or overexpression) or function (mutation con-
structs) did not affect expression of these genes (Supplementary
Fig. 6). We therefore performed RNA sequencing on shCtrl,
shZFAND3-1 and shZFAND3-2 HI cells to gain broader insight into
the transcriptional landscape upon ZFAND3 knockdown. Among
the differentially expressed genes (DEGs), 58 genes were significantly
downregulated in both shZFAND3-1 and shZFAND3-2 versus
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Fig. 3 Knockdown of ZFAND3 decreases invasion capacity of highly-invasive GBM cells. a gPCR confirming knockdown (KD) of ZFAND3 in highly
invasive GCSs (HI) using two ZFAND3 shRNAs (n > 3 biologically independent samples). Results are displayed as average + SEM and were analysed with
one-way ANOVA. b, ¢ Decrease of ZFAND3 protein in ZFAND3 KD by western blot (n = 3) and IF staining (red: ZFAND3, blue: DAPI. Scale bars =10 um)
(n=2). In analogy to patient samples, ZFAND3 protein is present in the nucleus and cytoplasm. d Growth curves of control and ZFAND3 KD cells show no
defect in cell proliferation (n = 3 biologically independent experiments). e, f Boyden chamber invasion assay showing reduced invasion in ZFAND3 KD cells
compared to control (n = 4 biologically independent experiments) (Scale bar =100 pm). Results are displayed as average + SEM and were analysed with
one-way ANOVA. g, h ZFAND3 KD cells implanted in ex vivo brain slice cultures showed reduced colonization compared to control cells, 9 days after
tumor implantation (n =10 biologically independent samples) (Scale bar =1000 um). Results are displayed as average + SEM and were analysed with a
two-way ANOVA. i, j Visualization and quantification of single cell displacement of ZFAND3 KD cells in ex vivo brain slice cultures showing reduced
velocity compared to control (n =15 cells over 10 biologically independent samples). Results are displayed as average + SEM and were analysed with one-
way ANOVA. k, | Upon intracranial implantation (n =3 biologically independent animals), ZFAND3 KD cell invasion toward the contralateral hemisphere
was decreased compared to control tumors. GBM xenografts were analyzed at 2 months post-surgery (3 sections per mouse) (Scale bar =100 um).
Results are displayed as average + SEM and were analysed with an unpaired, two-sided t test. *pyaue < 0.05, **puaiue < 0.01, ***pyaiue < 0.001, ****puaie <
0.0001.

shCtrl HI cells (FDR < 0.05, logFC < —0.5) (Fig. 6a, b, Supplemen-
tary Fig. 7a, b). Gene ontology analysis associated these DEGs with
adhesion and motility-related pathways, such as migration, integrin
complex, ECM and cell adhesion (Fig. 6c). Among these DEGs, we
selected genes reportedly linked to GBM cell invasion including

6

COL6A2 (alpha-2 subunit of type VI collagen), EGFR (epidermal
growth factor receptor), FN1I (fibronectin 1), NRCAM (neuronal cell
adhesion molecule) and NRPI (neuropilin 1), and confirmed their
downregulation upon ZFAND3 KD (Fig. 6d-h), thus supporting a
role for ZFAND3 in transcriptional regulation. To further address
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Fig. 4 Overexpression of ZFAND3 in non-invasive GBM cells confers invasion potential. ZFAND3 overexpression in non-invasive GSCs (NI) (n=4
biologically independent samples) confirmed by gPCR (a), Western blot (n = 3) (b) and with IF staining (c) (red: ZFAND3, blue: DAPI. Scale bars =10 um).
d ZFAND3-overexpression did not affect cell proliferation (n =3 biologically independent experiments). e, f Boyden chamber invasion assay indicating
increased invasion potential in ZFAND3-overexpressing cells (n = 6 biologically independent experiments) (Scale bar =100 um). g, h ZFAND3-
overexpressing cells implanted in ex vivo brain slice cultures showed augmented colonization compared to control cells, 9 days after tumor implantation
(n =10 biologically independent samples) (Scale bar = 1000 um). i Velocity of ZFAND3-overexpressing cells in ex vivo brain slice cultures was improved
compared to control cells (n =10, p < 0.0007). j Visualization of single cell displacement for control and ZFAND3-overexpressing cells in ex vivo brain slice
cultures (n=15 cells over 10 biologically independent samples). k, I Upon orthotopic xenografting in mice (n=3), an increased number of ZFAND3-
overexpressing cells invaded out of the tumor border into the surrounding tissue, compared to control cells (analysis done at 4 weeks after implantation)
(3 sections per mouse) (Scale bar = 100 um). Results of (a, e, g, j, I) are displayed as average = SEM, results of (a, e, j, and I) were analysed with an
unpaired, two-sided t test, results of g were analysed with a two-way ANOVA. *p,a1ue < 0.05, **pyatue < 0.01, ***puaiue < 0.001, ****p,21ue < 0.0001.
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this, we interrogated the ZFAND3 neighboring interactome, using
the BioID screening technology?’. Briefly, we expressed ZFAND3
fused with a biotin ligase (ZFAND3-BirA) in GSCs, which allowed
the biotinylation of proteins in close proximity (~10nm) (Fig. 6i).
After streptavidin-based purification, biotinylated proteins were
analysed by mass spectrometry, and statistical analysis revealed

ZFAND3 ZFAND3-A1 ZFAND3-A2 ZFAND3-A1A2

143 significantly enriched proteins in ZFAND3-BirA cells compared
to control (adj. p value<0.05, FC>2) (Fig. 6j). Gene ontology
analysis indicated candidate interactors to be involved in RNA
regulation and transcriptional processes (Fig. 6k, Supplementary
Fig. 7c), reinforcing our hypothesis. To validate these results we
performed ZFAND3-FLAG coimmunoprecipitation (FLAG Co-IP)
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Fig. 5 ZFAND3-induced i requires localization and presence of zinc-finger domains. a Structural overview of ZFAND3 protein and
corresponding mutants with zinc finger domain deletions (A1, A2, ATA2), mutated nuclear localization signal (mutNLS) and NLS rescue with c-myc NLS
(mutNLS-NLS). HA-tag: hemagglutinin tag. N: N-terminus, C: C-terminus. b Expression of NLS constructs in NI GSCs as confirmed by qPCR (n=3
biologically independent samples), results were analysed with a two-tailed, unpaired t test, and (¢) by Western blot (n=3). d IF staining showing that
ZFAND3-mutNLS does not translocate to the nucleus, while mutNLS-NLS rescue does (green: HA, blue: DAPI. Scale bars = 10 um). (n = 2) e Proliferation
assay of cells with indicated constructs control (measurements done at day 3; n = 7 biologically independent experiments for Ctr, ZFAND3 and ZFAND3-
mutNLS, n = 3 biologically independent experiments for ZFAND3-mutNLS-NLS). f, g Boyden chamber invasion assay showing loss of invasion phenotype
with ZFAND3-mutNLS and rescue with ZFAND3-mutNLS-NLS in NI GSC (n = 6 biologically independent experiments for Ctrl, ZFAND3 and ZFAND3-
mutNLS, n =3 biologically independent experiments for ZFAND3-mutNLS-NLS) (Scale bar = 100 pm). Results were analysed with a two-tailed, unpaired
t test. h Expression of deletion constructs in NI GSCs by gPCR (n = 3 biologically independent samples). Results were analysed with one-way ANOVA (h)
Western blot (i) (n=3). j Proliferation of cells overexpressing respective constructs (n =3 biologically independent experiments). Results were
analysed with a two-way ANOVA. k, | Boyden chamber invasion assay indicating loss of invasion induction with deletion constructs (n= 4 biologically
independent experiments) (Scale bar = 100 um). Results were analysed with one-way ANOVA. m IF staining showing that ZFAND3 A1 and ZFAND3 A2
mutants localize to the nucleus, whereas ZFAND3 ATA2 does not (red: ZFAND3, blue: DAPI. Scale bars = 20 um) (n=2) All results are displayed as

average * SEM. *pyaiye < 0.05, **Paiye < 0.01, “**pyaiye < 0.001, ****pyaiue < 0.0001.

and subsequent mass spectrometry analysis (Supplementary
Fig. 7d-f). Among the 143 proteins identified as ZFAND3 inter-
actome, 22 proteins were also pulled-down by FLAG Co-IP sup-
porting these as ZFAND3 interactors (Fig. 6l). These included
several proteasome-associated proteins (PSMD1, PSMD8, PSMC3),
nuclear importins (KPNA3, KPNA4), and splicing factors (e.g.,
PUF60, SF1, PPIL4) (Supplementary Fig. 7g). Since we found the
invasion-related activity of ZFAND3 to be localized to the nucleus,
we focused on nuclear proteins. Database-driven analysis of protein
complexes (via the Dragon Database for Human Transcription Co-
Factors and Transcription Factor Interacting Proteins (TcoF-DB)28
revealed interacting proteins PUF60, Pontin and Treacle (respec-
tively encoded by PUF60, RUVBLI and TCOFI genes) as common
binding partners within a GPN-loop GTPase 1 (GPN1) complex. To
investigate if the interaction with ZFAND3 could be further con-
firmed by western blot, FLAG-tagged ZFAND3 from overexpressing
cells (NI-ZFAND3 OE) was immunoprecipitated and analysed.
PUF60 co-immunoprecipitated with ZFAND3 thereby validating it
as a ZFAND?3 interaction partner (Supplementary Fig. 7h), a weak
background detected in control cells was not present when using
isotype-specific IgG control in overexpressing cells. Technical rea-
sons prevented confirmation of direct interaction with TCOF1 or
Pontin by WB Co-IP.

Next, we aimed to relate these findings to events taking place at
the promoter regions of potential target genes. We in-silico
analysed the promoters of COL6A2, NRCAM and FNI with the
Genomatix tool and identified a multitude of GC-rich target
sequences, preferentially recognized by ZF containing DNA-
binding proteins (Fig. 7a-c). We thus performed dual-luciferase
reporter assays in U87 or HEK293T cells with the promoter
sequences of COL6A2, NRCAM or FNI and detected an increased
luciferase signal upon ZFAND3 co-expression, demonstrating
that ZFAND3 was able to activate the promoter region of the
genes of interest and induce their transcription (Fig. 7d-f). As
expected the effect was not seen with ZFAND3-A1A2 (lacking
both ZF domains). We also assessed expression of COL6A2,
NRCAM and FNI genes in NI GSCs stably expressing ZFAND3
(Supplementary Fig. 8a-d) or ZFAND3 mutant constructs
(Supplementary Fig. 8e—j) with no marked change in expression
of target genes. Although unexpected, the latter might be related
to adaptation to long term overexpression. Finally, we performed
ChIP-qPCR experiments in NI GSCs overexpressing FLAG-
tagged ZFAND3 or FLAG-tag alone. We observed association of
ZFAND3 with in silico predicted ZF consensus sites in the
promoter regions of COL6A2, NRCAM, and FNI in ZFAND3
overexpressing cells compared to controls (Fig. 7g-i). In line,
point mutations introduced into ZF consensus sites contained
within respective promoter regions failed to comparably induce

luminescence in reporter assays for target genes (Fig. 7d-f). In
summary, we propose that ZFAND3 induces the expression of
invasion-related genes through activation of a transcriptional
complex involving PUF60, ultimately boosting the invasive
behavior of GBM cells (Fig. 7j).

Discussion

ZFAND3 is a member of the ZFAND family of proteins, which
contain a ZF domain of the AN1 type. ZF proteins ensure a
plethora of cellular functions in health and disease, such as DNA
recognition, RNA packaging, transcriptional regulation, and are
involved in many aspects of cancer progression?”. In humans,
there are eight ZFAND family members, of which only ZFAND2a
and ZFAND4 have recently been implicated in cancer’0-33,
Members of the ZFAND family are associated with stress response
and proteasomal degradation through recruitment of the 26 S
proteasome, e.g., ZFAND134, ZFAND2A/B3%35, ZFAND53°, and
ZFANDG%. ZFAND3 has so far only been associated to type 2
diabetes susceptibility!®, but nothing is known about its cellular
function or its role in tumor biology. Here, we have identified and
validated ZFAND3 as a modulator of GBM cell invasion, and
demonstrate that it acts through regulation of transcriptional
activity. We find that in patient samples ZFAND3 expression is
increased in infiltrative cells from the tumor margin.

At the mechanistic level, we show that ZFAND3-induced
invasion activity relies on its nuclear localization and requires
integral AN1 and A20 ZF domains. The prevention of nuclear
translocation and invasive phenotype through removal of the NLS
signal and rescue of localization and activity by addition of a new
NLS demonstrates that ZFAND3 acts in the nucleus. This is in
contrast to other ZFAND proteins that are primarily located in the
cytoplasm and associated to the ubiquitin-proteasome system
(UPS), which may also explain the differences observed with ZF
domain mutant constructs. While single deletion of either the
AN1 (ZFAND3 A1) or the A20 domain (ZFAND3 A2) did not
impair nuclear translocation, the invasion phenotype was lost.
This might be explained by a conformational change in the pro-
tein structure, interfering with DNA or protein binding hence
affecting its activity. Functional studies of other members of the
ZFAND protein family employing similar deletions have shown
that proteins with deletion of one of the two domains retain
certain functions. e.g., in ZFAND5 the AN1 domain is required
for the stimulation of peptidase activity whereas the A20 domain
is needed for the binding of polyubiquitinated proteins>® and both
ZFAND5 AN1 and A20 domains were found to be essential for
RNA stabilization38. Also, the AN1 domain and UBL domains of
ZFAND1 were found to be required for its binding to PSMD1 and
p97/Cdc4s8, respectively>#3%. In an attempt to further nail down
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transcription. a RNAseq analysis of HI GSCs (n =3 per condition) identified 58 common DEGs from two KD clones (shZFAND3-1 and shZFAND3-2) vs
shCtrl cells (FDR < 0.05, log2FC < —0.5 and > 0.5). b Volcano plot showing DEGs in shZFAND3-2 compared to Ctrl. Among these, 5 downregulated DEGs
were selected for further investigation. € Gene ontology analysis (David database) associated the 58 DEGs to invasion-related GO terms. gqPCR confirmed
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Fig. 7 ZFAND3 binds to and induces promoter activity on COL6A2, NRCA|

M and FN1 genes. Transcription factor consensus site analysis (via Genomatix)

identified several putative ZF binding sites (GC-rich regions, hereafter named S1-S13) in the promoter regions of COL6A2 (a), NRCAM (b) and FNT (c).
Dual-luciferase reporter assays carried out in U87 or HEK293T cells showed that transiently coexpressed ZFAND3 binds to the promoter regions of

COL6A2 (n>5) (d), NRCAM (n > 4) (e) and FNT (n>4) () inducing lucif

erase expression, whereas deletion mutant ZFAND3-A1A2 did not. Luciferase

activation was compromised on promoters with mutated GC-rich regions (COLA2mut, NRCAMmut, FN1mut) (n > 4 biologically independent experiments

*Puaiue < 0.05, **Pyaiue < 0.01, ***puaiye < 0.001, ****pyaiye < 0.0001). ZFAND

3 binding to GC-rich regions in the promoter regions of COL6A2 (n>3) (g),

NRCAM (n>2) (h) and FNT (n>4) (i) in HI cells overexpressing ZFAND3 as determined by ChIP gPCR (n > 2 biologically independent experiments
*Puatue < 0.05, **pyaue < 0.01, ***paine < 0.007, ****p, a1, < 0.0001). j Proposed model of ZFAND3 activity in a nuclear protein complex that regulates a gene

expression program to trigger cell invasion.

the active residues, we introduced missense mutations in the zinc-
complexing amino acids of both domains (constructs M1, M2,
MI1-M2) similar to what was reported for ZFAND5. The
equivalent mutation in the A20 domain of ZFAND5 (Ml)
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abolished its ubiquitin-binding activity>>4%, whereas the missense
mutations in the AN1 domain (M2) resulted in a loss of its ability
to stimulate the proteasome3®. In our hands ZFAND3 with either
mutated domain (M1 or M2) or both (M1-M2) did not diminish
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its ability to promote invasion (Supplementary Fig. 5b-f), sug-
gesting that these specific residues are not relevant for the
observed nuclear ZFAND3 activity.

In line with its nuclear activity, we identify a nucleus-specific
ZFAND3 interactome, including DNA/RNA binding proteins,
splicing factors and helicases generally involved in RNA meta-
bolic processes and transcription. Based on our proteomics data
and on available database-knowledge, we propose a ZFAND3
containing protein complex including PUF60 (PUF60) and pos-
sibly Pontin (RUVBLI) and Treacle (TCOFI) that regulates gene
transcription (Fig. 7j). Of interest, these three proteins have been
previously involved in cell motility in cancer or during develop-
ment#!-43, Binding sites for ZF containing DNA-binding proteins
are enriched in the promoter regions of COL6A2, NRCAM, or
FN1, which were previously described in specific invasive sig-
natures in GBM*44>. We demonstrate binding of ZFAND?3 to the
promoter regions of these genes and confirm ZFAND3-induced
transcription by dual-reporter gene assays, indicating a role for
ZFAND3 in a transcriptional invasion program. In analogy to
other ZFAND members, several UPS-associated proteins i.e.,
PSMD1, PSMC3, and PSMDS8, were also identified in our
ZFAND3 interactome, which may point to additional cellular
functions in the cytoplasm. In this context, it has been reported
that the UPS plays an essential role in transcription by main-
taining a fine-tuned equilibrium of protein synthesis and degra-
dation?®, Whether ZFAND3’s transcriptional activity is linked to
a proteasomal function remains to be determined.

Collectively, these studies identify ZFAND3 as a transcriptional
regulator of invasion-related genes, thereby boosting the infil-
trative phenotype of GBM cells. We show that ZFAND3 requires
nuclear translocation and functional ZF domains for displaying
gene regulatory activity. The specific ZFAND3 interactome points
to a role in transcriptional complex regulation, although an
involvement in proteolysis cannot be excluded. These data
expand our knowledge on the cellular functions and tumorigenic
potential of ZFAND family members thus far largely known for
their role in protein degradation. Further elucidation of the
molecular determinants of ZFAND3 activity in oncogenic path-
ways may provide opportunities for targeting cancers, including
GBM, prone to locoregional invasion or metastasis.

Methods

Cell culture. Patient-derived GSC lines were generated in the laboratories of
Christel Herold-Mende and Rolf Bjerkvig. They were characterized as non invasive
(NI: NCH644; NI-2: GG6), low invasive (LI: NCH421k), and highly invasive (HI:
NCH601; HI-2: NCH465; HI-3: NCH660h and HI-4: BG7) (Fig. 1 and Supple-
mentary Fig. 1). NCH421k, NCH601, NCH465 and NCH660h were cultured as
nonadherent spheres in DMEM-F12 medium (Lonza) containing 1x BIT100
(Provitro), 2 mM Ultraglutamine, 30 U/ml Pen-Strep, 1 U/ml Heparin (Sigma),
20 ng/ml bEGF (Miltenyi, 130-093-841) and 20 ng/ml EGF (Provitro, 1325950500).
NCH644, BG7 and GG6 were grown in Neurobasal base medium (Life Technol-
ogies) supplemented with 1x B27 without vitamine A (Life Technologies) 2mM
L-Glutamine, 30 U/ml Pen-Strep, 1 U/ml heparin, 20 ng/ml bFGF and 20 ng/ml
EGF. Human embryonic kidney 293 (HEK293T) cells and U87 GBM cells were
cultured in DMEM (Lonza) supplemented with 10% fetal bovine serum (FBS),

2 mM Ultraglutamine, and 30 U/ml Pen-Strep. Since GSCs were exposed to 7%
FBS in the Boyden chamber assay, we verified expression of ZFAND3 and stem cell
markers under these conditions (Supplementary Fig. 4f-i). No significant change in
ZFAND?3 expression was observed, except for HI cells (NCH601) where expression
was slightly increased. Stem cell markers showed variable expression across cell
lines and in response to FBS, in line with previous reports?’ (Supplementary

Fig. 4f-i).

GBM intracranial xenografts in mice. GSCs were implanted in the brain of NOD/
SCID mice (3 mice/group) (Charles River). Mice were anesthetized with a mixture
of ketamine (100 mg/kg) and xylazine (10 mg/kg) and placed in a stereotactic frame
(Narishige Group, Tokyo, Japan). Tumor cells were implanted into the right frontal
cortex using a Hamilton syringe (Hamilton, Reno, NV, USA) (NI, LI, NI ctrl, NI
ZFAND3: 50’000 cells, HI, HI-2, HI shCtrl, HI shZFAND3: 300’000 cells). All

tumor cells were GFP-labeled. Mice were sacrified at defined time points and brains
were extracted and either frozen for cryosections or embedded in paraffin. All
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procedures were in accordance with national legislation and the European Direc-
tive on animal experimentation (2010/63/EU) and were approved by the respon-
sible authorities in Luxembourg (protocol: LUPA2017/15).

Invasion assays

In vitro. For Boyden chamber assays, GSCs were plated on transwell chambers
(1500 or 3000 cells/mm 2) (Thincert, Greiner), previously coated with a 1:1 mixture
of 0.05 mg/ml collagen type I (Sigma-Aldrich) and 0.5 mg/ml protein of ECM gel
(Sigma-Aldrich) in 1:1 PBS-DMEM-F12, for 2 h at 37 °C. Medium with 10% FBS
was added as a chemoattractant to the lower chamber. After 3 days, cells were fixed
with 4% PFA and stained with 0.05% crystal violet solution for 15 min. Non-
invading cells were removed, and invasion was evaluated by counting the cells on
the lower side of the membrane under light microscope and x20 magnification
(5 representative fields per membrane). Experiments were conducted in at least 3
biological replicates (each with 2 technical replicates). To account for the variability
between separate assays, the data are represented as number of invaded cells
relative to the global mean (total number of invading cells) of each experiment,
allowing to combine biological replicates and apply appropriate statistics. The effect
of Boyden chamber conditions on ZFAND3 expression and stem cell markers were
verified by qQPCR (Supplementary Fig. 4f-i). For the sprouting assay, 5 x 10 cells/
well were plated in an agar-coated well for 3 days to form a sphere. The sphere was
transferred to an ECM/collagen-coated well, and covered with ECM. Pictures were
taken using EVOS microscope, and invasion was calculated by the ratio of the
sphere area at 48 h to 0 h. Analysis was corrected for the expansion of the
sphere core.

Ex vivo. Brain slices were prepared from adult NOD/SCID mice. Briefly, mice were
sacrificed by cervical dislocation, and brains were rapidly harvested and placed in
ice-cold cutting solution (0.1% GlutaMax, 25 mM HEPES, 50U/ml Pen-Strep in
DMEM). Brain slices (400 um thick) were generated with a Mcllwain Tissue
Chopper and cultured on transwell chambers (1 um pore size) in a 1:1 mixture of
Hibernate™-A medium (ThermoFisher) supplemented with 20% BIT-100 and
100U/ml Pen-Strep with and DMEM-F12 supplemented with 20% BIT-100, 100U/
ml Pen-Strep, 200 mM ultraglutamine and 1U/ml heparin.

Brain slices were cultured 4 days prior to GSC implantation. For this, 5 x 10*
GFP-labeled cells in 1 ul of ECM were injected in the cortex, above the corpus
callosum, by gently punching a hole in the tissue and slowly releasing the cell/gel
mixture. For the quantification of colonized area, pictures were taken every 2-3
days using the EVOS microscope and analysed with Image]. After 9 days, live cell
imaging using Incucyte was performed, and the velocity of GFP positive invading
cells in the brain slices were assessed with Image]J (15 cells per condition and 10
replicates per cell line).

In vivo. For invasion analysis of HI and NI cells in orthotopic xenografts (n = 3),
8 pm cryosections were used. For each xenograft 3 sections were counted (in total 9
per condition). Sections at the level of the injection side were choosen and all GFP
positive HI cells were counted manually in the contralateral hemisphere as shown
in Supplementary Fig. 4j. For invasion analysis of NI cells, all GFP positive NI cells
escaping the tumor mass were manually marked and counted (example shown in
Supplementary Fig. 4k, 1). Imaging was performed on a Ni-E microscope (Nikon)
with the NIS Elements Software.

For invasion assays, data were analyzed using the GraphPad Prism 8 software.
Results are reported as mean # standard error of the mean, and n is described as
the number of biological replicates. Data were analyzed with two-tailed Student ¢
test. Statistical significance was set at p <0.05.

Genome-wide shRNA library screen. A lentiviral-based genome-wide ShRNA
pooled library contained 95700 shRNAs targeting 18.205 human genes

(5 shRNAs/gene) (RHS6083, Dharmacon). Loss-of-function screen was performed
in triplicates starting with 4 x 107 HI cells (MOI 0.3, fold representation of shRNAs
100x). After 3 days of puromycin selection (1.5 pug/ml), a reference sample (baseline
control) was collected (2 x 107 cells). Next, 5x 10° HI cells were plated per
transwell chambers (in total 24 transwell chambers per replicate to ensure 100x
fold representation of shRNAs) (see protocol below) and after 3 days, invasion-
deficient and invasion-competent cells were harvested, genomic DNA was
extracted and shRNA sequencing libraries were prepared by PCR amplification
according to the manufacturers protocol (RHS6083, Dharmacon). Libraries were
pooled and 50 bp single-end sequencing was performed on an Illumina HiSeq 2500
platform (Illumina, Inc). The number of reads per sample were adapted according
to the manufacturers protocol depending on the numbers of cells initially used for
library preparation (per 109 cells, about 107 reads were sequenced). The protocol
followed standard procedures and library representation rules of shRNA pooled
screens’. The comparison of shRNA representation in invasion-deficient and
invasion-competent cells was performed using the combination of four standard
analysis methods: redundant siRNA activity (RSA)!®, RNAi gene enrichment
ranking (RIGER)2, Model-based Analysis of Genome-wide CRISPR-Cas9
Knockout?!:?2 and HiTSelect?3. The analysis focused on shRNAs significantly
enriched in invasion-deficient cells. Baseline reference was used to verify sIRNA
representation after transduction. Only gene candidates with significant differential
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shRNA representation in all four analysis methods were considered as hits. The
total screen was performed in three independent biological replicates.

Immunohistochemistry on GBM xenografts. Coronal sections (8 pm) from
paraffin-embedded mouse brains were pretreated for 5 min with Proteinase K
(Dako) followed by 20 min incubation at 95 °C in retrieval solution (Dako). The
Dako Envision + System-HRP was used following the manufacturer’s instructions.
Primary antibodies were incubated for 2 h at RT, and secondary antibodies for 1h
at RT (list of antibodies in Supplementary Table 3). Signal was developed with 3,3-
diaminobenzidine (DAB) chromogen in 5-10 min, and pictures were acquired
using a Ni-E microscope (Nikon).

For immunofluorescent staining, cells plated on ECM coated coverslips and
cryosections of orthotopic xenografts were fixed and permeabilized in TBS with
0.1% Triton (TBST), followed by blocking with 10% FBS for 1 h. Primary
antibodies were incubated overnight at 4 °C (list of antibodies in Supplementary
Table 3). Secondary antibodies were applied with DAPI for 1 h at RT. The cells and
cryosections were then washed and mounted with Fluoromount (Sigma). Imaging
was performed on a Ni-E microscope (Nikon) with the NIS Elements Software or
LSM880 confocal microscope (Zeiss) with the Zeiss Zen Software. Data were
analyzed using the GraphPad Prism 8 software. Results are reported as mean +
standard error of the mean, and n is described as the number of biological
replicates. Data were analyzed with two-tailed Student ¢ tests or ANOVA. Statistical
significance was set at p < 0.05. Immunofluorescent staining for ZFAND3, IBA1
and NeuN was done as described below for clinical samples.

Immunohistochemistry on GBM clinical samples. Human tissue samples for
immunohistochemistry were collected at Odense University Hospital, Odense,
Denmark between 2010 and 2014 with approval from the Danish Data Inspection
Authority (approval number 16/11065) and the Regional Scientific Ethical Com-
mittee of the Region of Southern Denmark (approval number S-20150148). All
samples were diagnosed as GBM according to the 2016 WHO classification.

21 GBM with 260% P53-positive cells in central tumor areas and simultaneously
including areas with diffuse tumor cell infiltration and tumor periphery were
subject to double immunofluorescence stainings for P53 and ZFAND3. P53 protein
expression was used to localize tumor cells, and thereby enable measurement of
ZFAND?3 protein expression in both tumor cells and nontumor cells throughout
the different tumor regions. Tissue sections of 3 um were cut on a microtome, and
subject to deparaffinization and heat-induced-epitope retrieval with CC1-buffer
(Ventana Medical Systems). Tissue sections were then stained with primary
ZFAND3 antibody (clone: HPA016755, Atlas antibodies, 1:600 for regular
immunohistochemistry, 1:1000 for immunofluorescence) for 32 minutes on the
Ventana Discovery Ultra platform (Ventana Medical Systems). Antibody detection
was performed with the Optiview-DAB detection system for regular immunobhis-
tochemistry and DISCOVERY OmniMap anti-Rb HRP coupled with the DIS-
COVERY Cy5 Kit for immunofluorescence. For double-fluorescence stainings,
tissue sections were subject to a second heat-induced epitope retrieval and then
incubated with either primary P53 antibody (clone: DO7, Ventana Medical Sys-
tems, ready-to-use) for 4 min, Ibal antibody (Wako Pure Chemical Industries,
1:3000) for 16 minutes or NeuN (clone: A60, Chemicon, 1:500) for 32 min.
Detection was performed with DISCOVERY OmniMap anti-Ms/anti-Rb HRP
coupled with the DISCOVERY FAM Kit. Nuclei were counterstained with DIS-
COVERY QD DAPI and slides mounted with VECTASHIELD mounting medium
without DAPIL.

Fluorescence images were acquired with a Leica DM6000B microscope with an
Olympus DP72 camera. Regions of interest including central tumor area, areas
with intermediate tumor infiltration and peripheral tumor areas were manually
outlined for each slide using the Visiopharm software V6.6.1 (Visiopharm,
Hoersholm, Denmark). The software was set to randomly sample 10 images from
each defined region of interest on each slide at 20X magnification. A software based
cell-classifier was programmed to identify P53-positive tumor cells, DAPI-positive
cells and ZFAND3-staining. Finally, the fractions and mean intensities of
ZFAND?3-positive tumor- and nontumor cells, including tumor cells stratified by
nuclear/cytoplasmatic ZFAND3 staining were measured by the classifier
(Supplementary Fig. 3a, b). Four tumors did not have ZFAND3 protein expression
and were excluded from data analysis. Comparison of multiple groups was
performed with ANOVA and Tukey s post-test for data with Gaussian distribution
and Kruskal-Wallis test with Dunn’s post-test for data without Gaussian
distribution. Comparison of two groups was performed with T-tests for data with
Gaussian distribution and Mann Whitney tests for non-Gaussian distributed data.

ZFAND3 constructs. ZFAND3 deletion constructs included deletion of ZF
domain AN1, A20 or both. In the mutant constructs putative Zinc complexing
amino acids (AAs) were mutated to alanine: C32A 4 C35A (M1); C176A + C181A
in (M2); all four (M1-M2). For the mutant NLS constructs, the three amino acids
K132, R133 and R135 were mutated to Alanine (wildtype NLS peptide:
SPVKRPRLL, mutNLS peptide: SPVAAPALL). The NLS sequence PAAKRVKLDG
(coding for the c-Myc NLS) was added to the C-terminus of the ZFAND3mutNLS
N-terminal of the HA-tag. Mutant constructs are shown in Supplementary Fig. 5
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and listed in Supplementary Table 4. shRNAs against ZFAND3 are shown in
Supplementary Table 2.

All constructs were transduced in different patient-derived GSCs using
lentiviral vectors. Lentiviral particles were produced in HEK cells by co-
transfection of the plasmid of interest with the viral core packaging construct
pCMVdeltaR8.74 and the VSV-G envelope protein vector pMD.G.2 as previously
described®S. Supernatant containing viral particles was used to transduce 4 x 10°
GSCs and puromycin selection (1 pg/ml) was applied to obtain stably
transduced cells.

Quantitative real-time PCR. 1 g of total RNA was extracted using Qiagen
RNeasy Mini Kit (Qiagen) and reverse transcribed to cDNA using the iScript
cDNA Synthesis Kit (Bio-Rad) or SuperScriptIII with random primers (Invitro-
gen), according to the manufacturer’s protocol. qPCR was carried out using Fast
SYBR Green Master Mix and the Viia 7 Real Time PCR System (Life Technologies;
Ta =60 °C). qPCR reaction was performed in 5 pL volume. Fold-change (FC) was
calculated using the ACt method and normalized to the expression of EFla. See
Supplementary Table 1 for the list of primers. CT-values were determinded using
the QuantStudio real time software and data were analyzed using Microsoft Excel
and the GraphPad Prism 8 software. Results are reported as mean + standard error
of the mean, and n is described as the number of biological replicates. Data were
analyzed with two-tailed Student ¢ tests or ANOVA. Statistical significance was set
at p<0.05.

Western blot. Total proteins from GSCs with ZFAND3 manipulations were
extracted in RIPA lysis buffer and quantified using Bradford reagent (BioRad).
After SDS-PAGE electrophoresis, proteins were transferred on nitrocellulose
membrane (iBlot, Life Technologies). Primary antibodies were diluted in blocking
solution (milk 5%) and incubated overnight at 4 °C (list of antibodies in Supple-
mentary Table 3). After incubation with HRP-conjugated secondary antibodies, the
chemiluminescent signal was recorded using the Pierce ECL Western blot detection
kit (ThermoFisher), and the ImageQuant LAS4010 imaging station and software
(GE Healthcare) and Image J.

Microarray analysis. Genome-wide expression profiles of NI, LI, and HI were
determined using the GeneChip Human Gene 1.0ST Arrays (Affymetrix), as
described®. Briefly, total RNA was extracted using QILAGEN RNeasy Mini Kit
(Qiagen), processed using the Affymetrix WT Expression kit before being hybri-
dized on Affymetrix GeneChip Human Gene 1.0 ST arrays, according to the
manufacturer’s instructions (protocol P/N 702808 Rev.6). Upon hybridization,
microarrays were washed, stained and scanned according to manufacturer’s stan-
dard procedures. Microarray data are available in the Gene Expression Omnibus
(GEO) repository under accession number GSE134470.

RNA sequencing. For RNA sequencing, total RNA was exctracted from shCtrl,
shZFAND3-1 and shZFAND3-2 highly invasive cells using RNeasy Plus Mini Kit
(Qiagen) according to manufacturer’s protocol. RNA purity was assessed using the
Agilent 2100 Bioanalyzer. 500 ng total RNA with a RIN of at least 9.7 were used for
RNA sequencing. TruSeq library preparation on 9 samples (3 replicates per group)
was performed according to the Illumina standard protocol. Paired end of 2x 75 bp
reads was performed using the NextSeq500 (Illumina). Raw sequencing data was
mapped to human genome (assembly version Genome Reference Consortium
Human build 38, GRCh38) using Bowtie v2-2.3.2%0, Transcript abundance was
evaluated with HTSeq v0.6.1°!. The normalization and transcripts differential
expression analyses of count data were performed using the DESeq2 package®2.
Comparisons of sSiZFAND3-1 vs. shCtrl and shZFAND3-2 vs. shCtrl were assessed
with the following parameters: fold change >log2 —0,5 fold, false discovery rate
0.05. Common differentially expressed genes in both comparisons were considered
as hits (Supplementary Table 6). RNAseq data are available in the GEO repository
under accession number GSE138618.

Streptavidin enrich of biotinylated proteins and on-bead digestion (Bio-
ID). For the analysis of ZFAND3 interactome, NI GBM GSCs (NCH644) were
stably transduced with the myc-BioID-ZFAND3 construct (Supplementary

Table 4), nontransduced cells were used as control. To activate the biotin ligase,
cells were incubated in complete media supplemented with 100 uM D-Biotin (Carl
Roth) for 48 h. After two PBS washes, cell pellets were lysed in 1% sodium
deoxycholate in 50 mM ammonium bicarbonate pH8 and protease inhibitor
cocktail, sonicated, incubated 30 min on ice and centrifuged at 11,000 x g and 4 °C
for 30 min. Supernatant was recovered and proteins were quantified using Pier-
ceTM BCA Protein Assay Kit (Thermo Scientific). PierceTM Streptavidin Magnetic
Beads (Thermo Scientific) were washed once in cold lysis buffer, and 1.8 mg of
protein per sample was incubated with 50 uL of beads for 3 h at 4 °C with gentle
end-over-end rotation. Beads were captured with a magnetic stand, washed 3 times
in cold lysis buffer and 3 times in cold 50 mM ammonium bicarbonate pH8.
Proteins were digested overnight on beads at 37 °C and 60 xg with 1 pg of trypsin
(Promega). Fresh trypsin (0.5 pg) was added to the beads and incubation was
extended for 2 h at 37 °C and 60 xg. Beads were captured with a magnetic stand
and peptides were transferred to a new tube. Beads were rinced twice with 100 uL
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of 50 mM ammonium bicarbonate and these 2 rinses were pooled to the previously
eluted peptides. Samples were further reduced with 10 mM DTT for 45 min at
37°C and 60 xg, and carbamidomethylated with 25 mM iodoacetamide for 30 min
at RT and 60 xg in the dark. Peptides were finally centrifuged 15 min at 11,000 x g
at 4°C to remove any insoluble material.

ZFAND3-FLAG Coimmunoprecipitation for mass spectrometry. Co-
Immunoprecipitation (Co-IP) for mass spectrometry (MS) was done on whole cell
lysate using the Dynabeads™ Co-IP Kit (Invitrogen, 14321D). For antibody cou-
pling, 1.5 mg Dynabeads™ M-270 Epoxy were incubated with 8 ug of FLAG M2
antibody (Sigma F1804) at 37 °C on a mixing roller for 16 h. Beads were

washed according to manufacturer’s instructions and diluted to a concentration of
10 mg/ml and left at 4 °C until further processing. NI GBM GSCs overexpressing
ZFAND3 with a FLAG-tag were incubated in complete media supplemented and
while harvesting washed twice in ice-cold PBS. Cells were lysed with 1x IP Buffer
containing NaCl 100 mM, DTT 1 mM and one cOmplete™ EDTA-free Protease
Inhibitor Cocktail for 15 min on ice, and sonicated. The lysates were quantified
using the Bradford Reagent (Bio-Rad). Proteins of interest were captured by
incubating 1 mg of protein lysate with 1.5 mg of antibody-coupled beads at 4 °C for
30 min. Beads were resuspended in cold ammonium bicarbonate 50 mM, reduced
with DTT 10 mM for 45 min at 37 °C and 60 xg, and carbamidomethylated with
iodoacetamide 25 mM for 30 min at RT and 60 xg in the dark. Proteins were
digested with 1 pg of trypsin (V5111, Promega) overnight on beads at 37 °C and
60 xg. Fresh trypsin (0.5 pg) was added to the beads and incubation was extended
for 2 h at 37 °C and 60 xg. Dynabeads were captured with a magnetic stand,
peptides were recovered and transferred to a new tube. Beads were rinced twice
with 100 pL of ammonium bicarbonate 50 mM and these 2 rinses were pooled to
the previous eluate. Peptides were centrifuged 15 min at 11,000 x g at 4 °C to
remove any insoluble material, acidified in 1% formic acid, desalted on Sep-Pak
tC18 Elution Plates (Waters, 186002318), dried by vacuum centrifugation and
reconstituted in 12 pL of 1% Acetonitrile/0.05% trifluoroacetic acid. Samples were
quantified by Nanodrop and further analysed by mass spectrometry (see below).

Mass spectrometry analysis and data analysis. Peptides were acidified in 1%
formic acid, desalted on Sep-Pak tC18 pElution Plates (Waters, 186002318), dried
by vacuum centrifugation and reconstituted in 20 uL of 1% Acetonitrile / 0.1%
formic acid. 1 pL of each sample was measured by LC-MS/MS on a Q-Exactive Plus
mass spectrometer (Thermo) connected to a Dionex Ultimate 3000 (Thermo), run
in trap mode using a Acclaim Pepmap 100 trap column (Dionex). The peptides
were separated on a 15 cm Acclaim pepmap RSLC column (Dionex) using a 89 min
gradient (2% to 50% acetonitile) with a flow rate of 0.3 ul/min. MS acquisition was
performed with an MS1 resolution of 70,000 and a scan range from 375 to 1500 m/
z with an AGC target of 3 x 10°. The top 12 peaks were selected for fragmentation
in data-dependent mode using an MS2 resolution of 17,500 and a maximum
injection time of 45 ms and an isolation window of 1.2 m/z and an AGC target of
10°. Dynamic exclusion was set to 20 s and the normalized collision energy was
specified to 28.

For analysis, the MaxQuant software package version 1.6.5.05 was used.
Carbamidomethylation on cysteine was set as a fixed modification and oxidized
methionine and acetylated N-termini as variable modifications. Peptide tolerance
was 20 ppm and the minimum ratio for LFQ was set to 2. An FDR <1% was
applied for peptides and proteins and the Andromeda search®* was performed
using a human Uniprot database (July 2018). MS intensities were normalized by
the MaxLFQ algorithm implemented in MaxQuant’> while using the match-
between-runs feature.

Only protein groups that were not marked as potential contaminants nor
detected by MaxQuant using reverse database were kept for the analysis. LFQ-
normalized intensities were log2-transformed. Statistical analysis of the dataset was
performed using R-statistical software package (version 3.4.1). For data analysis,
first, proteins that were only identified by site or were potential contaminants were
excluded. Only the proteins that were found in at least three biological replicates
for every condition were used for column wise imputation from a normal
distribution and subsequent statistical analysis. Significantly differentially expressed
protein groups were detected by R-package limma®C. For this, a two-sample ¢ test
was performed with a Benjamini-Hodgberg based FDR <0.01. Abundance changes
with a p value <0.05 and a minimum fold change of 2 were considered significant
(Supplementary Table 7 for BioID experiment, Supplementary Table 8 for IP
experiment). The GO analysis was carried out by R software, p value and g value
cutoff 5%, n and minimum 3 proteins per category as threshold: significantly,
differentially regulated proteins (corresponding Uniprot IDs) were used as targets
and all other proteins captured by proteomics experiment were considered as a
background. Protein IDs that matched several gene IDs were removed from the
analysis.

ZFAND3-FLAG coimmunoprecipitation for western blot analysis. Co-IP with
subsequent Western blot analysis was performed on nuclear extracts following
Agoston and Schulte®”. For antibody coupling, 1 mg Dynabeads™ M-270 Epoxy
were incubated with 5 ug of FLAG M2 antibody (Sigma F1804) or Mouse IgG at
37°C on a mixing roller for 16 h. Fresh nuclear proteins extracts from NI GBM
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GSCs overexpressing ZFAND3 with a FLAG-tag and Ctrl-FLAG expressing cells
were prepared as following. 2 x 106 were used to prepare cytoplasmic lysates in
300 pl Buffer A+ (10 mM HEPES, 10 mM KCl, 1 mM DTT, Ix cOmplete™
EDTA free), followed by 15 min incubation on ice 30 ul IGEPAL/PBS solution was
added and cells were briefly vortexed. The nuclei were pelleted by centrifugation for
1 min at 9000 x g at 4 °C. Nuclear extract lysis was done by adding 180 pl Buffer
B + (10 mM HEPES, 10 mM KCL, 1 mM DTT, 400 mM NaCl, 1% IGEPAL, 1x
cOmplete™ EDTA free) and incubated for 15 min on a rotating wheel. To obtain
isotonic salt concentration 300 ul Buffer A 4 was added. Lysates were treated with
DNase I (Ambion) with 50U for 30 min at 4 °C. Nuclear protein extracts were pre-
cleared for 2 h using 0,3 mg Dynabeads™ M-270 Epoxy at 4 °C on a rotating wheel.
30 l of each lysate was kept as input control for later. Dynabeads were equilibrated
in 900 ul Buffer BP +- (3:1.8 ratio of Buffer A and B) before adding the lysates.
Nuclear protein extracts were divided in two (FLAG and IgG) to use equal amount
of lysate per IP. Dynabeads-antibody containing lysates were incubytes for 2 h at
4°C on a rotating wheel. After magentic sepatation of precipitate and supernatant,
supernatant was removed and kept for later as supernatant control. Dynabeads-
bound precipitates were washed four times with Buffer BP + and once with 1x
LBW 0,1 % Tween-20. After the washing steps, 30 ul 4x LDS (50 mM DTT) was
added to each sample and incubated for 10 min at 70 °C. After magnetic separation,
supernatants were transferred into a fresh tube. Samples were directly loaded on a
SDS-PAGE for Western Blot analysis.

Dual luciferase reporter assay. Plasmids encoding the Firefly Luciferase reporter
gene under the control of the candidate gene promoters, and a Renilla Luciferase
plasmid under the control of an SV-40 Promoter were purchased from Vector-
Builder®. Plasmid DNA was purified using NucleoBond Xtra Midi Kit (Macherey-
Nagel). Reporter cells (U87 or HEK293T) were seeded into 24-well plates at a
density of 7.5 x 10* per well and transfected the next day, using 1.5 pl Lipofecta-
mine 2000 (Thermo Fisher), with the selected Luciferase reporter plasmids
(COL6A2, FN1 and NRCAM) and co-transfected with either empty control,
ZFAND3 or ZFAND3 A1A2. A Renilla Luciferase Reporter was co-transfected with
a 1:10 ratio of luciferase reporter plasmids as a reference control. Luciferase activity
was recorded 30 h post-transfection using Dual-Glo® Luciferase Assay System
(Promega) according to the manufacturer’s instructions, using ClarioStar plate
reader (BMG LabTech). The ratio of the Firefly:Renilla luminescence was calcu-
lated and normalized to the ratio of the empty control. Data were analyzed using
the GraphPad Prism 8 software. Results are reported as mean + standard error of
the mean, and n is described as the number of biological replicates. Data were
analyzed by ANOVA. Statistical significance was set at p < 0.05.

Chromatin immunoprecipitation (ChIP) gPCR. ChIP was performed as described
previously®® with the following changes: cells were cross-linked for 30 min at 4 °C in
2% PFA made from freshly prepared 18.5% PFA. Chromatin was sheared to a mean
length of 100-500 bp with a Bioruptor UCD-200 in a cold room at 4 °C (Diag-
enode). Immunoprecipitation was performed with the antibodies listed in S3. ChIP
precipitates were assessed by quantitative real-time PCR with the primers listed in
Supplementary Table 1 and PowerUp™ SYBR™ Green master mix reagents
(Thermo Fisher Scientific) on a QuantStudioTM 5 Real-Time PCR detection system
(Thermo Fisher Scientific). Enrichment of the precipitated DNA was determined
relative to the input (1:100) as 100 x 2(Ct adjusted input — Ct immunoprecipitate) Results
are reported as mean + standard error of the mean, and n is described as the number
of biological replicates. Statistical significance was determined using ANOVA in the
GraphPad Prism 8 software.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in this published article
(and its Supplementary Data files). RNAseq data are available in the GEO repository
under accession number GSE138618; DNA microarray data under accession number
GSE134470.

Raw proteomics data have been deposited in the The MassIVE site repository of the
University of California San Diego (ProteomeXchange consortia) under ftp://massive.
ucsd.edu/MSV000086247/. The constructs generated during the current study are
available from the corresponding author on reasonable request.
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AN1-type zinc finger protein 3 (ZFAND3) is a transcriptional regulator that drives

Glioblastoma invasion

Supplementary Figures
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Supplementary Figure 1: Characterization of patient-derived GSC lines. a-b) Invasion capacities of
additional GSC lines: (a) Quantification of in vitro invasion in Boyden chamber assays (n=3 biologically
independent experiments) of 2 non-invasive (NI, NI-2) and two highly invasive (HI-3, HI-4) GSC lines. (NI line
is shown as comparison to Fig. 1). Results are displayed as average number of invaded cells +/- SEM. (b)
Representative pictures of in vitro invasion (Boyden chamber assays) and in vivo invasion in orthotopic mouse
xenografts (except NI-2 in rat). Scale bar = 1000 pm. c-h) The expression of general invasion markers reflects
the status of non invasive (NI), invasive (LI), highly invasive (HI, HI-2) GSCs. Genome-wide expression
analysis revealed differential expression of CDH2, MMP2, SNAI2, ZEB1, but absence of expression of CDH1,
MMP9, SNAI1, TWIST1 in GSCs in vitro (c) and at endpoint of tumor development (d) in orthotopic xenografts
in vivo. gPCR showing expression of CDH2 (n=3) (e), MMP2 (n=3) (f), SNAI2 (n=3) (g) and ZEB1 (n=3) (h) in
different types of GSCs. Results are displayed as average +/- SEM and were anlaysed with an ordinary one-
way ANOVA *pvaie<0.05; **praie<0.01; ***Ppvaine<0.001; ****pvaie<0.0001. i) List of human GSC lines indicating
their invasive phenotype (left panel) and transcriptional GBM subtype (right panel) based on gene expression

and/or methylation profiling.



Supplementary Figure 2

a

| raw shRNA counts |

v

| normalized shRNA counts |

¥ 1

| individual shRNA scoring |

+ A

integrated gene level:
scoring of targeted genes

RIGER MAGeCK HitSelect

log10 FC

Cc
HI

ZFAND3
ACOT7{
e I NE RN
COL19A1 . .
CSF14

coe

FAHD2B-

GFPT2

(1]

ZFAND3 mRNA expression (log2)
ZFAND3 mRNA expression (log2)

ZFAND3 mRNA expression (log2}

$ 3 N S o P
«“’@F e\fj@ -\@ﬁ‘a\@\ Qfﬁ’\,ﬁé (\ﬁ%ﬂ‘ & \@"b &
c}@ip@ & Lp’& (,p“%f d\@\q&\ & §'° R
o PO e & &
: SE R o s} & @
Ll S & &
& v ~ <) @-""
g 2° & &
) $
—a
b - b
Ey ,_¢_| —‘ e
2 = e 3
= 4 i
S -
g !% - §l+ i% !% !¥
o i .- . ..
< - A = 7 Fy = G %
z - z ¥ e & 5
e . - o ~
(=]
é ~
” -
B S - = o2
e o e e 2 o0 3
s &2 o o™ B o N S
\z’ée‘«;\o @ g6 2 e e 4T\19 * (Oﬁ;% “‘“cp Sy (0 @7l
e 9 i (¥ LAY e o et N 3 o §- 3D
g AN Gt A o Al o0 o T A e P Rt
e e e W o o
o o o o o




Supplementary Figure 2: Genome-wide shRNA analysis identifying ZFAND3 as top candidate. a)
Analysis pipeline of genome-wide shRNA interference screen. b) shRNA distribution based on RSA analysis
shows that shRNAs targeting ZFAND3 appear enriched (7 out of 8) in invasion-defective cells (log10FC<0).
Genome-wide expression analysis shows the expression of the 17 genes identified by the shRNA screen in
different types of GSCs c) in vitro and d) in vivo at endpoint of tumor development in orthotopic xenografts. e)
Analysis of ZFAND3 expression in patients from TCGA database, via the GlioVis platform (GBM and
GBM/LGG cohort, RNAseq data) '. Data were analysed with Tukey's Honest Significance Difference, after
one-way ANOVA. **pvaie<0.01f) ZFAND3 expression in GBM patients from TCGA database according to GBM
transcriptional subtype. Whiskers of dot plots represent extreme low and high values as long as they are within
the 1.5 times interquartile range (IQR), meaning that whiskers are limited to 1.5 IQR. Dots above and below
whiskers display outlying data points. Centres represent the medians and the box limits show the 25" and 75"
percentiles. g) ZFAND3 expression among different cancer types (tumor in blue, normal tissue in red). Data
collected from GEPIA 2 based on TCGA normal and GTEx data. Data were analysed with one-way ANOVA,
using disease state as variable for calculating differential expression. *pvaie<0.05. The boxes of the box plot
display data from the 25" to 75" percentile, while the whiskers show the 10" and 90" percentile. The centres

represent the medians of the data.



Supplementary Figure 3
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Supplementary Figure 3: ZFAND3 protein expression in GBM patient samples and xenografts. a)
Representative picture of P53/ZFAND3 double-fluorescence stainings in GBM patients. (Scale bar = 50um).
(n=17 patient samples) b) Representative picture of a central tumor region with and without the application of

a software based cell-classifier. Identification of DAPI-positive nuclei (blue), P53-positive nuclei (green),



ZFANDS staining (red), cells with P53+/ZFAND3+ cytoplasmic expression (pink) and cells with P53-/ZFAND3+
nucelar expression (turquoise). Scale bar = 10 yum c-d) Quantifcation of tumor cell fraction with cytoplasmic
(c) or nuclear (n=17 patient samples) (d) ZFANDS3 positivity on three tumor regions (central, intermediate,
peripheral). e) Double-immunofluoresence of ZFAND3 with Iba1 (upper panel) or NeuN (lower panel) in GBM
patients (Scale bar upper rows = 25 pm, lower rows = 15 pym). (n=9 different patient samples) f) Double-
immunofluoresence of ZFAND3 with Iba1 (upper panel) or NeuN (lower panel) in HI GSC xenograft. Scale bar
= 100 pym on overview images and 25 pm on magnified images(n=4 mice). For ¢ and d resuts are displayed
as average +/ SEM and data were analysed as matched data with one-way ANOVA and Tukey’s multiple

comparison test,
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Supplementary Figure 4: ZFAND3 knockdow in 2" HI cells, gene expression during invasion assay
and overview images of xenografts. a) qPCR showing ZFAND3 expression upon knockdown (KD) in highly
invasive GBM cells (HI-2) (n=3 biologically independent samples). Results are displayed as average +/- SEM
and were anlaysed with an ordinary one-way ANOVA b) Western-blot showing protein expression upon
ZFAND3 KD (n=3). c) Growth curves of control and ZFAND3 KD cells (n=3). d) In vitro Boyden chamber
invasion assays of control and ZFAND3 KD cells (n=3 biologically independent experiments). Results are
displayed as average +/- SEM and were analysed with an ordinary one-way ANOVA.e) Representative
pictures of in vitro Boyden chamber invasion assays. Scale bar = 100 ym. f) ZFAND3 expression in different
GSC models under in vitro invasion conditions (7% FBS in medium) (n=3). Results are displayed as average
fold change +/- SEM and were analysed with an ordinary one-way ANOVA. g-i) Expression of stem cell
markers in different GSC models under in vitro invasion conditions (n=3). Results are displayed as average
fold change +/- SEM and were analysed with an ordinary one-way ANOVA. j) Overview image of HI GSC
xenograft with control (shCtr) and ZFAND3 knockdown (shZFAND3). GFP positive tumor cells invading to the
contralateral brain hemisphere were counted (boxed area and blow up). k) Overview image of NI GSC
xenograft of control (ctr) or ZFAND3 overexpressing cells. GFP positive tumor cells at the edge of the tumor

area were counted as shown in (I). *pvaiie<0.05; **pvaie<0.01; ***praiue<0.001.
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Supplementary Figure 5: ZFAND3 mutant constructs. a) ZFAND3 protein sequence indicating domain
areas and mutant constructs used in this manuscript. b) Validation of expression of ZFAND3 wildtype and
point mutation constructs (M1, M2, M1-M2) in NI GSCs by qPCR (n=3 biologically independent samples) (b)
and Western blot (n=2) (c). Note that for M1, primers in gqPCR did not bind efficiently because of overlapping
point mutations. d) No effect on proliferation was seen with respective constructs (day 3, n=3 biologically
independent experiments). e) In vitro Boyden chamber invasion assays of control cells and cells harboring
mutations in the ZFAND3 zinc finger domains (n=3 biologically independent experiments). (f) Representative
pictures of in vitro Boyden chamber invasion assays. Scale bar = 100 pm. (g) Nuclear localization of ZFAND3
in cells with mutations in zinc finger domains was maintained (n=3). (green: FLAG, blue: DAPI. Scale bars =
10 um). Results are displayed as average +/- SEM and for b) and e) results were analysed with an ordinary
one-way ANOVA. *pvaie<0.05.
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Supplementary Figure 6
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Supplementary Figure 6: qPCRs showing gene expression of general invasion markers upon ZFAND3

finger deletions and mutation in nuclear localization signal. a-d)

zinc-

s

gPCR showing expression of invasion-related genes (CDH2, MMP-2, SNAI2, ZEB1) in NI GSCs upon

modulation of ZFAND3 expression by knockdown (blue) or overexpression of either wildtype ZFAND3 or

knockdown, overexpression

mutant constructs (red). Results are displayed as average +/- SEM and were analysed with an ordinary one-

4) **pvalue<0.01 .

=2

way ANOVA (n

11



Supplementary Figure 7
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Supplementary Figure 7: Analysis of RNA sequencing, BiolD and Co-IP/MS data. a) RNA sequencing
was performed on control HI cells and two knockdown clones (shZFAND3-1 and shZFAND3-2). Differentially
expressed genes were analysed at FDR=0.05, log2FC = -0.5 (n=3 per condition). Venn diagram displaying
downregulated genes upon ZFAND3 KD resulting in 58 common genes in both shZFAND3-1 and shZFAND3-
2. b) Volcano plot of RNA sequencing data of shCtrl compared to shZFAND3-1 HI cells. c) BiolD analysis was
performed in control NI and ZFAND3-FLAG overexpressing NI cells (n=3). GO analysis of the BiolD results
reveals enrichment of specific GO terms classified by cellular compartment. d) Volcano plot of Co-IP/MS
results showing 432 proteins significantly enriched in ZFAND3-FLAG expressing cells compared to cells
expressing FLAG-Tag alone. Two-sample t test was performed with a Benjamini-Hodgberg based FDR < 0.01.
GO analysis reveals enrichment of specific GO terms classified by cellular compartment (e) or biological
process (f) For the GO analysis p-value and g-value cutoff was at 5%, n and minimum 3 proteins per category
as threshold. g) Interaction between 22 common proteins found in ZFAND3-FLAG IP and BiolD were
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determined by network analysis using STRING database. Splicing-related proteins, proteasome related
proteins and nuclear import proteins are highlighted. h) Co-IP/Western blot from NI GSCs overexpressing
either FLAG-tag alone (lanes 1-3) or FLAG-tagged ZFAND3 (lanes 4-9) demonstrating physiologically relevant
protein-protein interaction between ZFAND3 and PUF60. FLAG-antibody was applied for lanes 1-3 and 7-9,

while control IgG antibody was applied to lanes 4-6 (n=3).

Supplementary Figure 8
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Supplementary Figure 8: Target gene expression upon stable overexpression of ZFAND3 and mutant
constructs. gPCRs showing relative expression of ZFAND3 (n=6) (a), COL6A2 (n=8) (b), NRCAM (n=9) (c)
and FN1 (n=9) (d) in HI cells upon ZFAND3 overexpression. No increase in gene expression was observed
upon overexpression of mutant constructs ZFAND3-A1, ZFAND3-A2, ZFAND3-A1A2, or ZFAND3-mutNLS
(n=3). Results are displayed as average +/- SEM and results were analysed with an unpaired, two-sided t-test.
*Praiue<0.05, **Ppraie<0.01, ****pyaie<0.0001.

13



Supplementary Figure 9
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Supplementary Figure 9: Original Western blot membranes corresponding to indicated figures.



Supplementary Tables

Supplementary Table 1: Primer sequences

Gene Forward primer Reverse primer
CDH1 (N-cadherin) GGTGGAGGAGAAGAAGACC GGCATCAGGCTCCACAGT
COL6A2 GACTCCACCGAGATCGACCA CTTGTAGCACTCTCCGTAGGC
EF1a TTGTCGTCATTGGACACGTAG TGCCACCGCATTTATAGATCAG
EGFR CCCACTCATGCTCTACAACCC TCGCACTTCTTACACTTGCGG
FN1 AGGAGCACCACCCCAGACATTACT CCAGGCCGGGACTCAGGTTAT
MMP2 CGTCTGTCCCAGGATGACATC ATGTCAGGAGAGGCCCCATA
NRCAM TCCAACCATCACCCAACAGTC TGAGTCCCATTACGGGTCCAG
NRP1 ACGTGGAAGTCTTCGATGGAG CACCATGTGTTTCGTAGTCAGA
SNAI2 CGCCTCCAAAAAGCCAAACT ACAGTGATGGGGCTGTATGC
ZEB1 TTCACAATTACTCACCTGTCCA TGCGTCACATGTCTTTGATCTC
ZFAND3 CCAGACGATGATTCCGCTCC GCGTGGTTATCGAGGTATTGTT
ZFAND3 (2) CGATAACCACGCCAACTCTT GGACCGTTCCGTATTCTCAA
COL6A2 S1 ChIP TGAGCAAGCCGGACACAGGACA TGGGACTCGCCCCTTGGTA
COL6A2 S2/3 ChIP CAGCCAGGTCGTCCGGGAAAT AGGCTGGAGGAGGTGGAGAG
COL6A2 S7 ChIP TCGGGAGCGGAGCCTCCTCGGGA AGGCTGGAGGAGGTGGAGAG
COLGA S8/9/10 ChIP1 GCGACTTGGGGCCACCTCCC GACCCGAACCGCTCGCAGAC
COLBA2 S8/9/10 ChIP2 CCTGTGGCTCCGCGTCTCTG GTGCCGGGGTCGTCTCGGGAG
NRCAM S1/2/3 ChIP CTAAATCCCAGCCATCCTAGCC CAACCTCCGTCAGCCTGCGA
NRCAM S4/5/6/7/8 ChIP1 | AGCCCATTCGCTGCCGTC CTCCCGCCCTCTCCGCTC
NRCAM S4/5/6/7/8 ChIP2 | GTTGGCCAGGAGGGGAGGAG ACCCTGGCGAAGCGAGGC
FN1 S7 ChIP1 GACCCCTAAGCATGTTGAGAC GAAGGGATTTTTCCCGCAGGTT
FN1 S7 ChiP2 GACCCCTAAGCATGTTGAGAC CACCTTCTTGGAGGCGACAAC

Supplementary Table 2: shRNA sequences against ZFAND3

Cataloge
Name Target Sequence Company Clone ID number

RHS4531_E
shZFAND3-1 ZFAND3 TACAGAACACATAACCGCA Dharmacon V3LHS_363696 G60685
shZFAND3-2 ZFAND3 TAGTGAACTAAGAACAGCG V3LHS_409051

Supplementary Table 3: Antibodies

Target Company Catalog number Purpose and dilution
HA Sigma H6908 WB 1:500 ; IF 1:100
mouse IgG1 Abcam ab18447 Co-IP 7ug/mg beads
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mouse 1gG1 isotype CST 54158 Co-IP 5ug/mg beads
control
FLAG M2 Sigma F1804 Co-IP 5 pg/mg beads, WB
1:1000
Lamin B1 Abcam ab16048 WB 1:1000
P53 Ventana Medical Systems, 790-2912 clone: DO7, ready-to-use
Roche
Vimentin Millipore MAB3400 IHC 1:200
ZFAND3 Atlas Antibodies HPA016755 WB: 1:250 - 1:500; IF
culture: 1:100; IHC 1:50
ZFAND3 Atlas Antibodies HPA016755 IHC: 1:600, IF: 1:1000
(paraffin sections)
GAPDH Cell Signaling 5174S WB 1:10000
COL VI Abcam ab182744 WB 1:000
Fibronectin 1 Abcam ab2413 WB 1:500-1000
NRCAM Cell Signaling 55284 WB 1:500
ZBED4 Bio-Connect orb158740 WB: 1:2000 ChIP
PUF60/Pontin52 Atlas Antibodies HPA059714 WB: 1:500
TIP49/RUVBLA1 abcam ab51500 WB: 1:100
TCOF1/Treacle Atlas Antibodies HPA038237 WB: 1:500
Iba1 Wako Pure Chemical IF: 1:3000
Industries
NeuN Chemicon clone: A60 IF: 1:500
Goat anti Mouse IgG HRP Jackson Laboratory 115-035-003 WB 1:10000
Goat anti Rabbit HRP Jackson Laboratory 111-035-003 WB 1:00000
Goat anti Rabbit IgG Alexa Invitrogen A21428 IF: 1:1000
555
Supplementary Table 4: Constructs
Name used in | Full Plasmid Purpose Origin Cell line
publication name
shScr pGIPZ-sh non Control, non targeting sh Open Biosystems/GE HI
targeting control expressing GFP Dharmacon (NCH601),
HI-2
(NCH465)
shZFAND3-1 pGIPZ- ZFAND3 knockdown mature Open Biosystems/GE HI
shZFAND3-1 antisense: Dharmacon (NCH601),
TACAGAACACATAACCGCA | (V3LHS_363696) HI-2
expressing GFP (NCH465)
shZFAND3-2 pGIPz- ZFAND3 knowckdown Open Biosystems/GE HI
shZFAND3-2 mature antisense: Dharmacon (NCH601),
TAGTGAACTAAGAACAGCG | (V3LHS_409051) HI-2
expressing GFP (NCH465)
Ex-Ctrl Ex-negcon. lentiviral plasmid; GeneCopoeia NI
LV225 EF1promoter-IRES2-eGFP- (NCH644)
IRES-puromycin
Ex-ZFAND3 Ex-ZFAND3- lentiviral plasmid; GeneCopoeia NI
LV225 EF1promoter-ZFAND3- (NCH644)
IRES2-eGFP-IRES-
puromycin
NA pCDH-EF1a- basic lentiviral plasmid for all | System Bioscience NA
MCS-IRES-Neo this paper overexpression (#CD533A-2)
plasmids
Ctrl-HA pCDH-EF 1-HA- HA-tag only control plasmid this paper NI
IRES-neo (NCH644)
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ZFAND3-OE pCDH-EF1- ZFAND3 overexpression with | this paper NI
ZFAND3-HA-neo | C-terminal HA-tag (NCH644)

ZFAND3 A1 pCDH-EF1- ZFAND3 with deletion of this paper NI
ZFAND3_DD1- Znfinger domain1, expression (NCH644)
HA-IRES-neo as HA-tagged protein

ZFAND3 A2 pCDH-EF1- ZFAND3 with deletion of this paper NI
ZFAND3_DD2- Znfinger domain2, expression (NCH644)
HA-IRES-neo as HA-tagged protein

ZFAND3 A1A2 pCDHEF1- ZFAND3 with deletion of both | this paper NI
ZFAND3_DD1D2- | Znfinger domains, expression (NCH644)
HA-IRES-neo as HA-tagged protein

ZFAND3-OE- pCDH EF1- overexpression of ZFAND3 this paper NI

mutNLS ZFAND3mutNLS- | with mutated NLS and HA tag (NCH644)
HA -IRES-neo

ZFAND3-OE- pCDH EF1- overexpression of ZFAND3 this paper NI

mutNLS-NLS ZFAND3mutNLS- | with mutated NLS fused to (NCH644)
NLS-HA -IRES- cMYC NLS (PAAKRVKLDG)
neo and HA tag

NA pcDNA3.1 myc non lentiviral plasmid gift from Kyle Roux NA
BiolD overexpressiong myc- (Addgene plasmid # 35700 ;

BirA(R118G) http://n2t.net/addgene:35700
; RRID:Addgene_35700)

myc-BiolD pCDH-EF1-myc- overexpression of BiolD with | this paper (myc_BiolD was NI

BiolD-IRES-neo N-terminal myc-tag amplified from Addgene (NCH644)
plasmid #35700)

myc-BiolD- pCDH EF1-myc- overexpression of this paper NI

ZFAND3 BiolD-ZFAND3- myc_BiolD-ZFAND3 fusion (NCH644)
IRES-neo protein

Ctrl-Flag pCDH-EF1- Overexpression of 3x Flag This paper NI
3xflag-IRES-neo tag (NCH644)

ZFAND3-OE pCDH-EF1- overexpression of ZFAND3 this paper NI

Flag ZFAND3-3xflag- with a C-terminal 3xflag tag (NCH644)
IRES-neo

ZFAND3_M1 pCDH-EF1- overexpression of mutated this paper NI
ZFAND3_M1- ZFAND3 (C32A + C35A) with (NCH644)
3xflag-IRES-neo a C-terminal 3xflag tag

ZFAND3_M2 pCDH-EF1- overexpression of mutated this paper NI
ZFAND3_M2- ZFAND3 (C176A (NCH644)
3xflag-IRES-neo +C181A)with a C-terminal

3xflag tag

ZFAND3_M1M2 | pCDH-EF1- overexpression of mutated this paper NI

ZFAND3_M1M2- | ZFAND3 (C32A + C35A + (NCH644)

3xflag-IRES-neo

C176A +C181A)with a C-
terminal 3xflag tag
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Supplementary Table 5: Promotor sequences (for Reporter Assay)

COL6A2
CCTGACCCGGGGCCTCTCGCGGGAGGCCTGAGCAAGCCGGACACAGGACACGGGGTAGGGGAGGGGTCGGGGGGCTGATGGG
GGGAACCCTGCACCCCCCAGGGCAGCTGCTACCAAGGGGCGAGTCCCAGGGCCCCCGTCGGCCCTGCGTGCGGGGLCGLGGTCCC
CAACACCCAGGGCCCCGGAGGCGGACACAGCCCCAGCCAGGTCGTCCGGGAAATGGGGCGGGGGCGACGGGLCGG
CCGGGCCCGGGACGCGAAGTCCGAGCAGCAGCGGGCAGGGGCTGGCGGGGGAGCTCGGCC
CGGGCTGCAGGGGGGTCCCCACCCTCTCCACCTCCTCCAGCCTCCCGCCCTCGAGGGTCC
CCGCTTCCCTCCCATCCCCCTCCCGTGCCCCCGGCCCCCTCCTCCCATCCGLGGGGLCGL
AGCGCTTCCTGGCGGCGGGGCGGGTCAGGCCGGCGGGGCGGGGTATAAAGGGGGCGGCGC
CGGCCGCGGTTCCCTCCCTGCTGCTTACTCGGCGCCCGCGCCTCGGGCCGTCGGGAGCGG
AGCCTCCTCGGGACCAGGTGAGCGCCTCCCGGACCCCGCACCCTGGAAGCCGCLTCGGCCC
GCGGGGGGTGACCCCGAGTCCTGGGAAGGCGGCGGCGGCGGCTCCGTCCCTCGGGTCCCC
GGGAAGGGGGACTCCAGCCCCAGGGACGGCGGGGGGCTCGGCGGGTTCGGGGCTCCTCCT
CGCGGGGCTGGGGCCGCGCCTGCCCCTGTGGCTCCGCGTCTCTGGGTCCGACCCTCGGGC
GCGCGACTTGGGGCCACCTCCCCGCGGCCTCCTCTGGGGCGGAGCCGGCCTGGGCGGGGT
GGGGGGGTCCCTGTCTGCGCCCGAGCTCGGTGCTGGGACCCCCGCTCCCGAGACGACCCC
GGCACCGCACGCCCCGCCAGGCCCCGCGTCTGCGAGCGGTTCGGGTCCGGCTCCGGLCCG
CGGGGAAGACGCCCCGGCTGGCTGGGACCTCCGGGGGCGCAGGGCCTCTCCCCGGGLCGG
ACGGAAGGGGCGGCGGGGCGGGGGGAGGAGGGGCTTTCGGTGCCCGAGGGCGGGACTGGG
CGGGGAGGGGACGCGGGTGGCCCCGACGCCCCATCGCTGCGCCCCTCCCGGCCTGGAGCC

COL6A2mut
CCTGACCCGGGGCCTCTCGCGGGAGGCCTGAGCAAGCCGGACACAGGACACGGGGTAGGG
GAGGGGTCGGGGGGCTGATGGGGGGAACCCTGCACCCACCAGGGCAGCTGCTACCAAGGG
GCGAGTCCCAGGGCCCCCGTCGGCCCTGCGTGCGGGGCGCGGTCCCCAACACCCAGGGCC
CCGGAGGCGGACACAGCCCCAGCCAGGTCGTCCGGGAAATGGGGCGATGGCGACGGGCGG
CCGGGCCCGGGACGCGAAGTCCGAGCAGCAGCGGGCAGGGGCTGGCGGTGGAGCTCGGCC
CGGGCTGCAGGGGGGTCCCCACCCTCTCCACCTCCTCCAGCCTCCCGCTCTCGAGGGTCC
CCGCTTCCCTCCCATCCCCCTCCCGTGCCCCCGGCCCCCTCCTCCCATCCGLCGGGGLCGL
AGCGCTTCCTGGCGGCGGGGCGGGTCAGGCCGGCGGCGCGGGGTATAAAGGTGGCGGCGC
CGGCCGCGGTTCCCTCCCTGCTGCTTACTCGGCGCCCGCGCCTCGGGCCGTCGGGAGCGG
AGCCTCCTCGGGACCAGGTGAGCGCCTCCCGGACCCCGCACCCTGGAAGCCGLTCGGCCC
GCGGGTGGTGACCCCGAGTCCTGGGAAGGCGGCGGCGGCGGCTCCGTCCCTCGGGTCCCC
GGGAAGGGGGACTCCAGCCCCAGGGACGGCGGGGGGCTCGGCGGGTTCGGGGCTCCTCCT
CGCGGGGCTGGGGCCGCGCCTGCCCCTGTGGCTCCGCGTCTCTGGGTCCGACCCTCGGGC
GCGCGACTTGGGGCCACCTCCCCGCGGCCTCCTCTGGTGCGGAGCCGGCCTGTGCGGGGT
GTGGGGGTCCCTGTCTGCGCCCGAGCTCGGTGCTGGGACCCCCGCTCCCGAGACGACCCC
GGCACCGCACGCCCCGCCAGGCCCCGCGTCTGCGAGCGGTTCGGGTCCGGCTCCGGLCCG
CGGGGAAGACGCCCCGGCTGGCTGGGACCTCCGGGGGCGCAGGGCCTCTCCCCGGGLCGG
ACGGAAGGCGCGGCGGGGCGGGTGGAGGAGGGGCTTTCGGTGCCCGAGCGCGGGACTGGG
CGGGGAGGGGACGCGGGTGGCCCCGACGCCCCATCGCTGCGCCCCTCCCGGCCTGGAGCC

NRCAM
AAAACAAAACCCCCAAAACCACTCACCCAATCTCAACCACCCCAACTGATGAATTTCGAA
GAAAGTGCTTTTTAAAAAAGAAAAAACTAGAAGACCACAGACCTCCCACAGAAAGCTAAA
CCCATGAGAGTGGCATTCAAAAACTACCCATTTTCTGGAACATCTTTTGTAGCTAAATCC
CAGCCATCCTAGCCCCGGAACACTCCCGCCCTCCGTCCCCGCACCCCCACceLeaLeaeC
ACACGCGCTCGCAGGCTGACGGAGGTTGGCGGTGGGGCGGCCGCTCAGGTGAGGGGCCAC
CCAGTCCCTCGAGGCGCCGGCGGCTGGAGCCCATTCGCTGCCGTCGCAGCAGCAGGGCAA
GAGGGGGTTGGCCAGGAGGGGAGGAGGCGGAGGACGCCCGCAGGGAGTGCGGGGGAGGGG
GACGGGAGGACGCTAAGGAGAGCCGGGAGGGGCAAAAGCACGGCGCGGGGAGGGGGAGCG
GAGAGGGCGGGAGCGGCGGGGGCGCGCGCCGGCGCGGGGCCAGCCTCGCTTCGCCAGGGT
CGCTGGCGGACGCGCGCCGCAGTCCGAGCCTCAGACGCGCGGGCGCGGGGGACGGCGCAG

NRCAMmut
AAAACAAAACCCCCAAAACCACTCACCCAATCTCAACCACCCCAACTGATGAATTTCGAA

18



GAAAGTGCTTTTTAAAAAAGAAAAAACTAGAAGACCACAGACCTCCCACAGAAAGCTAAA
CCCATGAGAGTGGCATTCAAAAACTACCCATTTTCTGGAACATCTTTTGTAGCTAAATCC
CAGCCATCCTAGCCCCGGAACACTCCCGCTCTCCGTCCCCGCACCCACACGCLCCGLLGLC
ACACGCGCTCGCAGGCTGACGGAGGTTGGCGGTGGGGCGGCCGCTCAGGTGAGGGGCCAC
CCAGTCCCTCGAGGCGCCGGCGGCTGGAGCCCATTCGCTGCCGTCGCAGCAGCAGGGCAA
GAGGGGGTTGGCCAGGAGGGGAGGAGGCGGAGGACGCCCGCAGGGAGTGCGGCGGAGGCG
GACGGGAGGACGCTAAGGAGAGCCGGGAGGGGCAAAAGCACGGCGCGGGGAGGCGGAGCG
GAGAGCGCGGGAGCGGCGGTGGCGCGCGCCGGCGCGGGGCCAGCCTCGCTTCGCCAGGGT
CGCTGGCGGACGCGCGCCGCAGTCCGAGCCTCAGACGCGCGGGCGCGGGGGACGGCGCAG

FN1
TCCCTTCCCCCATCCCCTAAAAAGTTTGATGACCGCAAAGGAAACCGAAAAAAAGTTGTC
TTGCCCCAGTCCTGGCGGGCCATCAGCATCTCTTTTGTTCGCTGCGAACCCACAGTCCCC
CGTGACGTCACCCGGAGCCCGGGCCAATCGGCGCGCGGTCGGCTGCGGCGGCCGGLGGGL
GGGCGGGCGGGTGGGGTGGGGCGGGGCGGGGACAGCCCGGCGGGTCTCTCCTCCCCCGCG
CCCCGGGCCTCCAGAGGGGCGGGAGGGGACCGTCCCATATAAGCCCCGGCTCCCGGCGCT
CGGACGCCCGCGCCGGCTGTGCTGCACAGGGGGAGGAGAGGGAACCCCAGGCGCGAGCGG
GAAGAGGGGACCTGCAGCCACAACTTCTCTGGTCCTCTGCATCCCTTCTGTCCCTCCACC
CGTCCCCTTCCCCACCCTCTGGCCCCCACCTTCTTGGAGGCGACAACCCCCGGGAGGCAT
TAGAAGGGATTTTTCCCGCAGGTTGCGAAGGGAAGCAAACTTGGTGGCAACTTGCCTCCC
GGTGCGGGCGTCTCTCCCCCACCGTCTCAACATGCTTAGGGGTCCGGGGCCCGGGCTGCT

FN1_no ATG (used in HEK)
TCCCTTCCCCCATCCCCTAAAAAGTTTGATGACCGCAAAGGAAACCGAAAAAAAGTTGTCTTGCCCCAGTCCTGGCGGGCCATCAG
CATCTCTTTTGTTCGCTGCGAACCCACAGTCCCCCGTGACGTCACCCGGAGCCCGGGCCAATCGGCGCGCGGTCGGLTGCGGLCGG
CCGGCGGGCGGGCGGGCGGGTGGGGTGGGGCGGGGCGGGGACAGCCCGGCGGGTCTCTCCTCCCCCGCGLCCCCGGGLCTCCA
GAGGGGCGGGAGGGGACCGTCCCATATAAGCCCCGGCTCCCGGCGCTCGGACGCCCGCGCCGGCTGTGCTGCACAGGGGGAGG
AGAGGGAACCCCAGGCGCGAGCGGGAAGAGGGGACCTGCAGCCACAACTTCTCTGGTCCTCTGCATCCCTTCTGTCCCTCCACCC
GTCCCCTTCCCCACCCTCTGGCCCCCACCTTCTTGGAGGCGACAACCCCCGGGAGGCATTAGAAGGGATTTTTCCCGCAGGTTGCG
AAGGGAAGCAAACTTGGTGGCAACTTGCCTCCCGGTGCGGGCGTCTCTCCCCCACCGTCTCAAC

FN1mut_no ATG (used in HEK)
TCCCTTCGCCCATCCCCTAAAAAGTTTGATGACCGCAAAGGAAACCGAAAAAAAGTTGTCTTGCCCCAGTCCTGGCGGGCCATCAG
CATCTCTTTTGTTCGCTGCGAACCCACAGTCCCCCGTGACGTCACCCGGAGCCCGGGCCAATCGGCGCGCGGTCGGLCTGCGGLGG
CCGGCGGGCGGGCGGACGGGTGGGGTGAGGCGGGGCCGGGACAGCCCGGCGGGTCTCTCCTCGCCCGCGCCCCGGGLCTCCAG
AGGAGCGGGAGGGGACCGTCCCATATAAGCCCCGGCTCCCGGCGCTCGGACGCCCGCGCCGGCTGTGCTGCACAGGGGGAGGA
GAGGGAACCCCAGGCGCGAGCGGGAAGAGGGGACCTGCAGCCACAACTTCTCTGGTCCTCTGCATCCCTTCTGTCCCTCCACCCG
TCCCCTTCCCCACCCTCTGGCCCCCACCTTCTTGGAGGCGACAACCCCCGGGAGGCATTAGAAGGGATTTTTCCCGCAGGTTGCGA
AGGGAAGCAAACTTGGTGGCAACTTGCCTCCCGGTGCGGGCGTCTCT
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Supplementary Table 9: Anonymized patient demographics

ID Sexe Age diagnosis
1 Male 83
2 Male 43
3 Male 80
4 Male 71
5 Male 65
6 Female 60
7 Male 82
8 Male 52
9 Female 38
10 Female 75
11 Male 80
12 Male 57
13 Male 57
14 Female 35
15 Male 75
16 Female 85
17 Female 72
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