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1 INTRODUCTION

1.1  Epithelial ovarian carcinoma

1.1.1  Characterization of epithelial ovarian carcinoma and its heterogeneity

Epithelial ovarian carcinoma (EOC) is a female cancer. Although not one of the most
common female cancer, it accounts with 207,252 deaths per 313,959 new cases in 2020
one of the highest death rates among gynecological malignancies (Sung et al., 2021).
However, improvements in mortality remain dismal. Over the last decades, it appeared that
EOC cannot be considered as a single disease. EOC are many diseases with genetic,
histological, molecular and prognostic variations (Vaughan et al., 2011). Its complexity
reaches from different cellular origins and histological subtypes with a varied mutational
landscape over molecular subtypes associated with late diagnosis and rare therapy
strategies (Bowtell et al., 2015).

For decades there is a debate about the cellular origin of EOC (Figure 1A). The recent
understanding that separate lesions of origin resemble ovarian tumors has implemented the
differentiated view on EOC as distinct disease entities. Thereby, the intensively discussed
primary lesions of the different histological subtypes could be attributed to ovarian surface
epithelium, cortical inclusion cysts, fallopian tube and endometrial epithelium (Karnezis et
al.,, 2017). Based on this approach, major changes in histotype classification were
established. According to the current report from the World Health Organization (WHO),
EOC can be classified into five major histological subtypes (Figure 1B) including
endometroid, mucinous, clear cell, low-grade serous and high-grade serous (Kurman et al.,
2014). Thereby, high-grade serous carcinoma (HGSC) represents the most common form
of EOC diagnosed in about 70 % of the patients (Kobel et al., 2014; Prat, 2012) and
associated with poor prognosis due to advanced stages at diagnosis, frequent metastatic
spread and missing targeted therapy strategies (Bast et al., 2019; Bowtell et al., 2015; Prat,
2012). Today it is known that tubal lesions are considered as important sites of tumor
initiation for a majority of HGSC cases. Moreover, strong evidence was found that BRCA
(breast cancer 1)-mutated HGSC originates from the normal epithelium of distal fallopian
tubes as well as some non-BRCA-associated carcinomas and implant on the ovary
secondarily (Ahmed et al., 2012; Bowtell, 2010). However, precursor lesions seem to play

an important role in initiation and often emerge with early occurring events like mutations.
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Figure 1: Origin and histotypes of epithelial ovarian cancer (EOC). (A) EOC derives from different
origins, including ovary (ovarian surface epithelium), fallopian tube and endometrium, and consequently
resembles different histological subtypes. Mucinous ovarian cancer mainly arises at the ovary but often
also represents metastasis from the gastrointestinal tract. Endometroid and clear cell cancer are referred
to endometriosis. Low-grade serous carcinomas potentially derive from serous borderline tumors while
the lesion identified for high-grade serous was the fallopian tube. Schematic modified from (Katopodis et
al., 2019). (B) The different histotypes are visualized by immunohistochemistry (IHC) and displayed as
follows (a) high-grade serous carcinoma (HGSC) (b) serous tubal intraepithelial carcinoma (STIC) which
are potential precursors of HGSC (c) low-grade serous carcinoma (LGSC) (d) clear cell carcinoma (CCC)
(e) endometrioid adenocarcinoma (f) mucinous carcinoma. Schematic from (Matulonis et al., 2016).

Although EOC shows a rare mutational landscape, some mutations can be almost
exclusively assigned with one histological subtype. Especially, the most common form of
EOC, HGSCs, exhibits widespread and ubiquitous TP53 mutations, a characteristic found
in 97 % of all analyzed HGSC tumors (Ahmed et al., 2010; TCGA, 2011). TP53 mutation is
the earliest occurring event in the evolution of HGSC which is detected so far. BRCA1 and
BRCA2 germline mutations are defined in 13 % of HGSC (TCGA, 2011). In 50 % of all
HGSC cases, deficiency of homologous recombination (HR) DNA repair pathway was
observed which is partially linked to these early occurring mutations (TCGA, 2011) and
makes HGSC to be prone for PARP (poly-ADP-ribose polymerase) inhibition (Bowtell et al.,
2015). Beside this, HGSC is characterized by a frequent genomic instability and
chromosomal alterations which are exclusively limited to the high-grade serous histotype
and are essential for diagnosis (Prat, 2012). Notably, immunohistochemical assessment
additionally improves the accuracy of histotype determination next to the WHO guidelines
published in 2014 (Kobel et al., 2014; Kommoss et al., 2016; Kurman et al., 2014; Peres et
al., 2018).

Concomitantly, HGSC can be subclassified into four relevant and distinct molecular
subtypes with divers microenvironmental involvement according to microarray-based gene
expression profiling and unsupervised clustering of predominately serous tumors of the
ovary, peritoneum and fallopian tube (Tothill et al., 2008). Several independent studies
validated this molecular subtype classification by defining similar subtypes (Tan et al., 2013;
TCGA, 2011). The different subtypes were summarized by Konecny et al. and collectively
revealed a stroma reactive / mesenchymal (C1), an immunoreactive (C2), a differentiated

(C4) and a mesenchymal / proliferative cluster (C5) (Konecny et al., 2016). Subtype C1 is
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characterized by a stromal activation including intra-tumoral fibroblasts, vascular
endothelial cells and pericytes leading to desmoplasia. This elevated stromal response
thereby is associated with poor prognosis within this subtype. Enriched extracellular matrix
production alters signaling networks as well as immune cell recruitment and function in C1.
A targeted therapy of this subtype is currently addressed in the BEACON trial
(ClinicalTrials.gov Identifier: NCT03363867). This phasell ftrial is evaluating the
combination of cobimetinib, atezolizumab and bevacizumab targeting proliferation through
MEK (mitogen-activated protein kinase kinase) as well as immune escape mechanism
through PD-L1 (programmed cell death 1 ligand 1) and tumor vasculature through VEGF
(vascular endothelial growth factor). In contrast to C1, a high T-cell infiltration seems to
favor outcome and defines the immune reactive subtype C2. This subtype shows an
elevated adaptive immune response and could be identified with markers for T-cell
activation while a high expression of differentiation markers such as CA125 (cancer antigen
125) points to the C4 subtype (Tothill et al., 2008). The C5 subtype represents a
dedifferentiated gene expression signature reflecting a mesenchymal shift and exhibits
several over-expressed transcription factors and proliferative genes like HOX genes,
HMGA2, TCF7L2, CDH2 and CDH3 (Konecny et al., 2016; TCGA, 2011; Tothill et al., 2008).
Deregulation of MYCN, LIN28B, HMGAZ2 and the miRNA let-7 in this subtype was also
shown in another study (Helland et al., 2011). Furthermore, an upregulation of WNT and
cadherin signaling, a loss of E-cadherin-positive transmembrane contacts and low
expression of differentiation marker CA125 and MUC1 are reported, implying a transition
from epithelial to mesenchymal cell properties as a characteristic feature of this subtype
(Tothill et al., 2008). Besides, the C5 subtype was characterized by a downregulation of
immune markers and a low intra-tumoral and -stromal T-cell infiltration accompanied by a
loss of immunogenicity (Tothill et al., 2008). This underpins the lowest survival rates
observed for this subtype (Konecny et al., 2014) while targeted treatment strategies are still
missing.

However, next to the molecular diversity between individual tumors, phenotypic, intra-
tumoral heterogeneity occurs and leads to an inaccurate assessment of prognosis within
the subtypes. This cellular plasticity in HGSC is based on a variety of infiltrated cells and
multiple cell states instead of elicitation by genetic alteration (Hu et al., 2020). Therefore, a
study using single cell sequencing investigated the classification of fallopian tube epithelial
(FTE) cells, which represent the cellular origin of HGSC. This profiling broadened the view
beyond genetic heterogeneity of HGSC and identified four subtypes of FTE cells. Linking
the non-cancerous molecular markers of these subtypes to the cell state of corresponding
cancer cells thereby defined a robust gene expression signature characterizing an EMT-
high subtype of HGSC. Moreover, these EMT-high tumors were associated with poor

prognosis (Hu et al., 2020). Notably, a connection of mesenchymal cell characteristics was
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assigned for the C1 as well as C5 subtype (Konecny et al., 2016). Consequently, the linkage
of phenotypic heterogeneity within tumors to the cells of origin thereby allows a more
accurate prediction of tumor behavior and a better adaption of targeted therapy strategies
(Hu et al., 2020).

1.1.2 The vulnerability of EOC - from diagnosis, current therapy and
targeting occurring resistances

Early diagnosis of EOC is still a problem due to its frequent asymptomatic
progression. While LGSC, MC and EC are usually diagnosed in early stages, the majority
(75 — 80 %), mainly comprising CCC and HGSC, are detected in advanced stages IlI-IV
and are associated with metastatic spread (Bast et al., 2019; Prat, 2012). Overall survival
within five years with advanced stage tumors is less than 30 % (Torre et al., 2018).
Pre-operative screening is based on CA125 levels which exhibits a poor sensitivity for low
volume tumors and raise too late in serum. Screening for CA125 over time and sequentially
transvaginal sonography (TVS) is a more effective way with a higher specificity than single
screening but needs to be improved for the detection at early stages to have an
improvement on mortality (Bast et al., 2020). Besides, CA125 plasma levels vary among
HGSC subtypes with the C5 subtype characterized by a low expression of the CA125
marker (Leong et al., 2015). To increase the sensitivity for early detection, additional
markers are needed (Bast et al., 2020).

In case of abnormal pelvic mass, surgery is still the gold standard for histotyping and
staging. Surgical tumor reduction and chemotherapy are the most important treatment
strategies for ovarian cancer. Prognosis is based on residual tumor mass, stage at
diagnosis and susceptibility to chemotherapy (Coleman et al., 2013). Recurrent disease
occurs with an incidence of approximately 80 % and reflects with acquired chemoresistance
an almost incurable state (du Bois et al., 2009).

According to WHO guidelines, a standard first-line combination therapy with paclitaxel
and carboplatin, respective cisplatin, is recommended to be given to the patients. Frequent
recurrence led to the establishment of a second-line treatment strategy where initial therapy
is categorized into platinum-refractory, platinum-resistant and platinum-sensitive depending
on the time between initial treatment and relapse. Second-line treatment is a combination
of platinum-based chemotherapeutic and paclitaxel, gemcitabine, etoposide or doxorubicin
for patients responding to the initial treatment (Kurman et al., 2014). In case of inefficient
initial platinum-based treatment topotecan, gemcitabine or bevacizumab can be applied
(Coleman et al., 2013).

While HGSC is initially highly responsive to platinum-based therapeutics, recurrent
HGSC often develops resistances over time (Raja et al., 2012). Especially in widespread

and advanced-stage diseases of HGSC resistances occur in up to 90 % of the patients
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(Bowtell et al., 2015). Hence, it is a major advance that histotype-specific clinical trials are
emerging aiming to replace the standardized therapy, which treated ovarian cancer to date
only in general, with better targeted compounds and specifically address resistance
mechanisms. Additionally, biomarkers for the selection of patients benefitting from individual
therapies are needed.

Mutated BRCA in HGSC patients is one of the first established features which allows
selective treatment of BRCA mutation carriers with PARP inhibitors. As part of the HR
pathway, mutated BRCA leads to HR deficiency and DNA damage providing a basis for
platinum sensitivity in highly proliferative cells. Subsequent PARP inhibition leads to further
DNA damage resulting in cell apoptosis and thereby represents a new promising treatment
strategy. Currently, different PARP inhibitors are studied and three are already approved
like olaparib, rucaparib and niraparib in multiple settings showing different toxicity and
application options (Mittica et al., 2018). Especially platinum-sensitive, recurrent patients
with BRCA mutations benefit from a first-line maintenance therapy with PARP inhibitors
after initial platinum-based treatment resulting in a substantially increased progression-free
survival (PFS) (Kuroki and Guntupalli, 2020). There are further phase Il trials with PARP
inhibitors (PRIMA, PAOLA-1, VELIA) prolonging PFS in maintenance therapy irrespectively
of the BRCA or HR mutation status and in combination with standard first-line platinum-
taxane-based chemotherapeutics (Franzese et al., 2020).

Nevertheless, subsequent courses of platinum therapy as well as multiple and
long-term therapy with PARP inhibitors lead to the establishment of resistances. Wide
genomic instability and related copy number changes offer the potential for developing
resistances. Mechanisms by which resistance is facilitated are manifold but worth to
mention in this context is the restoration of BRCA function through secondary mutation and
other components involved in HR like RAD51 (Bowtell et al., 2015; Kondrashova et al.,
2017).

Specifically, in regard of targeting resistances, combinatorial treatment becomes
essentially important. Platinum-resistant recurrence shows a quite low response rate to
monotherapies and other standard platinum-free agents like paclitaxel, doxorubicin and
topodecan (Gordon et al., 2001; Gordon et al., 2004; Markman et al., 2006). Novel
combination approaches in treating platinum-resistant EOC are based on angiogenic
targeting, immune checkpoint inhibition with monoclonal antibodies and kinase inhibitors
(Katopodis et al., 2019; Kuroki and Guntupalli, 2020). For the combination of platinum-free
agents with monoclonal antibodies like the anti-angiogenic bevacizumab (anti-VEGF) in the
AURELIA phase lll trial, an improvement of overall response rate and PFS was observed
although overall survival remained unchangeably dismal (Pujade-Lauraine et al., 2014).
Next to targeting the tumor vasculature, inhibiting mechanisms of immune escape within

the tumor through the use of immune checkpoint inhibitors seems to be a promising tool
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(Kuroki and Guntupalli, 2020). Preclinical observations have shown that anti-angiogenic
therapy enhances T-cell infiltration within the tumor, promotes anti-tumor immunity and
improves the effectivity of immune checkpoint blockade. Together with the reported high
PD-L1 expression on tumor cells with deficiency in homologous recombination, this
represents a rationale for PD-L1 inhibition within HGSC (Nero et al., 2021). Therefore, an
ongoing phase |l trial is currently evaluating the efficacy of the combination therapy of
cobimetinib (MEKi), bevacizumab (VEGFi) and atezolizumab (PD-L1i) in patients with
platinum resistant or refractory HGSC (BEACON frial, ClinicalTrials.gov Identifier:
NCT03363867).

Besides, multiple preclinical studies reported that the SRC kinase confers resistance
to taxane chemotherapeutics and highlighted benefits of its inhibition. Based on this,
another phase lll trial evaluated the combination of paclitaxel and the SRC inhibitor
saracatinib. However, increasing the sensitivity to paclitaxel treatment with the addition of
saracatinib remained unaccomplished in patients with platinum-resistant ovarian cancer
(McNeish et al., 2014). Nevertheless, the SRC kinases possess a protruding role in the
EMT process (Patel et al., 2016) and selected EMT-high tumors were above associated
with poor prognosis (Hu et al., 2020). Referring to the EMT-high signature found in a subset
of HGSC tumors (Hu et al., 2020), HGSC patients selected for an EMT-high subtype
potentially benefit from the respective SRC inhibition.

In sum, there is an ongoing progress seen in developing new combinatorial treatment
strategies, but the heterogeneity and plasticity of the tumor enables multiple adopting
resistance mechanisms. The current need of subtype-specific identification of oncogenic
drivers and targeted combination therapies are among the critical questions of ovarian

cancer (Bowtell et al., 2015; Vaughan et al., 2011).

1.2 From tissue integrity to cancer evolution and spreading

1.2.1  Epithelial-mesenchymal transition

Since metastatic spread is a frequent problem in advanced stage HGSC, epithelial-to-
mesenchymal transition (EMT) becomes important. EMT refers to the dynamic and
reversible process where epithelial cells shift to a more mesenchymal phenotype and
behavior coming along with increased migratory and invasive potential with concomitant
reduced intercellular adhesion (Polyak and Weinberg, 2009). This process occurs during
embryogenesis, wound healing, fibrosis, cancer progression and metastasis. The most
common characteristics of EMT assembled by the EMT International Association are
weakening of cell-cell adhesion and alteration of cell-matrix adhesion, cytoskeletal
reorganization, changes in cell polarity, gain of cell motility and invasiveness (Polyak and
Weinberg, 2009).
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Epithelial cells are phenotypically characterized by an apical-basal polarity mediated
by Par3 (PARD3), Crumbs (CRB1+3) and Scribble (SCRIB), cell-cell adhesion facilitated
by tight junctions, adherens junctions and desmosomes, an extracellular matrix attachment,
a cortical actin cytoskeleton and cytokeratin intermediate filament. Contrary, mesenchymal
cells are defined by a front-back cell polarity, extracellular matrix degradation, migratory
potential and vimentin-based intermediate filaments next to actin stress fibers. Cellular
rearrangement such as detachment of E-cadherin from the plasma membrane are the
earliest occurring events and often lead to a change in the expression of EMT transcription
factors (TFs). SNAI1, SNAI2, TWIST1, ZEB1 and ZEB2 account as the key EMT-TFs which
are also evolutionary conserved (Yang et al., 2020). Different signaling pathways convert
extracellular signals into intracellular gene expression, confer transcriptional activation of
these TFs and thereby maintain a mesenchymal cell state (Dongre and Weinberg, 2019).

Important to mention is that the process of EMT often results in an incomplete,
intermediate cell state whereat gained mesenchymal and remaining epithelial properties
are simultaneously present and can vary between different cells. This leads to a high
phenotypic plasticity which is mediated by diverse stimuli of the cellular microenvironment
and underlies an epigenetic, transcriptional and post-transcriptional regulation to maintain
rapid adjustments. Which mechanisms are generally used and how stable these
intermediate states are, remains unclear. Consequently, the complexity of EMT
appearance, especially partial EMT, cannot be defined by only a few markers. It needs a

cellular, molecular and functional characterization (Yang et al., 2020).

1.2.2 Cell junctions

Cell junctions function as communication networks and barriers mediating adhesion
between neighboring epithelial cells. A classification into communicating, occluding and
anchoring junctions has therefore been established. The connexin-based gap junctions
facilitate a chemical and electrical communication between neighboring cells by allowing an
exchange of small molecules and ions through protein channels (Kumar and Gilula, 1996).
Tight junctions are mainly composed of claudins, occludins and zonular occuldens proteins
and seal cells together to form a diffusion barrier across epithelium and maintain apical
basolateral organization of membrane proteins (Balda and Matter, 2008). Adhesive,
anchoring connections can be formed between cells and between cells and the extracellular
matrix. Cell-matrix adhesion is assembled by integrin-based focal adhesion structures and
hemidesmosomes enabling cellular attachment, migration and dynamic tissue
rearrangement (Berrier and Yamada, 2007). Intercellular adhesion is constituted of
cadherin-mediated adherens junctions or desmosomes linking contact sites to the actin
cytoskeleton or intermediate filament system. While desmosomes mediate intercellular

stability, adherens junctions transmit mechanical forces and extracellular stimuli into
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intracellular signaling (Harris and Tepass, 2010; Hatzfeld et al., 2017). Disruption of these
well-organized structures is part of the EMT process and represents the most obvious,

phenotypic change providing the basis for a tumor to metastasize.

1.2.3  Adherens junctions in adhesion and cancer

Adherens junctions (AJs) mediate stable cell-cell adhesion within tissues while
concomitantly underlying a dynamic, fine-tuned balance of permanent assembly and
recycling (Kowalczyk and Nanes, 2012; Le et al.,, 1999). This enables a constant AJ
maintenance while exhibiting a high plasticity allowing remodeling of adhesion and indirectly
even movement through AJ dynamics. Moreover, these dynamic membrane structures also
facilitate cell polarity, cell shape, tissue structure and stability as well as intercellular
communication and contact inhibition of proliferation (McClatchey and Yap, 2012; Takeichi,
2014).

AJs are composed of transmembrane cadherins and intracellular catenins linked to the
actin cytoskeleton (Figure 2A). Cadherins are important to facilitate homophilic calcium-
dependent interaction between neighboring cells via five extracellular domains. Classical
cadherins, important to highlight here, mainly comprise the epithelial cadherin (E-cadherin,
CDH1) expressed in all epithelial tissues, the neuronal cadherin (N-cadherin, CDH2) found
in neuronal and muscle tissue and the vascular epithelium cadherin (VE-cadherin, CDH5)
present in endothelial cells (Harris and Tepass, 2010; Pokutta and Weis, 2007). A common
characteristic is the ability of cadherin switching which occurs during the development as
well as pathogenic processes like cancer evolution allowing cells to separate from each
other due to its preference of homophilic cadherin-cadherin interaction (Halbleib and
Nelson, 2006).

The most prominent switch is the exchange of CDH1 through CDH2 during the process
of EMT (Halbleib and Nelson, 2006; Wheelock et al., 2008). Moreover, CDH1 was found to
bind to the EGFR (epidermal growth factor receptor) and other growth factor receptors to
facilitate growth suppression by inhibiting EGF signaling (Qian et al., 2004). A switch in
membrane-bound cadherins will consequently alter growth stimulation. Hence, there are
several studies indicating that CDH2 associates with FGFR (fibroblast growth factor
receptor) preventing its internalization and thereby raising growth stimulation and
consequently enabling tumor proliferation (Suyama et al., 2002; Wheelock et al., 2008).
Along with this, a loss of CDH1 is associated with poor prognosis and clinical outcome
(Faleiro-Rodrigues et al., 2004).

Next to the extracellular domain of cadherins mediating cell-to-cell adhesion, the
cytoplasmic tail of all cadherins is highly conserved and associates with the armadillo
domain of B-catenin (CTNNB1). Together with a-catenin (CTNNA1) the adhesion structures
are linked to the actin cytoskeleton (Pokutta and Weis, 2007). As stabilization factor, p120-
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catenin (CTNND1) associates with different cadherins to prevent contact disassembly via
clathrin-mediated endocytosis mediated by Numb and Hakai-dependent ubiquitination
(Davis et al., 2003; Fujita et al., 2002; Ishiyama et al., 2010; Kourtidis et al., 2013; Kowalczyk
and Nanes, 2012; Sato et al., 2011; Yap et al., 1998). Due to a lack of the catenin-typical
armadillo domain, CTNNA1 is not able to directly bind cadherins (Coates, 2003). It was
primarily thought that CTNNA1 directly binds CTNNB1 and links the AJ structure to the actin
cytoskeleton but simultaneous binding of CTNNA1 to CTNNB1 and actin was
conformationally excluded (Pokutta and Weis, 2007; Yamada et al., 2005). However, there
is strong evidence that CTNNA1 certainly coordinates the actin dynamics and thereby
facilitates the connection of AJ structures to the actin cytoskeleton during AJ assembly and
rearrangement although the underlying mechanism is not precisely elucidated and validated
yet (Adhikari et al., 2018; Chen et al., 2015; Desai et al., 2013; Drees et al., 2005; Hansen
et al., 2013; Ishiyama et al., 2018).

The remodeling of actin dynamic also shapes the form and morphology of AJ
appearance reaching from punctuate junctions to linear contacts. In epithelial tissue mature
contacts exhibit linear actin filaments which are arranged in parallel to the plasma
membrane. Punctuate junctions are characterized through a zipper-like contact structure
facilitated by actin filaments terminating at the membrane-associated AJ complex and are
mainly found in loose tissues, under tissue remodeling and often between mesenchymal
cells (Takeichi, 2014).

Next to CTNNAT1 also Rho-GTPases play a crucial role during actin remodeling, in actin
polymerization as well as actomyosin contraction and AJ assembly (Takeichi, 2014).

The process of AJ assembly, based on different published models, was
comprehensively summarized by Harris and Tepass et. al as well as Takeichi et al. and will
be described in the following (Harris and Tepass, 2010; Takeichi, 2014) (Figure 2B).
Assembly of AJs can be categorized in three fundamental steps: RAC-dependent initial
clustering (1), RHO-dependent contact expansion (II) and AJ maturation (lIl). Association of
cadherins and catenins already begins in the endoplasmic reticulum (ER) (Curtis et al.,
2008). After their transport to the plasma membrane, cadherin-catenin complexes cluster
and thereby induce the activation of the small GTPase RAC1 (Ras-related C3 botulinum
toxin substrate 1) via its guanine nucleotide exchange factor (GEF) TIAM1 (T lymphoma
invasion and metastasis-inducing protein 1) (Malliri et al., 2004; Nakagawa et al., 2001).
Active RAC1 further recruits WAVE2 (WASP-family verprolin homologue 2) which activates
ARP2/3 (actin-related protein 2/3) leading to actin polymerization and the formation of
lamellipodia. These cell protrusions push the membrane outwards and promote initial cell-
cell contact assembly (Yamazaki et al., 2007). In the next step, the fine-tuned balance
between RAC1- and RHOA-dependent signaling, mediated through CTNND1 by recruiting
the GTPase activating protein (GAP) p190RhoGAP, shifts to RHOA activation to facilitate
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contact expansion (Wildenberg et al., 2006; Yamada and Nelson, 2007). At the same time,
recruitment of Par3 (partitioning defective 3 homologue) to the site of contact initiation
causes inhibition of RAC1 by sequestering TIAM1 (Chen and Macara, 2005).
Concomitantly, the concentration of CTNNA1 at the membrane increases which leads to
actin dimerization. These homodimers inhibit ARP2/3 and promote actin bundling (Drees et
al., 2005; Yamada et al., 2005). Together with actomyosin, CTNNA1 reorganizes the actin
network by promoting the formation of contractile actin bundles which results in contact

maturation accompanied by shortening of the initial contacts (Drees et al., 2005).
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Figure 2: Adherens junction assembly and disassembly. (A) The core molecular structure of Ads
comprises the calcium-dependent transmembrane cadherins (CDHs) which are linked to (-catenin
(CTNNB1). This structure is stabilized by p120-catenin which binds to cadherin and CTNNB1. a-catenin
(CTNNA1) connects AJs to actin cytoskeleton where it can either bind to CTNNB1 or actin and thereby
mediates the linkage by a not yet fully elucidated mechanism. Schematic modified from (Takeichi,
2014).(B) The process of AJs assembly can be divided in three essential steps: RAC-dependent contact
initiation, RHOA-dependent contact expansion and contact maturation. Initial clustering of cadherins and
catenins stimulate RAC1 activation via TIAM1, this further recruits WAVE1/2 to drive ARP2/3-dependent
actin polymerization for lamellipodia formation. In an PAR3- and p190RhoGAP-dependent manner, the
mutual exclusive equilibrium between RAC1 and RHOA activity shifts to RHOA for contact expansion.
CTNNA1 together with actinomyosin facilitate the formation of contractile actin bundles leading to contact
maturation. AJs disassembly can be induced by various factors whereat SRC induced TIAM1 inhibition
resulting in the AJs disruption is indicated here. Essential drivers of AJs assembly and disassembly
interfering with each other are highlighted in blue (assembly) and red (disassembly). Schematic modified
from (Harris and Tepass, 2010; Woodcock et al., 2009).

Next to their function in AJ structure, each protein fulfills a various role in the
disassembled state with a diverse outcome for tumor progression. Especially the
interconnected functions of cytoplasmic and nuclear catenins unroll an underestimated
crosstalk between adhesion, migration and transcriptional regulation (McCrea and Gottardi,
2016). Cytoplasmic CTNNB1 can either be degraded or translocate to the nucleus.

Degradation is mediated through GSK3B (glycogen synthase kinase 3 beta) which
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phosphorylates CTNNB1 at Ser33, 37 and Thr41 in complex with AXIN and APC priming it
for ubiquitination via BRTC (B-transducing repeat-containing protein) (Price, 2006). If
canonical WNT signaling is stimulated, CTNNB1 translocates to the nucleus where it
transduces the WNT signal and activates TCF/LEF1-driven (T cell factor/lymphoid enhancer
factor family) transcription of proliferative genes (Willert and Jones, 2006).

Studies with CTNND1 demonstrated that it also responds to WNT signaling in a similar
manner as CTNNB1 regarding its degradation or nuclear translocation with the difference
of its isoform-specific sensitivity to WNT signals (Hong et al., 2016; Hong et al., 2010;
Venhuizen et al., 2020). Nuclear CTNND1 was associated with anoikis resistance (Daniel
and Reynolds, 1999; Park et al., 2005; van de Ven et al., 2015) and impairment of
differentiation (Hosking et al.,, 2007; Lee et al., 2014). Next to its nuclear functions,
CTNND1, as regulator of Rho family GTPases, seems to switch between facilitating contact
stabilization and promoting cell migration in its cytoplasmic form by activating RAC1 and
CDCA42 (cell division cycle 42) and inhibiting RHOA (Cheung et al., 2010; Johnson et al.,
2010; Noren et al., 2000).

Interestingly, a dual role is also found within RAC1. Depending on its activation factor,
RAC1 can transfer upstream signals into differing cellular responses. In combination with
the GEF TIAM1, RAC1 facilitates an early step in the process of AJ assembly inducing
adhesion while an activation of RAC1 by PREX1 (Phosphatidylinositol 3,4,5-trisphosphate-
dependent Rac exchange factor 1) promotes cell migration (Marei and Malliri, 2017).

In contrast to the other catenins, cytoplasmic CTNNA1 seems to function as tumor
suppressor by inhibiting the WNT signaling through binding to APC and thereby promoting
the degradation of cytoplasmic CTNNB1 (Choi et al., 2013). Additionally, CTNNA1 was
shown to bind phosphorylated, cytoplasmic YAP1 (Yes-associated protein 1) to prevent its
dephosphorylation and subsequent nuclear translocation for the stimulation of proliferative
gene expression which will be assessed in more detail under 1.4 (Schlegelmilch et al., 2011;
Silvis et al., 2011; Sun et al., 2014).

The switch between adhesion and the cytoplasmic respective nuclear function is tightly
regulated on various levels such as transcription, by recycling via clathrin-mediated
endocytosis, post-transcriptional and post-translational modifications or during the
assembly process.

It is known that cadherins underlie a continuous recycling process via clathrin-mediated
endocytosis allowing a constant exchange of cadherin proteins and a simple replacement
by other cadherins. The expression of different cadherins between neighboring cells
enables them to separate from each other which plays an important role during metastasis.
Key modulators are the Rab proteins (Chung et al., 2014; Klymenko et al., 2017; Le et al.,
1999; Wheelock et al., 2008). Beyond that, the post-translational phosphorylation

represents an essential regulation mechanism of AJ modulation by influencing their protein-
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protein interaction within contact structures. Phosphorylation is mainly facilitated through
kinases phosphorylating either serine/threonine (Ser/Thr) or tyrosine (Tyr) residues
(Bertocchi et al., 2012). Early studies showed that an overall inhibition of Tyr-kinases
facilitated a cadherin-dependent AJ stabilization assigning Tyr-kinases an essential role in
AJ turnover, especially for the SRC kinase (Matsuyoshi et al., 1992; Owens et al., 2000).
Supporting this, overall inhibition of phosphatases led to a dramatic increase in cadherin
and catenin phosphorylation resulting in the disassembly of cell colonies into single cells
(Ozawa and Kemler, 1998). Contrary, phosphorylation was also seen having a positive,
strengthening effect on adhesion in keratinocytes (Calautti et al., 1998).

With this dual view on phosphorylation events and their consequence for cell-cell
adhesion, it is important to address phosphorylation sites in detail. Here, the focus is drawn
on phosphorylation negatively associated with adhesion mediated by the SRC kinase. One
of the most relevant phosphorylation sites displays the one within cadherins which disrupts
their association with CTNNB1 and CTNND1 and subsequently AJ contact structures. It
was described that SRC phosphorylation of CDH1 at Tyr860 leads to its degradation by
facilitating binding of the E3 ligase Hakai to CDH1 for ubiquitinoylation (Fujita et al., 2002).
A conservation of this phosphorylation site was also found within CDH2 where this
phosphorylation results in a dissociation of CTNNB1 from CDH2 within contact structures
(Lilien et al., 2002; Qi et al., 2006). A similar event was described for the endothelial CDH5,
where an Tyr658,731-phosphorylation reduces the interaction with CTNNB1 and CTNND1.
Interestingly, this phosphorylation within CDH5 decreased the interaction with CTNND1 and
thereby shifting the affinity of CTNND1 binding to CDH2 indicating a switch between
vasculature establishment and migratory potential (Hatanaka et al., 2011; Potter et al.,
2005). Furthermore, catenin phosphorylation also interferes with AJ maintenance.
Phosphorylation of CTNNB1 at Tyr654 further disrupts AJs indicated by affecting its binding
to CDH1 (Daugherty and Gottardi, 2007; Roura et al., 1999). CTNND1 is regulated in
various ways including an interconnected feedback regulation between Ser/Thr- and Tyr-
phosphorylation which seems to fulfill mutually exclusive functions. Notably, CTNND1
exhibits a phosphorylation domain containing eight tyrosine phosphorylation sites which can
be induced by the SRC kinase (Mariner et al., 2001). Especially Tyr228 phosphorylation
was mainly associated with a pro-tumorigenic role apart from adhesion (Kourtidis et al.,
2015; Ma et al., 2012).

Not only direct phosphorylation of AJ proteins is responsible for AJ internalization and
turnover. The SRC kinase is also involved in AJ disassembly by directly affecting the
continuous assembly process through phosphorylating TIAM1 at Tyr384. This
phosphorylation depicts a binding site for GRB2 (growth factor receptor bound protein). In
complex with SOS1 (SOS Ras/Rac guanine nucleotide exchange factor 1) it stimulates ERK

(extracellular signal-regulated kinases) activation which elicits proteolytic degradation of
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TIAM1. Loss of TIAM1 enables a shift in AJ maintenance from the formation process to AJ
turnover and is above required for cell migration (Woodcock et al., 2009). Besides,
phosphorylation of RAC1 at Tyr64 is reported to be also directly conducted by SRC and
FAK leading to its inactivation to control and balance cell shape and migration (Chang et
al., 2011).

Thus, AJs are dynamic intercellular connections facilitating tissue integrity and signal
transduction from the microenvironment to nuclear responses. Their high plasticity allows a
constant adaption of adhesion and even cell movement regulated through GTPases and

phosphorylation events involving the SRC kinase.

1.3  The role of the oncogene SRC in cancer and therapy

1.3.1 SRC kinase activation and signaling during metastasis

The SRC kinase is a non-receptor tyrosine kinase and refers to one of the oldest
oncogenes which shows a high abundance and activation in a plethora of tumor entities
and correlates with tumor progression (Summy and Gallick, 2003). Notably, SRC activity
was frequently upregulated in ovarian cancer and associated with advanced stages
(Simpkins et al., 2012; Wiener et al., 2003). Since a large set of SRC substrates were
identified over the last decades, the kinase is involved in multiple cellular processes and
signaling pathways. The historic discoveries describing SRC’s molecular action
mechanisms are summarized by Martin and Yeatman and will be reviewed in the following
(Martin, 2001; Yeatman, 2004). To fulfill its functions, SRC facilitates transient protein-
protein interactions with its substrates via its N-terminal SH3 and / or SH2 (SRC homology
3 + 2) domain to mediate tyrosine phosphorylation with its catalytic domain. While the SH3
domain is characterized to bind proline-rich motifs, the SH2 domain preferentially
associates with phosphorylated tyrosine residues. SRC’s kinase activity is positively and
negatively controlled by its C-terminal regulatory domain exhibiting two Tyr-phosphorylation
sites. While Tyr530 (human) interacts intramolecular with the SH2 domain to maintain an
inactive, closed conformation of SRC, the phosphorylation of Tyr419 (human) is induced by
an open conformation and is essential for the full activation of the SRC kinase (Figure 3).

Due to its wide cellular crosstalk, signaling- and location-specific regulation of SRC
activity is important which is achieved by the numerous activation mechanisms and factors.
The conformation-dependent activation of SRC can be promoted by direct
dephosphorylation of Tyr527, most prominently by the phosphatases CSK (C-terminal SRC
kinase) and PTPN1 (protein tyrosine phosphatase non-receptor type 1) opening the
inactive, closed conformation (Bjorge et al., 2000; Okada, 2012). Recruiting of SRC to
growth factor receptors like EGFR, FGFR, PGFR and HER2 (epithelial, fibroblast, platelet

and human epithelial growth factor receptor) was also associated with stimulated SRC
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activation (Bromann et al., 2004; DeMali et al., 1999; Landgren et al., 1995; Tice et al.,
1999). Considering the low affinity interaction of Tyr530 with the intramolecular SH2
domain, a ligand with a high affinity either for the SH3 or SH2 domain can disrupt this
interaction by competing for binding within these domains (Yadav and Miller, 2007).
Reported SRC substrates are for instance PXN (paxillin), HCK, FAK (focal adhesion kinase)
as well as the RNA-binding proteins hnRNPK (heterogeneous nuclear ribonucleoprotein K)
and SAM68 (KHDRBS1) (Frisone et al., 2015; Moarefi et al., 1997; Ostareck-Lederer et al.,
2002; Thomas et al.,, 1998; Weng et al., 1993; Yadav and Miller, 2007). In summary,
promoting the opened conformational state of the SRC kinase enables autophosphorylation
of Tyr419, essential for full kinase activity (Martin, 2001; Yeatman, 2004).

Basal activity Activated kinase

SH3-binding
QG

7

SH2-binding
ligand

phosphorylation

dephosphorylation

Figure 3: Activation of the SRC kinase. In its inactive form, the membrane bound SRC kinase exhibits
a closed conformation interacting intramolecular with a phosphorylation of tyrosine 530 (Y530) and its SH2
domain. Activation of SRC can be facilitated by different mechanism including dephosphorylation of Y530,
phosphorylation of Y419 or ligand binding to either SH2 or SH3 or both and thereby induces an
conformational shift. The open conformation then enables autophosphorylation of Y419 which is essential
for its full activity. Schematic modified from (Martin, 2001; Yeatman, 2004).

The main functions of SRC comprise the regulation of cell adhesion, the stimulation of
cell migration and invasiveness and thereby enable metastasis while proliferation and tumor
growth seems to remain unaffected by SRC (Boyer et al., 2002; Criscuoli et al., 2005;
Guarino, 2010; Yeatman, 2004). Next to its destructive role for AJ-mediated cell-cell
adhesion, SRC was further described to be part of the focal adhesion (FA) complex which
mediates adhesion between cells and the extracellular matrix (ECM). Changing from a
connective tumor to the spreading of single cells during metastasis requires the loss of
intercellular adhesion followed by the modulation of integrin-based adhesion as described
above (1.2.1) (Fincham and Frame, 1998). FAs are mainly composed of transmembrane
integrins which are linked to the actin cytoskeleton via structural proteins like PXN, TLN1
(talin), VCL (vinculin), TNS1 (tensin) and ACTN1 (a-actinin). Several signaling molecules

are transiently recruited to the site of FAs mainly comprising tyrosine kinases and
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phosphatases. The most prominent ones are SRC, FAK and CSK (Playford and Schaller,
2004; Wozniak et al., 2004). CSK and FAK are essential to activate and direct SRC SH2-
dependently to its substrates within FAs. SRC then phosphorylates PXN, while interacting
via the SH3 domain with a proline-rich motif, as well as CAS (CRK-associated substrate)
(Weng et al., 1993; Wu et al., 2015; Xing et al., 1994). This phosphorylation of CAS and
PXN creates docking sites for several SH2-containing proteins which further initiate integrin-
mediated signaling and multiple other signaling cascades. The concomitant activation of
Rho-GTPases has an extensive impact on the cytoskeletal and morphological remodeling
including FA turnover which refers to the repetitive process of continuous formation and
disruption of FAs, enabling cell motility and migration (Fincham and Frame, 1998; Playford
and Schaller, 2004; Timpson et al., 2001; Weng et al., 1993; Wozniak et al., 2004; Wu et
al., 2015; Xing et al., 1994; Yeatman, 2004). The ability of cells to migrate represents the
basis for invasion. Thereby, SRC seems to mediate the activation of metalloprotease
MMP-2 and expression as well as segregation of MMP-9, which are essential for the
degradation of the ECM, indirectly via the FAK-SRC complex stimulating JNK signaling and
RAC1 activation (Cortes-Reynosa et al., 2008; Guarino, 2010; Hsia et al., 2003).

As mentioned above, the SRC-driven phosphorylation followed by the recruitment of
SH2-containing proteins assemble signaling complexes and transduce a network of
signaling pathways. One pathway that can be further stimulated by SRC activation is the
MAPK pathway (RAS-RAF-MEK-ERK pathway) indicated in several publications. (Hu et al.,
2009; Stokoe and McCormick, 1997; Tran and Frost, 2003). SRC can stimulate RAF (rapidly
accelerated fibrosarcoma) activation, directly or via repression of the RAF 1 inhibitory protein
PP2A, which further pronounce activity of MEK1/2 (mitogen-activated protein kinase kinase;
MAP2K1/2) and, consequently, ERK1/2 (extracellular signal-regulated kinase 1/2;
MAPK3/1) within a phosphorylation cascade. Classically, the pathway is stimulated by
mitogen- and growth factor-induced signals, transduced by RAS GTPases activating the
phosphorylation cascade which leads via RAF1 and MEK1/2 to the nuclear translocations
of ERK1/2. Within the nucleus ERK triggers for instance TCF/SRF-driven transcription by
indirectly enhancing the DNA binding activity of the TF SRF (serum response factor) and
facilitates the phosphorylation of TCFs (ternary complex factors) which are required for the
association with SRF (Lavoie et al., 2020). Inducing the transcription of a plethora of genes,
however, ERK-stimulated gene expression essentially facilitates cell growth and
proliferation. Due to the fine-tuned and complex regulation, the pathway thereby controls
cell cycle and apoptosis. An upregulation of ERK activity was frequently observed in HGSC

patients and associated with a simultaneous SRC activation (Simpkins et al., 2018).
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1.3.2 Targeting SRC and ERK signaling in EOC

Early studies with an ovarian cancer cell line have shown that an inhibition of SRC
modulated cell shape, decreased the invasive potential and reduced anchorage-
independent growth which is a characteristic feature of cell detachment (Konecny et al.,
2009). Mouse models even indicate a decreased tumor growth in the absence of SRC
activity (Wiener et al., 1999). Additionally, the SRC inhibitor saracatinib was shown to exhibit
anti-tumor activity in HGSC preclinical studies with mouse xenografts (Simpkins et al.,
2012). Clinical trials (ClinicalTrials.gov Identifiers: NCT01196741, NCT00610714) further
investigated saracatinib in combination with paclitaxel and additionally carboplatin in
ovarian cancer but failed to essentially improve PFS and overall survival. There was also
no improvement on the activity of paclitaxel in patients with platinum-resistant ovarian,
fallopian tube or primary peritoneal cancer (McNeish et al., 2014). Following studies
indicated that the initially seen benefits were shadowed by occurring resistances to
saracatinib. Addressing the molecular mechanism in ovarian cancer cell lines, revealed that
saracatinib resistance was driven by the activation of MAPK signaling (RAS-RAF-MEK-ERK
pathway) accompanied by a reduction of NF1 (neurofibromin 1) expression and elevation
of HER2 (human epidermal growth factor receptor 2) and ISNR (insulin receptor). Inhibition
of MEK with selumetinib diminished ERK activity and proved beneficial for re-sensitizing
saracatinib-resistant cells. Even synergistic effects were observed for the combination of
saracatinib and selumetinib in 2D colony growth assays with resistant and sensitive cells
providing a potential combination strategy in treating ovarian cancer. Additionally, the lack
of suitable biomarkers for this combination therapy is highlighted and further investigations
of markers for patient selection for clinical trials are requested (McGivern et al., 2018).

Based on these in vitro experiments, another study demonstrated a co-activation of
SRC and ERK in 31 % of HGSC tumor samples from the TCGA and associated the
increased activity with poor prognosis and survival. Moreover, dual inhibition of SRC and
MEK using saracatinib and selumetinib decreased tumor volume and latency compared to
monotherapies in vivo by the targeting tumor-initiating stem cells (Simpkins et al., 2018).
Similarly, another in vivo experiment treating nude mice, suffering from SK-OV3 and
OVCAR-3-based tumors, with saracatinib and selumetinib could verify the effects of a
combined treatment compared to the respective monotherapies. A subsequent
immunohistochemical analysis of the initiated tumors for SRC and ERK activity revealed an
upregulation of CDH1 exclusively after dual treatment indicating a reversion of the SRC-
and ERK-induced EMT seen in their study (Fang et al., 2017). Notably, selumetinib was
also already tested individually in a clinical trial (ClinicalTrials.gov Identifier: NCT00551070)
to control tumor growth and was shown to be well tolerated in patients with ovarian and

peritoneal tumors suggesting it for further application in combination therapies (Farley et
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al., 2013). Notably, preclinical studies have shown that MEK inhibition additionally sensitize
for PARP inhibition (Sun et al., 2020).

However, inhibition of SRC and ERK essentially targets two major regulators, involved
in EMT and proliferation, with tremendous impact on tumor growth an metastasis (Lavoie
et al., 2020; Patel et al., 2016). Especially, the deregulation of SRC leads to AJs turnover
and thus to lost adhesion enabling tumor spreading (Matsuyoshi et al., 1992; Woodcock et
al., 2009) as well as loss of contact inhibition of proliferation which in turn favors proliferation

and tumor growth (McClatchey and Yap, 2012).

1.4  Conferring AJ-mediated signals to gene expression with the
hippo pathway

The hippo pathway is an important signaling pathway connecting AJs to gene
expression in a density-dependent manner mediating contact inhibition of proliferation (CIP)
to sustain tissue homeostasis. Contact inhibition refers to the regulatory mechanism which
arrests cell growth when cells come in contact with each other and reach a certain density,
important to limit organ growth and during regeneration (McClatchey and Yap, 2012).
Uncontrolled growth is a characteristic of tumors to continue cell growth under high density
conditions and accounts as a cancer hallmark (Hanahan and Weinberg, 2011). So it
appears obvious that the pathway was found to be deregulated in a variety of tumors (Han,
2019). In the view of ovarian cancer, an upregulated expression of the main effector of a
dysregulated hippo pathway YAP1 was associated with poor prognosis in HGSC (Cho et
al., 2017; Wang et al., 2020). Also, YAP’s nuclear activity was found to decrease survival
and could be connected with resistance to current chemotherapeutics in ovarian cancer
(Hall et al.,, 2010; Xia et al., 2014; Zhang et al., 2011). Considering the mutational
background of TP53 in HGSC and the evidence of a crosstalk between YAP1 and TP53, it
is tempting to speculate that deficient TP53 protein affects correct YAP1 protein localization,
stability and thus its transcriptional activity (Raj and Bam, 2019).

The hippo pathway is highly conserved in mammals and consists of a core signaling
cascade including MST1/2 (macrophage stimulating 1 and 2 or serine threonine kinase 4
and 3, STK4/STK3), SAV1 (salvador family WW domain containing protein 1), MOB1A/B
(MOB kinase activator 1 A/B) and LATS1/2 (large tumor suppressor kinase 1 and 2) to
control YAP1/WWTR1 (Yes-associated protein 1 / WW domain containing transcription
regulator 1; TAZ) (Figure 4). The kinases MST1/2 and subsequently LATS1/2 facilitate
phosphorylation of YAP1 at Ser127 to sustain the cytoplasmic retention of the
YAP1/WWTR1 complex. In contrast, unphosphorylated YAP1/WWTR1 translocates to the
nucleus and acts as a transcriptional co-activator of TEAD1-4-driven (TEA domain

transcription factor 1 - 4) gene expression (Yu and Guan, 2013). Moreover, YAP1/WWTR1
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seems to stimulate a negative feedback loop by directly stimulating in combination with
TEADs LATS2 expression and concomitantly its activation by NF2 induction (Moroishi et
al., 2015). Several studies postulated gene signatures associated with YAP1/WWTR1-
driven gene expression referring to various cellular processes and signaling pathways (Galli
et al., 2015; Stein et al., 2015; Wang et al., 2018; Zanconato et al., 2015) pathways. The
most validated transcriptional targets of TEAD-driven gene expression are: BIRC2/5,
CCN1/2, BDNF, FGF1, EGF, AREG and AMOTLZ2 associated with cell proliferation and
survival (Hansen et al., 2015; Zhao et al., 2010). Next to the major TFs, also SMADs, RUNX,
PAX and TP63/73 are reported to be activated by YAP1/WWTR1 (Hansen et al., 2015) .
Notably, although sharing high similarities in regulation and on their transcriptional targets,
YAP1 and WWTR1 are described to differ primarily in their significance on downstream
functions. The effect on cell spreading, migration and proliferation and even target gene
expression was much stronger triggered by YAP1 compared to WWTR1 (Plouffe et al.,
2018).
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Figure 4: The hippo pathway and its extracellular stimulation. Hippo signaling is sensitized to different
extracellular stimuli from the microenvironment including mechanical stress, cell contact, cell polarity
mediated through different polarity complexes and cell-cell junctions such as tight junctions (TJs) and
adherens junctions (AJs). The TJs associated protein AMOT as well as the AJs protein CTNNA1 thereby
contribute to YAP’s cytoplasmic retention. Extracellular stimuli are mainly transduced by the complex of
WWC1 (KIBRA), NF2 (Merlin) and FRMDG6 (FERM) to activate the core components of the hippo pathway.
The core signaling cascade mediates phosphorylation through its kinases MST1/2 and LATS1/2 together
with the adapter proteins SAV and MOB1 aiming to phosphorylate YAP/TAZ for its cytoplasmic retention
or further degradation. Unphosphorylated YAP/TAZ translocates to the nucleus to associate with the TFs
TEAD1-4 to activate transcription of proliferative and anti-apoptotic genes. VGLL4 and PTN14 inhibit
YAP/TAZ stimulated gene expression within the nucleus as well as several other factors located in the
cytoplasm. Schematic modified from (Kim and Jho, 2018).
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Due to its importance on tissue integrity, the mechanisms regulating the hippo pathway
are quite diverse and mainly depend on extracellular stimuli. Especially, intracellular
junctions, AJs as well as TJs are essential for transducing extracellular signals to the hippo
pathway while their disruption leads to the nuclear localization of YAP1/WWTR1. Early
studies have already connected cadherin structures in mediating contact inhibition of
proliferation and linked their disruption to YAP1 activity (Kim et al., 2011; Yu and Guan,
2013). FRMD6 (FERM Domain Containing 6; also known as Ex) and NF2 (neurofibromin 2;
also known as Merlin) co-localize with AJs, in complex with WWC1 (WW domain-containing
protein 1; also known as KIBRA). In the Expanded-Merlin-KIBRA complex they recruit
LATS1/2 and SAV1 to activate the hippo pathway (Kim and Jho, 2018; Yu and Guan, 2013).
Additionally, MOB1 was also found to exclusively be activated at the plasma membrane (Ho
etal., 2010). CTNNA1 was shown to associate with phosphorylated YAP1 at Ser127 via the
14-3-3 proteins preventing the nuclear localization of the YAP1/WWTR1 complex and
thereby controlling its activity (Ren et al., 2010; Schlegelmilch et al., 2011; Silvis et al., 2011;
Zhao et al., 2007).

Next to the junctional-driven regulation of the hippo pathway, different polarity
complexes are also important to sustain apical basal polarity and YAP1/WWTR1
cytoplasmic retention (Martin-Belmonte and Perez-Moreno, 2011). For instance, the
Crumbs (CRB) polarity complex including AMOT was linked to YAP1/WWTR1 cytoplasmic
localization under dense conditions via TJs. Besides the classical regulation via the
NF2/WWC1 complex and the hippo pathway, YAP1/WWTR1 seems also to be sensitive for
ECM modulation, remodeling cell shape and consequently actin structure and the
concomitant adjustment of mechanical tension involving RHOA, independent of LATS1/2
(Dupont et al., 2011; Zhao et al., 2012). Above, there are several hints that YAP1 activity
can also be controlled apart from the hippo pathway. One example is SRC. The kinase was
described to phosphorylate LATS1 to inhibit its function in the hippo pathway, but also direct
phosphorylation within the transcription activation domain of YAP1 which uncouples YAP1
activity from the hippo pathway (Li et al., 2016; Si et al., 2017).

1.5  Post-transcriptional regulation with the oncofetal IGF2BP1

RNA binding proteins (RBPs) essentially regulate post-transcriptional events by the
formation of highly dynamic ribonucleoprotein complexes (RNPs) and binding a plethora of
RNAs modulating RNA processing, localization, stability, translation and degradation
(Gerstberger et al., 2014; Hentze et al., 2018). From the site of transcription within the
nucleus to the site of translation and degradation in the cytoplasm, mRNAs are escorted by
a variety of RBPs within the RNP complex. Although RBPs do not possess any enzymatic

activity, they are able to control mMRNA fate in all by the ability to recruit specific modulators.

19



INTRODUCTION

The caging of mMRNAs in RNPs in antagonism to miRNAs allows a fast and specific
regulation and adaption of gene expression to the cellular microenvironment and signaling
stimuli which is especially important for cancer evolution and metastasis. Over the last
decades, only a few mRBPs were reported to be dysregulated in a variety of human cancers
but the majority were associated with the regulation of a broad network of cellular processes
and signaling cascades (Muller-McNicoll and Neugebauer, 2013; Pereira et al., 2017).

One of these mRBPs are the insulin-like growth factor 2 mRNA binding proteins
(IGF2BPs) which constitute a protein family upregulated in a variety of solid tumors and are
associated with differentiation, cell polarization, migration, proliferation and metabolism
(Bell et al., 2013). Reported in various fields of research, the protein family is found under
several synonyms including the human IMPs or IGF2BPs, the murine CRD-BP (coding
region instability determinant binding protein), the chicken orthologs KOC (KH-domain-
containing protein over-expressed in cancer) and ZBP1 (zipcode binding protein 1) as well
as Vg1-RBP/Vera and VICKZ (Doyle et al., 1998; Havin et al., 1998; Mueller-Pillasch et al.,
1999; Nielsen et al., 1999; Ross et al., 1997). All three orthologs share a relative high
sequence homology but exhibit a distinct expression pattern which is conserved across
species. Of the three family members (IGF2BP1 - 3), IGF2BP2 shows a ubiquitous
occurrence in adult tissue. In contrast, IGF2BP1 and IGF2BP3 are termed as ‘oncofetal’
proteins based on their high expression during embryonic development while their
abundance is lost during the process of cell differentiation and is with a few exceptions
absent in adult tissue. Re-expression or de novo synthesis was observed in several tumor
entities and is mainly associated with poor prognosis (Bell et al., 2013; Degrauwe et al.,
2016b; Yaniv and Yisraeli, 2002; Yisraeli, 2005). So far, about the regulation of IGF2BP’s
transcriptional expression is little known. Described regulators of IGF2BP1 expression are
MYC and presumably CTNNB1 which were shown to induce IGF2BP1 transcription while
IGF2BP2 expression is associated with HMGAZ2 (high mobility group AT-hook 2) (Cleynen
et al.,, 2007; Gu et al.,, 2009; Noubissi et al., 2010). Additionally, the MYC-enhanced
IGF2BP1 transcription leads to a positive feedback regulation by the stabilization of MYC
mRNA through IGF2BP1 proteins (Kobel et al., 2007; Lemm and Ross, 2002;
Weidensdorfer et al., 2009). Obviously, a positive feedback mechanism is similarly
described for CTNNB1 while a negative feedback regulation of CTNNB1 was observed via
the IGF2BP1-driven stabilization of BTRC mRNA inducing CTNNB1 degradation (Gu et al.,
2008; Noubissi et al., 2006).

The almost exclusively cytoplasmic proteins possess a conserved domain structure
containing two N-terminal RNA recognition motif (RRM) and four C-terminal hnRNPK
homology domains (KH). RNA binding is mainly facilitated via the KH domains and for
IGF2BP1 it is additionally shown that it likely associates in a 3’UTR-dependent manner. The

often underestimated RRM domains were reported to be involved in the protein associations
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within the RNP complex and contribute to its stability although their whole function is not
completely elucidated yet (Bell et al., 2013; Conway et al., 2016; Farina et al., 2003; Nielsen
et al., 2004; Wachter et al., 2013). Moreover, in recent years RNA modifications emerged
as important features within mMRNPs whereas N6-methyladenosine (m6A) represents one
of the most prevalent modifications. The IGF2BPs were identified to recognize these
modifications and promote stabilization and translation of their target mRNAs in an m6A-
dependent manner (Huang et al., 2018; Muller et al., 2019).

Focusing on IGF2BP1, several RNA targets were identified by cross-linking
immunoprecipitation (CLIP) studies followed by sequencing of the bound RNAs (Conway et
al., 2016; Hafner et al., 2010; Van Nostrand et al., 2016). Experimentally validated genes
are linked to oncogenic as well as tumor-suppressive properties and comprise for instance
KRAS, (Mongroo et al., 2011), CTNNB1 (Gu et al., 2009), LEF1 (Zirkel et al., 2013), MKI67
(Gutschner et al., 2014), GLI (Noubissi et al., 2009), CD44 (Vikesaa et al., 2006) and E2F1
(Muller et al., 2020). Thus, IGF2BP1 seems to stabilize these mRNA targets and thereby
enhance their protein expression. Moreover, IGF2BP1 was suggested to be involved in
facilitating drug resistance to the current therapy of ovarian cancer. IGF2BP1 was proposed
to downregulate let-7 miRNAs and concomitant stabilize MDR1 (multidrug resistance 1)
mRNA which is frequently observed after chemotherapy of relapsed patients and negatively
correlated with PFS (Boyerinas et al., 2012; Sparanese and Lee, 2007). Besides, IGF2BP1
was shown to promote the expression of the cancer-related RBP LIN28B (Lin-28
homolog B) which suppresses the maturation of the miRNA let-7 and thereby reduces let-7
targeting of IG2BP1 mRNA. Together, LIN28B and IGF2BP1 enhance the expression of the
TF HMGAZ2 (high-mobility group AT-hook 2). The IGF2BP1-dependent recruitment of these
two let-7 target mMRNAs in RNPs prevents them from let-7 miRNA attack and shields from
the miRISC (miRNA-induced silencing complex). This interplay of downregulated let-7
synthesis, mMRNA binding and subsequent protection of all three mRNAs from let-7-driven
gene silencing leads to an upregulation of these proteins in an synergistic manner (Busch
et al., 2016). Similarly, deregulation of MYCN, LIN28B, HMGAZ2 and let-7 was also seen in
the molecular subtype C5 of HGSC (Helland et al., 2011). Next to HMGAZ2, IGF2BP1 was
described to further stabilize the transcription factors MYC and SRF which further
pronounce its oncogenic character by inducing the transcription of several oncogenes
(Huang et al., 2018; Muller et al., 2019). Some of the SRF target genes including PDLIM7
and FOXK1 were additionally stabilized by IGF2BP1 as well as the upstream factor MAPK1
(ERK2) which in turn stimulates TCF/SRF-driven gene expression (Lavoie et al., 2020;
Muller et al., 2018; Muller et al., 2019). Preventing miRNA-directed silencing of its bound
mRNAs through binding and / or stably sequestering them within the RNP complex seems

to be a general mechanisms by which IGF2BP1 promotes mRNA stability and regulates
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mRNA fate of its targets (Elcheva et al., 2009; Goswami et al., 2010; Muller et al., 2018;
Muller et al., 2019; Weidensdorfer et al., 2009).

Another function of IGF2BP1 seems to be the transport and spatial regulation of
translation of the bound ACTB (B-actin) mRNA. IGF2BP1 was found to direct ACTB mRNA
in developing neurons and primary fibroblasts to sites of active actin polymerization like
protrusions (Farina et al., 2003; Huttelmaier et al., 2005). The association of the RBP with
the zipcode of the 3'UTR of the ACTB mRNA already occurs within the nucleus to prevent
its early translation in the cytoplasm and enable the cytoskeletal transport. Localized to the
cell periphery, the SRC kinase phosphorylates IGF2BP1 to trigger the release of the bound
ACTB mRNA. The spatial induced translation of ACTB leads to an increase of the local
ACTB concentration within protrusions contributing to the cytoskeletal remodeling and actin-
driven migration in an IGF2BP1-dependent manner (Farina et al., 2003; Huttelmaier et al.,
2005; Oleynikov and Singer, 2003). Similar mechanism are reported for IGF2BP orthologs
with different kinases which suggests a central role for phosphorylation events in releasing
bound mRNAs and disassemble RNP complexes (Dai et al., 2011; Git et al., 2009).

In detail, the association of IGF2BP1 with SRC was identified to interact via a proline-
rich SH3 binding motif located in the linker region between KH2 and KH3 of IGF2BP1. This
VP4SS motif is identically found within the SRC substrate and cell adhesion protein paxillin
(PXN) and is highly conserved across species (Huttelmaier et al., 2005; Weng et al., 1993).
Referring to the role of SRC in FA turnover and the spatial induction of ACTB translation
together with IGF2BP1, this collectively enables cytoskeletal rearrangement which is
important during cancer migration and invasion. Further impact of IGF2BP1 on cytoskeletal
modulation was drawn with the observation that IGF2BP1 accumulates at the leading edge
of lamellipodia, co-localizes together with ACTB and is essential during lamellipodia
formation (Vainer et al., 2008). Loss of function analysis additionally revealed that IGF2BP1
modulates several mMRNAs involved in adhesion to the extracellular matrix and thereby
regulating invadopodia formation through the stabilization of the CD44 mRNA (Vikesaa et
al., 2006). Next to its impact on invasion, the post-transcriptional control of mMRNAs involved
in migration was also mediated IGF2BP1-dependent (Oberman et al., 2007). In tumor-
derived cells IGF2BP1-driven inhibition of MAPK4 (mitogen-activated protein kinase 4)
translation leads to a shift of the cellular balance of F-actin and G-actin enabling cell
migration through the mobilization of G-actin polymerization. Concomitantly, stabilization of
PTEN (phosphatase and tensin homolog) mRNA through IGF2BP1 increased the
expression of PTEN which antagonized PIPs (phosphatidylinositol-3,4,5-trisphosphat)
signaling. The thereby obtained asymmetric distribution of the endogenous PIP3 and PIP2
(phosphatidylinositol-4,5-bisphosphat) equilibrium enhanced cell polarization through
constraining RAC1 activation. Together, this increased velocity and sustained a persistence
of cell migration in dependence on IGF2BP1 (Stohr et al., 2012).
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The proposed association of IGF2BP1 in adhesion (Conway et al., 2016) was further
linked to an IGF2BP1-driven promotion of mesenchymal properties in studies with
melanoma-derived cells. The transcriptional regulators of EMT-driven gene expression,
LEF1 (lymphoid enhancer binding factor 1) and SNAI2 (snail family transcriptional repressor
2), were bound and stabilized by IGF2BP1 to enhance their protein expression. In turn LEF1
enforced the transcription of the mesenchymal ECM protein FN1 (fibronectin 1) and SNAI2
which induced a mesenchymal cell morphology. A knockdown of IGF2BP1 reverted the
effect, promoted CTNNB1-positive cell-cell contact formation and reduced cell migration
(Zirkel et al., 2013). Taken together, through its RNA binding capacity the oncofetal
IGF2BP1 is involved in the regulation of multiple cancer-associated processes like migration
and invasion, therefore it modulates adhesion by promoting mesenchymal cell properties
including stem cell renewal (Degrauwe et al., 2016b).

In accordance, IGF2BP1 seems to force tumor progression and its expression
correlates with poor prognosis within various cancer entities like neuroblastoma, colorectal
cancer, breast cancer, melanoma, non-small lung cancer and epithelial ovarian carcinoma
(Bell et al., 2015; Dimitriadis et al., 2007; Fakhraldeen et al., 2015; Fortis et al., 2017; Kato
et al., 2007; Kobel et al., 2007). In detail, de novo synthesized IGF2BP1 was observed in
69 % of the analyzed tumors of ovarian cancer and correlated with high-grade and high-
stage resulting in reduced PFS and overall survival (Kobel et al., 2007). Furthermore,
IGF2BP1 was shown to be one of the highest upregulated RBPs in hepatocellular
carcinoma and anaplastic thyroid carcinoma (Gutschner et al., 2014; Haase et al., 2021).
Its potential in tumor initiation was recently demonstrated with transgenic mice where
IGF2BP1 expression was induced in their mammary epithelial cells. After approximately
one year, 95 % of all mice developed tumors (Hamilton et al., 2013; Tessier et al., 2004).
Similarly, in vivo models have shown that a depletion of IGF2BP1 reduces tumor growth
next to the in vitro studies which observed decreased spheroid growth, invasion and
migration in the absence of IGF2BP1 compared to its IGF2BP1-expressing control (Busch
et al., 2016; Muller et al., 2018; Stohr et al., 2012).

Due to its oncogenic potential and its lost expression in healthy adult tissue, IGF2BP1
represents an interesting target for a selective treatment of IGF2BP1-positive tumors within
patients. The recently developed small molecule inhibitor BTYNB specifically inhibits the
binding of IGF2BP1 to its target mMRNAs as shown for MYC as well as E2F1 and thereby
reduces cell proliferation in ovarian cancer- and melanoma-derived cells (Mahapatra et al.,
2017) as well as tumor growth in vivo (Muller et al., 2020). Inhibition of IGF2BP1 seems to
be promising in targeted cancer therapy. The further development of IGF2BP1-specific
inhibitors, their clinical evaluation and the selection of patients benefitting from this therapy
remains to be addressed in the future. Two studies already emphasize IGF2BP1 as a

putative biomarker for subtype-specific patient selection. The rare anaplastic thyroid
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carcinoma (ATC) accounts for the most lethal carcinomas of the thyroid due to a lack of
reliable diagnostic markers and precise treatment. IGF2BP1 represents a robust marker to
distinguish ATC from other thyroid malignancies with a potential for future therapy (Haase
etal., 2021). Moreover, the de-differentiated, mesenchymal C5 subtype of the most frequent
histotype of ovarian cancer, HGSC, was recently in cooperation with this study associated
with an enhanced IGF2BP1 abundance in comparison to the other subtypes. Thereby,
IGF2BP1 expression was shown to correlate with the C5 signature in three independent
datasets and immunohistochemical staining revealed a significant upregulation of IGF2BP1
within tumors linked to the C5 subtype (Bley et al., 2021).

In conclusion, the profound and exclusive role of IGF2BP1 within tumors can be

benefitting in further evaluations of targeted therapy.

1.6  Aims of the study

Epithelial ovarian carcinomas (EOCs) and especially in its most frequent histotype,
high-grade serous carcinomas (HGSCs), represent a complex malignancy due to its
heterogeneity, frequent metastatic spread at diagnosis and its occurring resistances to
standard therapies. The fast adaption of the tumor to its microenvironment and
dissemination of single cells during metastasis underly a broad network of signaling
cascades transducing extracellular signals into intracellular gene expression and
remodeling processes. Intercellular junctions and its intracellular communication via SRC
and Hippo signaling cascades thereby play a substantial role. The oncofetal mMRNA binding
protein IGF2BP1 shows a subtype-specific upregulation in HGSC and above it is associated
with cancer progression. As a post-transcriptional regulator IGF2BP1 can modulate gene
expression by controlling a network of mMRNAs acting in distinct pathways. To understand
HGSC with its low mutational burden, it is worth to draw attention on alternative regulatory
strategies like RBPs de-regulated in HGSC to connect post-transcriptional control of gene
expression with signaling networks and cancer properties. The oncogenic drivers SRC and
IGF2BP1 were seen to be upregulated in EOC and several studies indicated towards their
ability to modulate adhesion in various ways. During my master’s thesis and based on
previous NGS and quantitative proteomic analysis of our working group, we got first insights
in the interference of IGF2BP1 with AJs. This study aims at elucidating the role of IGF2BP1
in controlling SRC-directed AJ disassembly in cellulo and in vivo in ovarian cancer and
identifies a novel RNA-independent mechanism of IGF2BP1’s directed control of SRC
activation. It uncovers the IGF2BP1-guided connection of SRC, ERK and HIPPO signaling
networks to promote EMT, growth and invasion to propose alternative treatment strategies
for IGF2BP1-expressing HGSC tumors.
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2 MATERIAL AND METHODS

2.1 Material

21.1 Chemicals and reagents

Chemicals were obtained from Thermo Fisher, Roth and Sigma Aldrich unless
otherwise stated. Cell culture dishes were delivered by Techno Plastic Products and
Corning while cell culture medium, FBS, Opti-MEM, Trypsin and transfection reagents were
supplied by Thermo Fisher and Biochrome. Restriction enzymes, corresponding reaction
buffers, DNA markers and ladders were purchased from New England Biolabs and
Promega. For further cloning, ligase enzyme and reaction buffer from Roche were used.
Master mix for gqRT-PCR was acquired from High Qu GmbH. Protein and RNA ladder were
produced by New England Biolabs.

2.1.2 Bacteria strain

Transformation of cloned plasmids was performed in the bacteria strain Escherichia
coli TOP10 (genotype: F-mcrA A(mrr-hsdRMS-mcrBC) ®80/acZAM15 AlacX74 recA1 deoR
araD139 A(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG) and cultivated in LB culture
medium (Luria Bertani — 1 % (w/v) Trypton, 0.5 % (w/v) yeast extract, 1 % (w/v) NaCl). For
selection of recombinant bacteria populations LB culture medium was supplemented with
antibiotics (30 pg/mL Kanamycin or 150 ug/mL Ampicillin). Beside the liquid culture,

1.5 % (w/v) Agar was added for bacteria cultivation on LB plates.

2.1.3 Cell lines

Table 1: Overview of parental cell lines.

cell line origin distributer Cat. No. publication

ES-2 ovary ATCC CRL-1978 (Lau et al., 1991)

NIH:OVCAR-3 |ovary CLS 300307 (Hamilton et al., 1983)

COV-318 ovary Sigma Aldrich | 07071903 (van den Berg-Bakker et
al., 1993)

TOV-112D ovary ATCC CRL-11731  (Provencher et al., 2000)

A2780 ovary Sigma Aldrich 93112520 (Behrens et al., 1987,
Hamilton et al., 1984)

CAOV-3 ovary ATCC HTB-75 (Fogh, 1986)

SK-OV-3 ovary CLS 300342 (Fogh et al., 1977)

OAW-28 ovary Sigma Aldrich 85101601 (Wilson et al., 1996)

OVCAR-5 ovary CLS 300228 (Hamilton et al., 1984;

Johnson et al., 1997)
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OVCAR-8 ovary
ID8 ovary
(murine)
ID8-TP53-KO | ovary
(murine)
ID8-TP53- ovary
IGF2BP1-KO (murine)
HEK293T kidney

CLS 300298
Sigma Aldrich |SCC145
lain McNeish -

lain McNeish -

ATCC CRL-11268

Table 2: Generated cell clones by CRISPR-Cas9 system.

cell clone

ES-2 IGF2BP1 knockout

ES-2 YAP1-3'UTR deletion

2.1.4

parental cell line
ES-2
ES-2

Primary and secondary antibodies

(Hamilton et al., 1984)
(Roby et al., 2000)

(Walton et al., 2016;
Walton et al., 2017)

(Walton et al., 2016;
Walton et al., 2017)

(DuBridge et al., 1987;
Graham et al., 1977)

reference
Dr. Marcell Lederer

this study

Table 3: Primary antibodies for Western blot and immunofluorescence staining.

primary antibodies
IGF2BP1 (6A9)

IGF2BP1

CDH2 (8C11)
CTNNB1 (D10A8)
CTNNB1

CDH1 (EP700Y)
CTNND1; pp120

phospho-CTNNB1
(Ser33/37, Thr41)

phospho-CTNND1
(Tyr228)

phospho-SRC (Tyr416)
(100F9)

SRC (L4A1)

phospho-ERK1/2;
phospho-p44/42 MAPK
(Thr202/Tyr204) (E10)

ERK1/2; p44/42 MAPK
(137F5)

KRT8

VIM
ACTB

species

mouse

mouse
mouse
rabbit
mouse
rabbit
mouse
rabbit

mouse

rabbit

mouse

mouse

rabbit

rat

mouse

mouse

company
BSBS AB facility

MBL

Santa Cruz
Cell Signaling
Santa Cruz
Abcam

BD Biosciences

Cell Signaling

BD Biosciences

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling
TROMA-1 hybridoma
cell supernatant

BD Biosciences
Sigma Aldrich

Cat. No.

Previously described
(Stohr et al., 2012)

RNOO1M
sc-53488
8480
sc-7963
ab40772
610133
9561

612536

2113

2110

9106

4695

Previously described
(Brulet et al., 1980)

550513
A5316
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VCL mouse Sigma Aldrich V9131
GAPDH rabbit Bethyl A300-641A
RPL7 rabbit Bethyl A300-741A
YAP1 mouse Santa Cruz sc-101199
ZEB2 rabbit Bethyl A302-474A
TWIST1 rabbit Santa Cruz sc-15393
SNAI1 rabbit Cell Signaling 3879

SNAI2 mouse Sigma Aldrich WHO0006591M5
RACA1 mouse BD Bioscience 610650

GFP (for RIP) mouse Roche 11814460001
GFP mouse Santa Cruz sc-9996

Secondary antibodies are either coupled with fluorescent dyes for Western blot
detection via the LICOR scanner or linked to a fluorophore for microscopical imaging (Table
4).

Table 4: Secondary, fluorescence labelled antibodies for Western blot detection and
immunofluorescence imaging.

secondary antibodies for Western blotting company Cat. No.
IRDye 680RD Donkey anti-Rabbit IgG LI-COR 926-68073
IRDye 680RD Donkey anti-Mouse 1gG LI-COR 926-68072
IRDye 800CW Donkey anti-Mouse 1gG LI-COR 926-32212
IRDye 800CW Donkey anti-Rabbit 1IgG LI-COR 926-32213
IRDye 800CW Donkey anti-Rat IgG LI-COR 926-32219
secondary antibodies for immunostainings company Cat. No.
Alexa Fluor 647 AffiniPure F(ab')2 Fragment Donkey Dianova 711-606-152
Anti-Rabbit IgG (H+L)

Alexa Fluor 647-AffiniPure F(ab')2 Fragment Donkey Dianova 715-606-150
Anti-Mouse 1gG (H+L) (min X)

Alexa Fluor 488-AffiniPure F(ab')2 Fragment Donkey Dianova 715-546-150
Anti-Rabbit IgG (H+L) (min X)

Alexa Fluor 488-AffiniPure F(ab')2 Fragment Donkey Dianova 711-546-152

Anti-Rabbit IgG (H+L) (min X)

2.1.5 Plasmids

A variety of commercially available vectors (Table 5) were used directly, handled as
cloning vectors, or inserted with different sequences (Table 6) for over-expression,

CRIPSR-Cas9 systems, virus production, reporter plasmids or normalization.
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Table 5: Commercial plasmids.

plasmids resistence company Cat. No.
pCR®-blunt Kanamycin ThermoFisher K270020
Scientific
pmirGLO Dual luciferase Ampicilin Promega E1330
pLVX Ampicilin Clontech 632164
pAc/pEGFP-C2 Kanamycin Clontech 632481
pCDNA3.1_Cas9 T2A GFP |Ampicilin Huttelmaier originated from
group Addgene Cat#128047
psg_RFP_Bbsl Ampicilin Huttelmaier -
group
pNL3.1 [Nluc minP] Ampicilin Promega N1031
pGL4.54 [luc2/TK] Ampicilin Promega E5061
pLenti-YAP1-3'UTR-Luc Kanamycin Applied based on m012
Biological
Materials Inc.
pRL Ampicilin Promega E2231
pMD2G Ampicilin Addgene 12259
psPAX2 Ampicilin Addgene 12260
pCW57.1 Ampicilin Addgene 41393

21.6  Oligonucleotides

All oligonucleotides, siRNAs and sgRNAs were ordered from Eurofins Genomics GmbH
and Microsynth AG.

Oligonucleotides for cloning (Table 6) served for the generation of different constructs
and were inserted into suitable, commercial vectors (Table 5). Generation of plasmids for
protein or protein motif over-expression were performed. Reporter plasmids were cloned
with indicated 3'UTRs or binding motifs. Besides, plasmids for CRISPR-Cas9-mediated

3’'UTR deletions were established.
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Table 6: Oligodesoxynucleotides for cloning.
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Table 7: Oligodesoxynucleotides for qRT-PCR.

gene sequence sense (5° - 3) sequence antisense (5‘— 3)
RPLPO CCTCATATCCGGGGGAATGTG GCAGCAGCTGGCACCTTATTG
GAPDH CAACGAATTTGGCTACAGCA AGGGGAGATTCAGTGTGGTG
HIST1H2AC TTTCTCGTGAGCTTAGGCCG CCTTGCTTACCACGTCCAGA
HIST2H3A  TGTTCAGTTCCTCGTCGTTG GCGGTCCTCGAGTATCTGAC
IGF2BP1 TAGTACCAAGAGACCAGACCC GATTTCTGCCCGTTGTTGTC
LIN28B ATGCAGAAGATCACTCCGTTCC CACCAGGTCCTGTTACCCG
HMGA2 CCTAAGAGACCCAGGGGAAG TCTTCGGCAGACTCTTGTGA
CTNNB1 TCGAAATCTTGCCCTTTGTC ATCCCGAGCTAGGATGTGAA
CDH2 CCATCACTCGGCTTAATGGT GATGATGATGCAGAGCAGGA
YAP1 TCCCAGATGAACGTCACAGC TAACTGGCTACGCAGGGCTA
ERK2 TGGAGCAGTATTACGACCCG AACACCGATGTCTGAGCACG

Single siRNAs as well as siRNA pools were transfected. A benefit of equally pooled

siRNAs with different sequences against the target sequence is the reduction of off-target

effects.

Table 8: Oligonucleotides for siRNA-mediated inhibition of gene expression.

siRNA sequence (5° - 3)

control siRNA (siC) UUGUACUACACAAAAGUACUG

IGF2BP1 siRNA pool (sil1) CCGGGAGCAGACCAGGCAA
UGAAUGGCCACCAGUUGGA

CCAGGCAAGCCAUCAUGAAGCUGAA
GGCUGCUCCCUAUAGCUCCUUUAUG
GGGAAGAGCUGGAGGCCUA

CCAUCCGCAACAUCACAAA

AAGCTGAATGGCCACCAGTTG
AACACCTGACTCCAAAGTTCG

GTATGGTACAGTAGAGAAC

CCUGAAGAAGGUAGAGCAA
GUUCGUAUGGUUAUCAUCA
GUGAACACCGAGAGUGAGA
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Table 9: sgRNAs for establishment CRISPR-Cas9-mediated cell clones.
target of sgRNA sequence (5°‘ - 3Y)

YAP1-3'UTR sgRNA-1 FDFFJWDDJDJ FDWJ FWEFDWDWJ WWH#
AAACAACATATGAGCATGCTCTTAC as

YAP1-3'UTR sgRNA-2 FDFFJDWFWDDJJDJDFDFDWJ FDF #v#
AAACGTGCATGTGTCTCCTTAGATC as

IGF2BP1-CDS sgRNA-1 CACCGAATGGCACCCACATACTGGG s
AAACCCCAGTATGTGGGTGCCATTC as

IGF2BP1-CDS sgRNA-2 CACCGTGCATAGGAAGGAGAACGC s
AAACGCGTTCTCCTTCCTATGCAC as

All hybridization probes were labelled with fluorescence dyes (DyLight).

Table 10: Oligonucleotides for sequencing.

Purpose amplification sequence (5’ — 3’)

gPCR JUTR YAP1 CCCACAAAACAATATGAATATGGAGATCTT s1

YAP1- GCAGAACCGTTTCCCAGACTACC s2

JUTR GGAAAGAATATATTTGAACCACATAAACAAACAAAAAGG
as

2.1.7  Standard systems and Kits

All standard systems and Kits were used according to the manufacturer’s instructions

unless otherwise stated.

Table 11: Commercial kits used.

Kit company Cat. No.
DC Protein Assay Bio-Rad 5000111
CellTiter-Glo® Luminescent Cell Viability Assay | Promega G7570
Dual-Glo® Luciferase Assay System Promega E2920
Nano-Glo® Luciferase Assay System Promega N1110
Phusion® High-Fidelity PCR Kit New England Biolabs ' E0553
Zero Blunt® PCR Cloning Kit Thermo Fisher K27002
Wizard SV Gel and Clean-Up System Promega A9281
QIAprep® Spin Miniprep Kit (250) Qiagen 12123
QIAGEN Plasmid Midi Kit (100) Qiagen 12143
Click-iT® Biotin Protein Analysis Detection Kit Thermo Fisher C33372
Matrigel Corning 354234
Cultrex® 10X Spheroid Formation ECM Trevigen 3500-096-01
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2.1.8 Standard buffers

Table 12: Composition of standard buffers.

PBS (phosphate buffered saline; 0.01 M) 137 mM NaCl
2.7 mM KCI
10 mM NazHPO4
2 mM KH,PO*

PBST (phosphate buffered saline-Tween) 0.01 M PBS
1% Tween-20

TAE (Tris/Acetate/EDTA) 40 mM Tris
20 mM Glacial acetic acid
1 mM EDTA

NuPAGE (transfer buffer) 50 mM Tris
40 mM Glycerin
0.04 % SDS
10 % Methanol

Ponceau-S 0.1 % Ponceau-S
5 % acetic acid

TRIZOL 0.8 mM Guanidine thiocyanate
0.4 mM Ammonium thiocyanate
0.1 mM Sodium acetate (pH 0.5)
5 % Glycerin
48 % Roti®Aqua Phenol

Total lysis buffer 50 mM Tris (pH 7.4)
50 mM NaCl
1% SDS
2 mM MgClz

5x MLB (pH 7.5) 125 mM HEPES
750 mM NaCl
5 % NP-40
50 mM MgCl,
5 mM EDTA
10 % Glycerol

10x lysis buffer (RIP) 100 mM Hepes (pH 7.0)
1.5 M KCI
50 mM MgCl, x 6H.0
5 % NP-40

2.1.9 Devices

Table 13: Manufacturer’s list of used devices.

Microscopy Nikon TE-2000E
Leica SP5X
Leica SP8X
Sartorius Incucyte S3®
Nikon TS-100

Flow cytometer BD FACS Melody
MACSQuant® Analyzer 9 Miltenyi BioTec

Luminescence Promega GloMax® Discover 96 well Microplate Reader
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Spectroscopy Tecan Infinite 2000, 96 well Microplate und Nanodrop
SDS-PAGE Life Technologies NUPAGE® Bis-Tris Electrophoresis System
Western blot XCell 1I™ Mini-Cell Blot Module (Thermo Fisher)

Infrared scanner LiCOR Odyssey Infrared Scanner

gRT-PCR Roche Light Cycler 480 Il

Thermocycler Eppendorf Mastercycler Nexus Il (96well)

Agarose gel BioRad Mini-Sub® Cell GT Cell

electrophoresis

UV Crosslinker Biostep® Crosslinker 254nm

Centrifuges Heraeus Biofuge Stratos

Heraeus Biofuge fresco
Eppendorf MiniSpin

Cell counter Biorad T-20

2.2 Cell biological methods

221 Cell culture

All adherent ovarian cancer cell lines and HEK293T cells were cultivated at 37°C and
5% CO2 in Gibco™ DMEM (Dublecco’s modified Eagle’s medium; Thermo Fisher; ES-2,
NIH-OVCAR-3, COV-318, TOV-112D, CAOV-3, SK-OV-3, OAW-28, OVCAR-5, OVCAR-8,
HEK293T) or Gibco™ RPMI-1640 (Roswell Park Memorial Institute; ATCC modification;
Thermo Fisher; A2780). The medium was supplemented by 10 % fetal bovine serum (FBS;
Thermo Fisher) and 1 % GlutaMAX (L-Alanyl-L-glutamine; Thermo Fisher). Similarly, the
murine ovarian surface epithelium cells, ID8, were cultivated in DMEM as well but
supplemented with only 4 % FBS and additionally contained ITS (insulin-transferrin-
selenium; Thermo Fisher). For re-plating, cells were washed with PBS and removed from
cell culture dishes by adding 0.05 % Trypsin and 0.4 mM EDTA in PBS and resuspended
in the corresponding medium. Afterwards, cells were seeded for cultivation, assays or
transfections. A re-authentication of ES-2 and NIH:OVCAR-3 cell lines were performed by
Eurofins Genomics using AmpFIST® Identifiler® Plus PCR Amplification Kit (Thermo
Fisher). Testing for mycoplasma was frequently utilized by PCR (polymerase chain
reaction) with the 2x PCR mix (Roche) and the following primers (5-3°):
GTGGGGAGCAAAYAGGATTAGA (s) and GGCATGATGATTTGACGTCRT (as).

2.2.2  Transfections & reporter assays
2.2.21 siRNA transfection

For gene silencing by siRNAs (Table 8), cells were seeded and directly transfected

using liposome-based transfection reagent Lipofectamine RNAIMAX, generally with 5x10°
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cells per 6-well with 30 pmol siRNA and 7 yl RNAIMAX according to the manufacturer’s
protocol. Cells reached confluency 24 h post transfection and were therefore splitted for a
variety of assays ensuring comparable transfection efficacies in all measurements. Cells
were harvested 72 h post transfection to analyze the cells in different assays. Reporter
assays (2.2.2.2) with knockdown cells only differed in a re-transfection (Table 5; Table 6)
24 h after siRNA transfection with Lipofectamine 3000 for additional 48 h.

2.2.2.2 Plasmid transfection

All plasmid transfections were carried out with the liposome-based Lipofectamine
L2000 or L3000 depending on prior transfections and followed the manufacturer’s
instructions. Reporter plasmid transfections with pmirGLO, pLenti or pNL3.1 (Table 5, Table
6) were performed by adding 1 ul Lipofectamine L3000 and 0.5 uL Lipofectamine P3000
and 100 ng plasmid DNA to a 24-well cavity with 1x10° cells. In detail, for analyzing 3'UTR
luciferase reporter activity of CDH2 and CTNNB1, 100 ng of the pmirGLO reporter was
transfected which contains a firefly luciferase for the measurement of the reporter activity
and an additional renilla luciferase as an internal control. Next to 100 ng of the 3'UTR
luciferase reporter pLenti-YAP1-3'UTR-Luc, 20 ng of a plasmid coding for a renilla
luciferase (pRL) was co-transfected for normalization. To monitor the transcriptional activity
of YAP1 with a YAP1/WWTR1-responsive reporter system, four repetitive TEAD binding
sites were inserted in the Nanoluc luciferase containing pNL3.1 plasmid and transfected
(100 ng) together with 10 ng of the control plasmid pGL4.54 coding for a firefly luciferase.
Reporter assays were analyzed 48 h post plasmid transfection. For transfection of an
over-expression, cells were seeded 12 h prior to transfection, 5x10% cells per 6-well.
Transfection was carried out with indicated plasmid concentrations and 5 pl Lipofectamine
L2000 for 48 h.

2.2.3 3D spheroid assays (growth, invasion)

For the analysis of tumor-cell phenotypes, 3D growth and 3D invasion assays were
performed. Accordingly, 1x10% cells were seeded in 50 yL growth medium into a round
bottom ultra-low attachment plate (Corning; Cat#7007). When indicated, siRNA-mediated
knockdown was transfected 24 h prior seeding otherwise stabile cell lines were used.
Cultrex® 10X Spheroid Formation ECM (Trevigen; Cat# 3500-096-01) was added to all cell
lines except ES-2 and NIH:OVCAR-3. After seeding, cells were gently centrifuged for 5 min
at 500 g and spheroid formation took place overnight. For invasion assays, 50 uL Matrigel
(Corning, Cat# 354234) was added to preformed spheroids and centrifuged again for 5 min
at 300 g and 4°C. After polymerization of the Matrigel at 37°C for 1 h, 100 uL growth
medium supplemented with indicated final inhibitor concentration was added. In case of 3D

growth assays, volume was adapted with growth medium to reach the same 200 pL in total
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for each 96-well. Subsequently, imaging of preformed spheroids was started by the Incucyte
S3 device and proceeded for the stated time periods. Images were analyzed by spheroid
segmentation with the Incucyte software. First images served as normalization control, in
detail growth area or invasion front after stated time periods were calculated to spheroid
input or body. Next to image analysis, viable cells of 3D growth assays were measured by
CellTiter-Glo® (Promega) (2.4.4).

2.2.4 Inhibitor treatment
2.24.1 PP2, saracatinib, selumetinib, verteporfin and BTYNB

The activity of different signaling molecules was reversibly reduced with the usage of
the respective small molecule inhibitors in cell culture and corresponding effects were
analyzed in a variety of assays for indicated time.

Initially, PP2 (Sigma Aldrich; Cat#P0042) served as inhibitor for SRC phosphorylation
by competing for the binding site of ATP in the SRC kinase resulting in inhibited SRC
activity. For efficient inhibition, the manufacturer's recommended |Cso-concentration of
100 nM was used.

Further studies were performed with saracatinib (Selleckchem; Cat#S1006), a more
potent SRC inhibitor, that is already in clinical trials (ClinicalTrials.gov Identifiers:
NCT01196741; NCT00610714; (McNeish et al., 2014). Aside, MEK activity was highly and
selectively inhibited by selumetinib (Selleckchem; Cat#S1008) with current clinical
application (ClinicalTrials.gov Identifiers: NCT00551070; NCT03162627). Without clinical
consideration in cancer therapy yet, the small molecule inhibitor verteporfin (Selleckchem;
Cat#S1786) was applied to interfere with the TEAD-YAP1 association while BTYNB
(Biomol; Cat#Cay25623) was used to selectively inhibit IGF2BP1 function (Mahapatra et
al., 2017). For all investigated inhibitors, ECso-concentrations in 2D or 3D were measured
in advance. Therefore, 2x10° cells were seeded in a 96-well flat bottom plate (2D) or 1x103
cells in an ultra-low attachment round bottom plate (3D) and 12 different inhibitor
concentrations were added. After three days in total, overall cell confluency was monitored
as well as viable cells were determined by the luminescence-based reagent CellTiter-Glo®
(Promega) (2.4.4) and ECse-concentration were calculated with the sigmoidal, 4PL-fit by
GraphPad Prism software 9.2.0. For normalization, cell confluency of day 1 or luminescence

quantification of seeded cells served as input control.
2.24.2 Emetine and actinomycin D

Emetine is known to block protein biosynthesis by binding to the 40S ribosomal subunit
while actinomycin D inhibits DNA transcription. To study protein and RNA turnover, 2.5x10°
cells were seeded in 6-wells 24 h after siRNA transfection, cultivated for 48 h and finally

treated with 100 uM emetine (Sigma Aldrich) or 5 yM actinomycin D (Sigma Aldrich) for
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indicated time points. Alterations in protein and mRNA abundance upon treatment were
then determined by Western blotting or qRT-PCR.

2.2.5 Protein labeling for translational monitoring

Analysis of density-dependent differences in translation required labeling of the total
amount of newly synthesized proteins. Therefore, cells were seeded in different densities,
2x10°% and 6x10° cells per 6-well, and cultivated for 48 h. Afterwards, normal growth medium
was replaced by methionine-free medium for 30 min and 50 uM methionine analog
Click-iT® AHA (L-azidohomoalaine; Thermo Fisher) was added for 2 h. Subsequently,
incorporated AHA in newly synthesized proteins were labelled with Biotin by the Click-iT®
Biotin Protein Analysis Detection Kit (Thermo Fisher) and further analyzed by Western
blotting (2.4.1).

2.2.6 Establishment of CRISPR-Cas9 cell clones

For CRIPSR-(clustered regularly interspaced short palindromic repeats)-Cas9-
mediated knockout cell clones or complete deletion of 3’UTRs, two sgRNAs were designed
including a PAM motif (NGG) and 20 nucleotides complementary to a genomic region
downstream and upstream of the target sequence. After hybridization of ordered
oligonucleotides, annealed sgRNAs were cloned into the psg-RFP vector via Bbsl (2.3.1).
Simultaneous transfection of overall 0.5 ug sgRNA containing and 0.5 pg Cas-9 coding
plasmids to 3x10° cells in a 12-well cavity was performed with Lipofectamine 3000
according to manufacturer’s instructions. Single cell sorting with the flow cytometer BD
FACS Melody served for selection of GFP- and RFP-double positive cells 48 h post
transfection. Co-expression of RFP (sgRNA containing plasmid) and GFP (Cas9-coding
plasmid) indicated effective transfection of both plasmids. To avoid cell contamination of
single cell clones, normal growth medium was supplemented with 1 % penicillin-
streptomycin and 0.1 % tetracycline. Approximately 3 weeks after sorting, CRISPR-Cas9-
mediated deletions were tested by PCR of genomic DNA from single cell clones (2.3.2) with
Q5 Hot Start High-Fidelity DNA Polymerase master mix (New England Biolabs) according
to manufacturer’s instructions. Different oligonucleotides were designed to verify 3’'UTR
deletion via a genomic PCR (gPCR) (Table 10). Therefore, one oligonucleotide pair (Table
10 s2 and as) bound outside the target 3'UTR and amplified the whole 3’'UTR if present. In
case of a deletion of the target 3’UTR a small PCR product was amplified. For the second
oligonucleotide pair the same antisense oligonucleotide was used while the sense
oligonucleotide was created to bind within the 3'UTR. Consequently, if the 3’UTR is present,
a small product was amplified with the second oligonucleotide pair (Table 10 s1 and as)
while a deletion of the target 3’'UTR results in no product amplification. Amplified product

length and appearance were evaluated by 1 % agarose gel electrophoresis analog to 2.3.1.
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After successful testing, Sanger sequencing of 200 ug genomic DNA with corresponding

oligonucleotides used in gPCR verified tested cell clones (Table 10).

2.2.7 Lentiviral transduction

Over-expression of several wild type or mutant proteins was established by cloning the
coding sequence into the pLVX vector (Table 5, Table 6) as described in 2.3.1. Permanent
DNA transfer into the cells was accomplished by lentiviruses. For production of lentiviral
particles, HEK293T cells were transfected with plasmids expressing viral envelope proteins
(PMD2G), packaging proteins (psPAX2), Tet repressor protein (pCW57.1) and the plasmids
encoding the GFP-fused protein of interest (pLVX). Over-expression of GFP alone served
as a positive control. In a 6 cm cell culture plate 3x10° cells were seeded 24 h prior
transfection of 4 ug pLVX, 3 pg psPAX2, 1.2 ug pMD2G with Lipofectamine 3000 according
to manufacturer’s instructions. The virus containing growth medium was harvested 24 h and
48 h after transfection. Subsequently, virus was titrated to calculate optimal infection rate
by adding four different virus concentrations to 5x10* HEK293T cells in a 24-well plate and
measuring infection rate via the fluorescence of the over-expressed target protein by the
flow cytometer MACSQuant® Analyzer 9. Lentiviral transduction was carried out with 5x104
cells and the appropriate amount of virus in 500 pL growth medium in a 24-well plate for
48 h. Finally, cells were washed four times with PBS and sorted for GFP-positive cells with
the BD FACS Melody. For 3 passages, sorted cells were supplemented with 1 % penicillin-

streptomycin and 0.1 % tetracycline to avoid bacterial contamination upon sorting.

2.3  Molecular biological methods

23.1 Cloning

The generation of plasmids followed two standardized cloning strategies, direct
insertion of annealed oligonucleotides into target vectors or insertion of template-amplified
PCR products into a cloning vector with further subcloning into target vectors.

The former strategy was used to establish sgRNA plasmids, reporter plasmids with
binding elements as Nluc or protein motif containing plasmids. Annealing was performed
with 5 pL of each oligonucleotide (Table 6) exhibiting sticky ends with restrictions sites and
10 uL water. Starting with an incubation at 95 °C for 5 min, proceeded with 65 °C for 5 min
and finally cooled down to room temperature to allow optimal hybridization. Hybridized
oligonucleotides were further ligated into the target vector. Therefore, 3 ug target vector
was digested with 1 pL of each restriction enzymes corresponding to restriction sites of the
oligonucleotides (Table 6) with 10x Cutsmart™ buffer (NEB) and separated by agarose gel
electrophoresis. Using 1 % agarose gels (pegGOLD Universal Agarose, peglab) with

ethidium bromide, samples were running with 6x Gel Loading Dye Orange (NEB) and
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Quick-Load ® 2-Log DNA Ladder (NEB) in TAE buffer at 120 V. Separated DNA fragments
were visualized by UV light, extracted and purified with Wizard SV Gel and Clean-Up
System (Promega). Ligation was realized with 2.5 ug of the respective vector, 7.5 ug insert
in total, 0.8 uL T4 ligase (1 U/uL, Roche, Cat#10716359001) and 1.2 uL corresponding 10X
ligase buffer for 1 h. After a 20 min incubation step of the ligated plasmid with the bacteria
strain Escherichia coli TOP10, transformation was carried out with a heat shock at 42 °C
for 50 sec followed by 2 min on ice. Subsequently, bacteria were cultivated in 800 uL LB
medium at 37 °C for 1 h. For the selection of positive colonies, bacteria were plated on LB-
agar plates containing either 100 mg/mL Ampicillin or 50 mg/mL Kanamycin and incubated
at 37 °C overnight. Verified positive clones by PCR were further cultivated in liquid LB
medium with the respective antibiotics (30 pg/mL Kanamycin or 150 ug/mL Ampicillin) at
37° C overnight to subsequently isolate DNA of the cloned plasmids from these liquid
cultures with the QlAprep® Spin Miniprep Kit (250) or QIAGEN Plasmid Midi Kit (100). For
verification of correct insertion, generated plasmids were sequenced from Eurofins
Genomics GmbH.

The latter cloning strategy was applied to generate plasmids for protein over-
expression or cloning entire 3’'UTRs into reporter plasmids. Therefore, the target sequence
was amplified by PCR with Phusion® High-Fidelity PCR Kit (DNA Polymerase 2 U/uL; NEB)
with 0.5 ug genomic DNA or cDNA as template in a total volume of 25 pL. Appropriate
oligonucleotides for PCR were flanked by restriction sites (Table 6). Amplified products were
size separated by agarose gel electrophoresis and purified with the with Wizard SV Gel and
Clean-Up System (Promega) as mentioned above. Purified PCR products were inserted
into the pCR blunt vector using Zero Blunt® PCR Cloning Kit (Thermo Fisher) following the
manufacturer’s protocol. After ligation, bacterial transformation, bacteria cultivation on agar
plates, selection and verification of positive clones by PCR, subsequent liquid cultures,
plasmid isolation and Sanger sequencing for correct insertion were carried out as described
above. The cloned plasmid was further digested using the indicated restriction sites to cut
off the inserted fragment, purify it by agarose gel electrophoresis and sub-clone it into the
target vector following the same protocol of ligation, bacterial transformation, bacteria
cultivation, selection and verification of positive clones and plasmid isolation of subsequent
liquid bacteria cultures.

Detailed cloning strategies for respective generated plasmids can be retained from
listed, commercial vectors (Table 5) and used oligonucleotide sequences with indicated

restriction sites (Table 6, Table 9).

2.3.2 Isolation of genomic DNA

For the isolation of genomic DNA, cells of a 6-well plate were lysed with 500 uL total
lysis buffer (Table 12) and 5 pL proteinase K (NEB, Cat# P8107) and incubated for 1 h at
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55 °C. Precipitation of genomic DNA was accomplished by adding isopropanol. Precipitated
DNA was washed twice with 80 % ethanol, centrifuged at 14800 rpm for 5 min, dried and
resuspended in approximately 70 uL nuclease-free water. Concentration was measured by
nanodrop system with Tecan Infinite 2000 spectrometer. Isolated DNA was analyzed by
PCR followed by 1 % agarose gel electrophoresis and by Sanger sequencing described in
2.2.6.

2.3.3 RNA isolation

Total RNA was extracted with Trizol (Table 12). In detail, a confluent 6-well plate was
harvested in 1 mL Trizol and phase separation was accomplished by adding 200 L
chloroform followed by centrifugation at 1300 rpm for 10 min at 4 °C. RNA from the aqueous
phase was precipitated with 500 pL isopropanol at room temperature for 30 min in a fresh
tube. Pelleted RNA, 14800 rpm at 4 °C for 10 min, was washed twice in 80 % ethanol, dried
and resuspended in 20 yL nuclease-free water. Determination of RNA quality and
concentration were realized by Tecan Infinite 2000 spectrometer. Isolated RNA served for

reverse transcription combined with qRT-PCR.

2.3.4 Reverse transcription & quantitative real-time PCR (qRT-PCR)

From 2 ug isolated RNA cDNA was synthesized based on random priming or dT
priming for RNA decay studies. Initially, denaturation and annealing of RT primers were
performed at 65 °C for 5 min and cool down to 4 °C. A master mix consisting of 4 pl 5x
M-MLV Reverse Transcriptase buffer (Promega), 1 yl dNTPs (10mM) und 0.5 yl M-MLV
Reverse Transcriptase (Promega, Cat# M1701, 200U/uL) was added to the denature RNA.
Reverse transcription was carried out in a 3-step protocol: primer elongation at increasing
temperatures from 20 °C to 25 °C to 30 °C every 5 min, reverse transcription at 42 °C for
1 h followed by transcriptase inactivation at 75 °C for 15 min.

Changes in RNA abundance of a variety of cellular studies including RNA turnover was
precisely determined by qRT-PCR (quantitative real-time polymerase chain reaction) with
SYBRgreen technology on a LightCycler 480 Il (Roche) using a 384-well plate. Equal
amounts of ORA gPCR Green ROX L Mix (HighQu) with 0.2 uM of each oligonucleotide
were mixed with transcribed and diluted (1:10) RNA in a total volume of 5 L.
Oligonucleotides were designed with Primer-BLAST from NCBI (National Center for
Biotechnology Information) to amplify the gene of interest spanning exon-exon borders.
PCR reaction started with initial activation of polymerase at 95 °C for 5 min, followed by
50 cycles of denaturation at 95 °C for 10 sec, oligonucleotide annealing at 60 °C for 10 sec,
elongation at 72 °C for 20 sec and ended up with a melting curve from 55 °C — 95 °C to
evaluate specificity of amplified products. During amplification the SYBRgreen fluorescent

dye intercalated into newly synthesized double-stranded DNA and fluorescence was

39



MATERIAL AND METHODS

quantified. The second derivative maximum was used to determine the cycle of
quantification (Cg). Calculations, based on ACg- or the AACg- method (Livak and
Schmittgen, 2001), reflected changes in RNA abundance relative to one or two different
control parameters, as it is pointed out in the following formula. In this study, endogenous
RNA transcripts (RPLPO, GAPDH, HIST1H2AC, HIST2H3A) and control populations served
for normalization (Table 7).

Formula for AACg analysis:

(—<CX—CN . = ((CgX—CyN , ))
Telative mRNA level =2 ( g t )populatwn (( g g )controlpopulatwn)

X — target transcript

N — transcript for normalization

23,5 RNA-co-immunoprecipitation (RIP)

This approach investigates associations between a target protein and the bound RNAs.
Confluent 10 cm cell culture plates were harvested, cell number was adapted to the lowest
concentration, cells were lysed in 700 uL 1x lysis buffer (Table 12) containing 0.5 % NP-40
one ice for 10 min and centrifuged at 14800 rpm for 10 min to pellet cell debris. At the same
time, Dynabeads® Protein G (Thermo Fisher, Cat#10004D) were incubated with 4 yL GFP
antibody for 10 min. For immunoprecipitation of the target protein, 500 uL supernatant were
added to 15 yL GFP-coupled Dynabeads® Protein G and rotated for 30 min. The respective
cell lysate served as input control for normalization. After 3 washing steps with 1x lysis
buffer with 0.5 % NP-40 protein-RNA complexes were eluted in 100 yL lysis buffer
containing 1 % SDS at 65 °C for 5 min. One fifth of the pulldown elute was directly used to
verify pulldown efficiency by Western blotting with respect to the respective input controls.
For the remaining four fifth total RNA was isolated by the addition of 1 mL Trizol followed
by an RNA purification described before (2.3.3). Transcript specific co-purification of
putative target mMRNAs was measured by qRT-PCR (2.3.4) in respect to input and control

pulldown samples, both used for normalization.

2.4 Protein-biochemical methods

241 Protein extraction, SDS-PAGE and Western Blot

For analysis of protein abundance or protein turnover, cells were harvested with a
rubber policeman to minimize degradation of transmembrane proteins 48 h after seeding
an over-expression or 72 h after a siRNA transfection. Addition of phosphatase inhibitors
(Sigma Aldrich, Cat#P0044 and Cat# P5726) was accessed whenever the phosphorylation
status of proteins was analyzed. Total protein was extracted from pelleted cells with total

lysis buffer for 10 min (Table 12) supplemented with 0.5 % Benzonase (Merck Millipore,
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Cat#70746) to digest genomic DNA. Protein concentration was determined with the Lowry-
based colorimetric DC Protein Assay (BioRad) measuring absorbance at 650 nm with
GloMax® 96 well Microplate Luminometer (Promega). Equal amounts of protein extracts
were mixed with 4x NUPAGE® LDS sample buffer (Thermo Fisher) and denatured at 65 °C
for 10 min. Size separation of proteins on a NUPAGE® Novex® 4-12% Bis-Tris protein gel
(Thermo Fisher) was performed with the corresponding NUPAGE® MOPS SDS running
buffer based on SDS polyacrylamide gel electrophoresis (SDS-PAGE). Western blotting by
a wet tank system transferred separated proteins onto a nitrocellulose membrane
(Amersham Bioscience) using NUPAGE blotting buffer with 10 % methanol. Protein transfer
was evaluated by Ponceau staining followed by blocking with 10 % milk in PBST or 5 %
BSA (bovine serum albumin) in PBST for phosphorylated proteins. Protein abundance was
detected using respective primary antibodies and fluorescence-labelled secondary
antibodies (Table 3, Table 4). Fluorescence intensities were visualized at 680 nm or 800 nm
with the Odyssey Infrared Imaging System (LI-COR) and quantified via the Image Studio™

Software (LI-COR) with respect to the loading control and control sample.

2.4.2  Pull-down of active GTPases

To monitor the activity of the GTPase RAC1, GTP-bound RAC1 was pulled and its
abundance was subsequently analyzed by Western blot similarly to the here reported
experiment (Wolf et al., 2006). For the pull-down cultured cells were harvested with a cell
scrapper and lysed in MLB (Table 12) while constantly working under ice-cold conditions.
After removing cell debris by centrifugation at 14,000xg for 5 min, 20 yL of 0.5 M EDTA was
added to 500 uL cell extract. For the generation of a positive control, 500 uL cell extract
was substituted with 5 pL of 100XGTPyS resulting in a final concentration of 100 yM GTP
while the negative control was mixed up to 1 mM GDP content. Controls were incubated for
30 min at 30 °C under brief agitation and reaction was stopped by adding 32 yL of 1 M
MgCl2 (60 mM final concentration) under ice-cold conditions. The pull-down of RAC1 was
performed by incubating the cell extracts with 40 pL agarose beads, exhibiting the GTPase
protein binding domain of the GEF TIAM1, for 45 min at 4 °C, followed by pelleting the
beads by brief centrifugation for 10 sec and washing the beads three times with MLB. Bound
RAC1 was released by adding 40 uL 2x Laemmli sample buffer and boiling it for 5 min.
Addition of 2 yL dithiothreitol prior boiling improves the release from the beads. The

abundance of released RAC1 was analyzed by Western blot.

2.4.3 Transcriptional monitoring with CLICK chemistry

Investigation of density-dependent changes in total translation rate was accomplished
by labelling newly synthesized proteins with a methionine analog (2.2.5) and then covalently

linking it with biotin for detection. Using Click-iT® Biotin Protein Analysis Detection Kit
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(Thermo Fisher) total protein was commonly extracted from AHA-treated cells and Cu?* ion
catalyzed biotinylation reaction was performed with 25 yL protein extract (3-4 pg/uL).
Covalently labelled proteins were separated by SDS-PAGE, transferred by Western blotting
and visualized with IRDye® 800CW Streptavidin (LI-COR) using Odyssey Infrared Imaging
System (LI-COR). Total newly synthesized protein amount was quantified with
corresponding software and normalized to total protein amount of ponceau staining as well
as VCL and ACTB.

244 Luminescence-based cell viability assay

Luminescence-based measurements were performed determining viable cells by
CellTiter-Glo® Luminescent Cell Viability Assay (Promega). Cell viability of 3D growth
assays (2.2.3) and ECso-calculations (2.2.4.1) were analyzed by adding 50 uL reagent to a
rest volume of 100 pL of growth medium per 96-well. After a 10 min incubation step, 100 pL
lysate was transferred into white GloMax® 96-well microplate (Brand) and luminescence
was monitored with the GloMax® (Promega) based on the ATP level. The luciferase thereby
catalyzed the oxidation of luciferin using the cellular ATP and resulting in light emission.
Consequently, the measured emitted light is proportional to the ATP concentration and thus
to the number of living cells. For normalization, luminescence quantification of seeded cells

served as input.

24.5 Luminescence-based reporter assays

Reporter activity was investigated by luminescence-based measurements in a
biological system using Dual-Glo® or Nano-Glo® Luciferase Assay System. Reporter
activity reflecting binding of 3'UTRs (pmirGLO, pLenti-YAP1-3'UTR-Luc with pRL) was
assessed by Dual-Glo® system. Besides, transcriptional activity correlating with responsive
promoter driven luciferase expression (pNL3.1 with pGL4.54) was reported by Nano-Glo®
system. Depending on expressed luciferase, Dual-Glo® system recognizes firefly and
renilla luciferases while Nano-Glo® system monitored NanoLuc® and firefly luciferases.
The latter ones served for normalization of the reporter signal next to control plasmids or
control populations. Luminescence measurement of firefly luciferase was performed by
adding an amount of Dual-Glo®/Nano-Glo® reagent equal to volume of growth medium to
cells followed by a 10 min incubation and transferring 50 uL to white GloMax® 96-well
microplate (Promega) in duplicates. Afterwards, 50 yL Dual-Glo®/Nano-Glo® Stop&Glo®
buffer containing corresponding Stop&Glo® substrate (1:100) was added to monitor

renilla/NanoLuc® luminescence 10 min later.
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2.4.6  Quantitative proteomics

Quantitative proteomics were carried out by Dr. Nadine Bley and Dr. Christian Ihling

according to the previously described protocol (Bley et al., 2021).

25  Microscopy

2.5.1 Bright field microscopy

Bright field imaging served to visualize cell morphology using a Nikon TE-2000-E

microscope with a 20x objective and phase contrast. Representative images are shown.

2.5.2  Fluorescence microscopy with CLSM technique

Localization of different proteins and intercellular interactions were investigated by
confocal laser scanning microscopy (CLSM) including immunofluorescence staining of
fixated cells, visualization by microscopy and quantification of intensities by ImageJ.

All cells were cultured for 48 h on cover slips which were prior incubated in 40 % (v/v)
ethanol and 60 % (v/v) hydrochloric acid. After cultivation, cells were fixed with
4 % PFA/PBS solution (Sigma Aldrich, Cat#HT5012-1CS) for 1 h and permeabilized with
0.5 % (v/v) Triton X-100 in PBS for 5 min. Unspecific binding was blocked with 1 % BSA in
PBS for 30 min. Sequential incubation of primary (1:50 — 1:200) and secondary fluorophore-
linked antibodies (1:500) (Table 3, Table 4) as well as Phalloidin-TRITC (tetramethyl
rhodamine B isothiocyanate; Sigma Aldrich, Cat# P1951) was performed in blocking
solution, each for 1 h with two washing steps in between. Staining of nuclei was realized
using DAPI (4’,6-diaminidino-2-phenylindole; 1:10000) in PBS for 5 min. Cover slips were
washed in water and dehydrated by adding > 99 % ethanol and mounted with ProLong™
Diamond Antifade Mountant (Thermo Fisher, Cat# P36970).

Imaging was performed with the Leica SP5X or SP8X confocal microscopes using a
63x oil objective. Fluorophores were excited with a white light laser while DAPI was excited
with a diode laser (405 nm), emitted fluorescence was exposed to HyD detectors.
Sequential images were acquired with standardized settings.

Image analysis via Imaged was applied to compare cellular to transmembrane protein
localization as previously described (Rietscher et al., 2018). Therefore, ratios of grey value
intensities from 15 different intercellular connections of three independent images were

calculated.

2.5.3 Live-cell imaging via Incucyte S3

To monitor 3D growth and invasion, bright field and fluorescence images were taken

by the Incucyte S3 device after certain time intervals choosing from 4x, 10x or 20x

43



MATERIAL AND METHODS

objectives. Image analysis including spheroid segmentation for 3D experiments and
confluence masks for 2D studies was carried out by the Incucyte software. Representative

images are shown.

2.6 Mouse Xenograft studies and Ethics Approvals

The local ethical review committee of the Martin Luther University Halle-Wittenberg
granted permission for the mouse xenograft studies and animals were handled according
to their guidelines. The immunodeficient athymic nude mice (FOXN1nu/nu) were obtained
from Charles River. GFP or GFP-IGF2BP1 over-expressing ES-2 cells labelled with iRFP
were pre-treated with 3 yM saracatinib and 3 yM selumetinib or DMSO for 48 h.
Subsequent 7.5 x 10* living cells (determined by Trypan Blue counting) suspended in 50 %
Matrigel (Sigma Aldrich) and 50 % FBS-free DMEM and further supplemented with the
inhibitors at the previous concentrations were injected intraperitoneal (IP) into six-week-old,
female nude mice having five mice per condition. Tumor growth of isoflurane-anaesthetized
mice was monitored weekly by near-infrared imaging with the Pearl imager (LI-COR) and
quantified with the Image Studio software (LI-COR). Mice were sacrificed when tumor size
reached termination criteria after 2 weeks. Animal handling and experiments were carried

out by Simon Miiller with assistance of Tommy Fuchs.

2.7  Data analysis

271 NGS analysis

Different RNA sequencing data obtained from several platforms including TCGA (The
Cancer Genome Atlas) with 374 ovarian serous cystadenocarcinomas from the GDC portal
(http://portal.gdc.cancer.gov), 133 normal ovary tissue samples from the GTEx portal (The
Genotype-Tissue Expression; gtexportal.org) and CCLE with 45 ovarian cancer cell lines
(Cancer Cell Line Encyclopedia; http://portals.broadinstitute.org/ccle) from the Broad
Institute. Genes differentially expressed between TCGA cancer tissues and GTEx normal
tissues was determined by Dr. Markus Glaf using the R-package edgeR v3.28.0. (Robinson
et al., 2010) applying TMM normalization on raw count data. RNA expression values were
obtained as CPM (counts per million mapped reads) values.

High and low IGF2BP1-expressing groups of the TCGA data were separated by the
value of 5 RSEM (RNA-seq by expectation maximization) which approximately corresponds
to the 3. quartile. Cell line expression data was downloaded as TPM (transcripts per million
mapped reads) from the CCLE, and mutational data was obtained via the R-package
depmap v1.0.0 (http://depmap.org).

Total RNA sequencing of IGF2BP1-3-depleted versus control ES-2 cells was prepared
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by Dr. Nadine Bley and performed by Dr. Knut Krohn (IKFZ Leipzig, Germany;
GEO: GSE109604) as well as conducted through Simon Miller and Dr. Andreas Dahl
(NGS Facility University of Dresden, Germany; GEO: GSE116059) and analyzed by
Dr. Danny Misiak and Dr. Markus Glal3. Therefore, Cutadapt was used to clip remaining
sequencing adapters, TopHat2 to map reads to the human genome (UCSC GRCh37/hg19)
R-package edgeR v3.28.0. (Robinson et al., 2010) to calculate differential gene expression
applying TMM normalization on raw count data. RNA expression values were obtained as

FPKM (fragments per kilobase million mapped reads) values.

2.7.2  Functional enrichment analysis

Gene set enrichment analysis using pre-ranked data were performed with the GSEA
v4.0.3 software selecting either the Hallmark or the KEGG pathways gene sets from
MSigDB (Liberzon et al., 2015). A permutation number of 1000 was applied, and classical
enrichment statistics were elected. Gene annotation enrichment analyses (GAEA) were
performed using Cytoscape v3.8.0 and the ClueGO plugin v2.5.7. selecting for KEGG
pathways. A right-sided hypergeometric enrichment was applied and a cutoff-value for
Benjamini-Hochberg corrected p-values of 0.05 was set. A gene set analysis with r2 (http://
r2.amc.nl/) of positive correlated genes with a single gene was performed by using the

KEGG gene set, a cutoff value of 0.05 and displaying over-represented pathways.

2.7.3  Patient survival analysis

Associations between patient overall survival and the expression of different genes
were generated by using the Kaplan-Meier analysis from KM plotter
(https://kmplot.com/analysis/) referring to microarray-based data of 1435 patients in total
diagnosed with ovarian carcinoma (Gyorffy et al., 2012) including the Australian data set
from Tothill et al. (Tothill et al., 2008).

274  CLIP analysis

Publicly available data of enriched CLIP hits for the proteins IGF2BP1-3 were obtained
from ENCODE (http://www.encodeproject.org/; identifiers: ENCFF486BXN,
ENCFF976DBP, ENCFF435MEM, ENCFF701YCW) and GEO (Gene Expression
Omnibus; http://www.ncbi.nim.nih.gov/geo/; identifiers: GSM2071742 and GSM2071745)
consisting of PAR-CLIP, eCLIP and iCLIP studies (Conway et al., 2016; Degrauwe et al.,
2016a; Hafner et al., 2010; Van Nostrand et al., 2016) in four different cell lines (HEK293,
H9 hESCs, HepG2, K562). Dr. Markus Glal® and Dr. Danny Misiak downloaded and
mapped the data to all annotated genes of the human genome (hg19) as previously
described (Glass et al., 2021; Muller et al., 2018).
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275 miRNA prediction

The prediction of putative miRNA binding site refers to the TargetScan database

(http://TargetScan.org).

2.7.6  Synergy analysis

Synergy of different drug combinations was assessed with the SynergyFinder
(https://synergyfinder.fimm.fi/) using a drug matrix where each drug varied in concentration.
The recommended four-parameter logistic regression (LL4) for sigmoid curves was chosen
as algorithm for curve fitting. Synergy scores were calculated based on different models:
HSA, Bliss and ZIP. Each model compares responses of a measured response to an
expected reference response. The reference models therefore assume no combinatorial
effect between the drugs. The HSA (highest single agent) model expects a combination
response which is equivalent to the maximum of the single drugs. The Bliss independence
model refers to the basis of independent acting drugs and their individual response can be
multiplicated for their maximum combination effect. The ZIP (zero interaction potency)
model compares potency between drug combination with the assumption that non-
interacting drugs do not influence the potency of each other. The synergy score assumes

synergy above 10, antagonism below -10 and additivity between -10 and 10.

2.8 Statistics

All experiments were performed at minimum in three independent, biological replicates
unless otherwise stated. Statistical significance was tested by Student’s t-test or Mann-
Whitney Rank-Sum test depending on data distribution and is indicated in the diagrams as
followed: * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.1  The mesenchymal force of the proto-oncogenic mRNA
binding protein IGF2BP1 in epithelial ovarian carcinoma

High-grade serous ovarian carcinoma (HGSC) is a complex disease due to its cellular
heterogeneity and its rare mutational landscape. To understand this disease in its
complexity, a broad view beyond the genomic level and the classical oncogenic factors is
needed and different molecular mechanisms for adaption and cancer progression need to
be considered. All cellular processes are regulated on various levels as epigenetics,
transcription, post-transcriptional basis and translation. Here, the focus is drawn on mRNA
binding proteins which are post-transcriptional regulators that can modulate gene
expression by controlling a complex network of mMRNAs acting in distinct pathways.

A comparison of RNA sequencing data from the TCGA including high-grade serous
and endometroid ovarian tumor samples (TCGA-OV) to normal ovarian tissue data from
GTEx was drawn and the 10 most up- and downregulated mRBPs from all cancer-
associated mRNA binding proteins reviewed in (Pereira et al., 2017) are highlighted.
Interested in proto-oncogenic mRBPs, three of them (LIN28B, IGF2BP3 and IGF2BP1)
emerged to exhibit a high deregulation in ovarian carcinoma indicated by fold change (FC;
Figure 5A). Taking a closer look, next to the FC and the false discovery rate (FDR), to the
hazard ratios (HRs) of these three proteins in the ovarian cancer cohort on KM plotter
(Gyorffy et al., 2012), all of them correlate with a poor prognosis. Corresponding HRs for all
mRBPs are indicated by bubble size whereat IGF2BP1 appears to be the one with the
highest shift in mortality rate (Figure 5B), consistent with previous findings (Busch et al.,
2016; Kobel et al., 2007; Muller et al., 2018). The PFS rate of 228 patients with a high
IGF2BP1 expression compared to 255 patients with low IGF2BP1 expression was
determined with 14.2 months versus 21 months resulting in a significant HR of 1.57 (Figure
5C). The distribution of IGF2BP1 expression is not only raised in ovarian carcinoma
compared to normal ovarian tissue, but it also seems to split into two distinct populations
within the TCGA ovarian cancer cohort (Figure 5D). Optimal separation of these populations
was achieved at around 5 RSEM which almost corresponds to the 3rd quartile. A significant
difference in the median expression of these two populations was determined, with a
median of 7.2 RSEM in the IGF2BP1-high expressing group and a median of 1.5 RSEM in
the IGF2BP1-low expressing group (Figure 5E). Performing a gene set enrichment analysis
(GSEA) for the hallmark gene sets with the FCs of these two populations reveals an
upregulation of several gene sets including the ‘EMT’ gene set with a significant normalized
enrichment score (NES) of 2.95 (Figure 5F). This fits to the previous association of IGF2BP1

with a mesenchymal shift in cell lines of different entities (Zirkel et al., 2013). In the
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regulation of EMT, different signaling pathways play an important role to confer extracellular
signals to the transcriptional level. Therefore, an additional GSEA with the KEGG (Kyoto
Encyclopedia of Genes and Genomes) gene sets was performed and the NES with the
corresponding FDRs of the significant enriched, cancer-associated gene sets are shown
(Figure 5G). Moreover, a gene annotation enrichment analysis (GAEA) of significant
IGF2BP1-correlated genes and an r2 gene set analysis with positive IGF2BP1-correlated
genes of the TCGA-OV cohort with the KEGG gene sets were investigated. Here, the
indicated ‘significance score’ refers to the amount of analysis (GSEA, GAEA, r2 analysis)
in which each shown gene set was ranked under the significant gene sets, reaching from 1
to 3, depicted by the bubble size in the diagram (Figure 5G). Next to a high association with
the cell cycle gene set, already reported in (Muller et al., 2020), essential IGF2BP1-
dependent signaling pathways are the Hippo, WNT and MAPK signaling pathway while the
Hedgehog signaling pathway was only enriched in one out of the three analyses.
Furthermore, in the GAEA and r2 analyses the DNA repair pathway or Fanconia anemia
pathway also seems to play an essential role in ovarian cancer which matches with the
genomic instability reported in HGSC tumors. For further details, the ranking of the
significant enriched, cancer-associated gene sets of each analysis are displayed separately
in the Appendix (Figure 35). Apart from this, the Hippo as well as the WNT pathway are
both associated with intercellular adhesion mediated by adherens junctions maintaining an
important part in EMT. Moreover, an enrichment of WNT and cadherin signaling in the
mesenchymal, IGF2BP1-associated C5 subtype of HGSC tumors was reported (Bley et al.,
2021; Tothill et al., 2008).
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Figure 5: The proto-oncogenic mRNA binding protein IGF2BP1 suffers from a high re-expression
in ovarian carcinoma and is associated with EMT as well as various cancer signaling pathways.
(A) Expression of the cancer-associated mRBPs reported by (Pereira et al., 2017) was analyzed by
comparing RNA sequencing data from the TCGA-OV cohort with the GTEx data of normal ovary tissue.
The top 10 positive (red) and 10 negative (blue) shifted mRBPs are displayed. (B) FC expression of the
top 10 upregulated mMRBPs from A with their corresponding FDRs are shown. The bubble size depicts the
respective hazard ratios (HRs) of each mRBP in the ovarian cohort from KM plotter. (C) The progression-
free survival curve from KM plotter of the mRBP with the highest HR, IGF2BP1, is displayed. The tumor
cohort is divided in a low and high IGF2BP1 expressing group containing 255 versus 228 samples. (D)
Expression values of IGF2BP1 within normal ovarian tissue from the GTEx data is displayed next to its
abundance in the TCGA-OV cohort. (E) The TCGA-OV cohort is splitted into high and low IGF2BP1-
expressing tumors (cut-off 5 RSEM). (F) GSEA with pre-ranked log2FCs of the IGF2BP1 high expressing
group vs. low expressing group from (E) was performed with the hallmark gene sets. The EMT gene set
as one of the most significantly upregulated gene sets is shown as enrichment plot. (G) NES scores and
the corresponding FDRs of significant cancer-associated KEGG pathways from a GSEA with the FCs
between the IGF2BP1 high and low expressing group are displayed. KEGG gene sets, which were
additionally significant upregulated in a GAEA with significant IGF2BP1-correlated gene and in an r2
analysis with positive IGF2BP1-correlated genes of the TCGA-OV cohort, are indicated by bubble size.
The ‘significance score’, reaching from one to three, reflects the number of gene ontology analysis that
identified the respective gene set as significantly enriched. Statistical significance was assessed by
Student’s t-test. *** p < 0.001.

Referring to the HGSC histotype, in the next step all ovarian cancer cell lines from
CCLE were selected for TP53 mutations, since 97 % of HGSC cells exhibit mutated TP53
(Ahmed et al., 2010; TCGA, 2011), and were ranked for IGF2BP1 expression. Available cell
lines are highlighted (Figure 6A). To study the role of IGF2BP1 promoting the mesenchymal
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subtype, subsequently, the selected cell lines were classified into epithelial- and
mesenchymal-like cell lines by a set of common EMT markers using the CCLE-provided
RNA expression data. Thereby, cells were classified as epithelial upon expression of (i) the
epithelial cell adhesion molecule EpCAM, (ii) the transmembrane anchor protein of epithelial
AJs, E-cadherin (CDH1), (iii) the major structural component of epithelial intermediate
filaments, cytokeratin 8 (KRT8) and (iv) the main component of the epithelial basement
membrane type |, collagen (COL1A2). Mesenchymal criteria were the expression of (i) the
extracellular matrix protein fibronectin (FN1), the classical mesenchymal intermediate
filament component vimentin (VIM), (ii) the mesenchymal adherens junction component N-
cadherin (CDH2), (iii) the EMT-inducing growth factor TGFBI and (iv) EMT associated
transcription factors like TWIST1, ZEB2 or SNAI2. Moreover, a shift within integrin (ITGA
and ITGB) expression could also be observed indicating a difference in focal adhesion
priming epithelial cells for attachment and mesenchymal cells for migration. In addition,
IGF2BP1 expression for each cell line is shown emphasizing its mesenchymal association
(Figure 6B). In agreement with Busch et al. (Busch et al., 2016), showing a negative
correlation of IGF2BP1 with CDH1 in a panel of pan-cancer cell lines, the IGF2BP1 protein
expression exhibits a negative correlation with epithelial proteins CDH1 and KRT8 as well
as a positive correlation with the mesenchymal marker proteins CDH2 and VIM (Figure
6C,D). Considering (i) the TP53 mutation status, (ii) the classification as suitable HGSC-
model by (Domcke et al., 2013), (iii) its ability to perfectly grow in 3D cultures and (vi) its
conspicuously mesenchymal expression pattern, ES-2 cells were selected as a
mesenchymal model for further analyses. Accordingly, NIH:OVCAR-3 were chosen as the
epithelial counterpart. GSEA was used to substantiate this selection. Therefore, the FC of
selected cell lines was determined over all ovarian cancer cell lines in the CCLE-RNA-Seq
cohort and used for ranking the expression values. This identified the hallmark gene set
‘EMT’ as significantly over-represented in ES-2, whereas the majority of genes within this
gene set were down-modulated in NIH:OVCAR-3 (Figure 6E,F). This confirms ES-2 and
NIH:OVCAR-3 with an unbiased approach as suitable mesenchymal or epithelial cell

models, respectively.
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Figure 6: Epithelial and mesenchymal classification of selected ovarian cancer cell lines. (A) TP53
mutated ovarian cancer cell lines were selected and ranked by IGF2BP1 expression levels using the CCLE
RNA sequencing data. Available cell lines with their corresponding IGF2BP1 expression are indicated as
heatmap. (B) Expression of each shown cell line normalized by the median expression of all cell lines of
the CCLE ovarian cohort (log2FC) is displayed in the heatmap for selected EMT-associated markers and
IGF2BP1. (C) Protein expression of mesenchymal (red) and epithelial (blue) markers were recapitulated
for the available cell lines next to IGF2BP1 expression by Western blot. VCL and GAPDH served as
loading control. (D) Pearson correlation coefficients of IGF2BP1 with indicated mesenchymal marker
markers (red) and epithelial markers (blue) from Western blot analyses in (C) are shown. (E,F) GSEA was
performed with the median normalized expression values (log2FC; calculations according to (B)) based
on the CCLE RNA sequencing data of the ES-2 (E) and NIH:OVCAR-3 (F) cell lines. The hallmark EMT
is shown as enrichment plot. A positive enrichment (NES > 0) of EMT-associated genes was observed for
ES-2, whereas a negative score was obtained for NIH:OVCAR-3.
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To further investigate a functional connection of IGF2BP1 to EMT, phenotypical
changes and alterations in gene expression were analyzed upon IGF2BP1 depletion.
Alterations in morphology and cell-to-cell adhesion were observed by bright field
microscopy within IGF2BP1-depleted ES-2 cells compared to a control siRNA-mediated
knockdown (Figure 7A). Thereby, the IGF2BP1 depletion induced the formation of cell
colonies and switched the usually spindle-shaped ES-2 cells towards a round-shaped
morphology. Immunofluorescent imaging on F-actin cytoskeleton indicated that actin stress
fibers in control ES-2 cells returned to a cortical actin cytoskeleton upon IGF2BP1 depletion.
Likewise, the shape of the intermediate filament system stained by vimentin was re-
organized (Figure 7B). Additionally, Western blot analysis revealed a significant reduction
of several EMT-TFs when IGF2BP1 was absent after a transient depletion in ES-2 cells
(Figure 7C). This indicates an IGF2BP1-dependent alteration in various EMT criteria shifting
towards a mesenchymal cell state in the presence of IGF2BP1 which is in agreement with
the findings in Zirkel et al. (Zirkel et al., 2013) while using here an alternative and more
sophisticated knockdown approach based on a siRNA pool to diminish off-target effects
(Hannus et al., 2014).
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Figure 7: IGF2BP1 diminishes mesenchymal cell characteristics. (A) Bright field microscopy imaging
shows cell morphology of ES-2 cells upon IGF2BP1 depletion (sil1) compared to control transfected cells
(siC). (B) Immunofluorescence staining of Vimentin (VIM) and F-actin using Phalloidin-TRITC in ES-2 cells
after an IGF2BP1 (sil1) and control (siC) knockdown were visualized by confocal microscopy. Nuclei are
indicated with DAPI. Scale bar is equivalent to 25 ym. Merged images and single stainings are shown. (C)
Western blotting of indicated EMT-TFs upon IGF2BP1 (sil1) depletion is compared to its control (siC) in
ES-2 cells. (D) The quantification of EMT-marker protein levels were determined using VCL and GAPDH
as loading control. Error bars indicate standard deviation (SD) of at least three independent experiments.
Statistical significance was assessed by Student’s f-test. * p < 0.05; *** p < 0.001.

3.2  IGF2BP1 promotes A]J turnover without direct modulation of
their nRNAs

EMT is always accompanied by a loss of cell-cell contacts and is of great relevance in
ovarian cancer due to its frequent spread to the peritoneal cavity (Bowtell et al., 2015;
Dongre and Weinberg, 2019). Focusing on the cell-cell adhesion structures termed
adherens junctions (AJs), NGS analysis and quantitative proteomics conducted by
Dr. Nadine Bley and Dr. Christian lhling gave a first hint on the influence of IGF2BP1 on
AJs (Bley et al., 2021). These analyses in the mesenchymal ovarian cancer cell line ES-2
revealed an upregulation of several AJ components upon transient IGF2BP1 depletion
(Figure 8A). These alterations were mainly observed on protein but not RNA level. Although
cells appeared more epithelial upon knockdown, the epithelial cadherin CDH1 was not

detectably expressed in ES-2 cells. Unexpectedly, CDH2 and CDH5 expression was
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increased. Elevated protein expression in the absence of IGF2BP1 was also monitored for
the catenins, CTNNA1 and CTNNB1, while CTNND1 expression was hardly altered. This
was validated by Western blot analyses confirming an upregulation of AJ proteins upon
IGF2BP1 depletion in ES-2 cells which was already indicated during my master’s thesis
(Figure 8B). Since the expression of mesenchymal cadherins was increased upon IGF2BP1
depletion with cell phenotypical changes supporting rather epithelial characteristics, we
investigated the localization of AJ components upon IGF2BP1 depletion.

Although there was no classical shift in the expression from mesenchymal to epithelial
cadherins, imaging of immunofluorescence-labeled CDH2 together with CTNNB1 clearly
revealed a restoration of CDH2-positive AJs in the absence of IGF2BP1 in ES-2 cells
(Figure 8C) (Bley et al., 2021). CDH2 and CTNNB1 were increasingly recruited to the
plasma membrane to build pre-mature, zipper-like cell-cell contacts. Quantification of
fluorescence intensities of both proteins at the plasma membrane compared to their
cytoplasmic abundance was calculated as described in Rietscher et al. (Rietscher et al.,
2018) and reflected the observed alteration of IGF2BP1-dependent AJ protein localization
(Figure 8D). To establish stabile AJ contact structures, several factors are essential.
Notably, CTNND1 serves as a stabilization factor of AJs. Here, it was shown that it localizes
to AJ structures and is increasingly recruited to the contact site after IGF2BP1 depletion in

ES-2 cells (Figure 8E,F) suggesting to promote the stabilization of the zipper-like contacts.
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Figure 8: A transient IGF2BP1 depletion restores AJs in ES-2 cells. (A) RNA sequencing and
quantitative proteomics of an IGF2BP1 depletion (sil1) compared to a control knockdown (siC) in ES-2
cells were performed by Dr. Nadine Bley and Dr. Christian Ihling. Fold changes in expression (log2FC) of
key AJ components are highlighted here next to IGF2BP1. (B) Western blotting of a control (siC) and an
IGF2BP1 knockdown (sil1) shows changes of protein abundance of the two main components of AJs,
CDH2 and CTNNB1, in ES-2 cells. (C-E) Immunofluorescent staining of CTNNB1 and CDH2 (C) or
CTNND1 (E) in control (siC) and IGF2BP1 depleted (sil1) cells visualizes AJ structures while DAPI marks
nuclei. Dashed boxes indicate enlarged regions of the following images. Scale bar is equivalent to 25 pm.
The ratio of CTNNB1, CDH2 or CTNND1 (D or F) localized to the plasma membrane compared to its
cytoplasmic abundance was calculated via fluorescence intensities as described under (Rietscher et al.,
2018). Data are partially taken from my master’s thesis and published in (Bley et al., 2021). Statistical
significance was assessed by Student’s t-test. ** p < 0.01; *** p < 0.001.
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The transient effect in subcellular localization of CTNNB1 and CDH2 were confirmed
by a CRISPR-Cas9-mediated knockout of IGF2BP1 in ES-2 cells (Figure 9A). Thereby, the
stable deletion of IGF2BP1 resulted in the assembly of matured AJs and showed a
significantly higher recruitment of the assessed proteins to the plasma membrane (Figure
9B). An over-expression of IGF2BP1 in the mesenchymal ES-2 cell line disassembled the
rare contacts present in the wild type cell line as shown during my master’'s thesis.
Especially, the rare mature contact structures turned into more zipper-like, loose
connections. (Figure 9C). Quantification confirmed a significantly elevated disassembly of

AJ structures (Figure 9D).
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Figure 9: Formation of matured AJs and its reduction in a stable cell system within ES-2 cells. (A)
Immunofluorescent imaging of CTNNB1 and CDH2 in ES-2 cells with a stable CRISPR-Cas9-mediated
knockout of IGF2BP1 (sgl1) compared to control (C) cells. DAPI visualizes nuclei. Scale bar corresponds
to 25 ym. Dashed boxes depict enlarged regions. (B) Corresponding quantifications of fluorescence
intensities display the ratio of the plasma membrane/cytoplasm localization of CTNNB1 and CDHZ2 in box
plots. (C) Immunofluorescent imaging of CTNNB1 and CDH2 in a stable GFP-tagged over-expression of
IGF2BP1 (G-11) and GFP-expressing control (GFP) was performed during my master’s thesis. DAPI
visualizes nuclei. Scale bar corresponds to 25 ym. Dashed boxes depict enlarged regions. (D) Box plots
show corresponding ratios of plasma membrane/cytoplasm localization of CTNNB1 or CDH2. Statistical
significance was assessed by Student’s t-test. * p < 0.05; *** p < 0.001.

The conservation of elevated AJ formation upon IGF2BP1 depletion was analyzed in a
set of EOC-derived cell lines (Figure 10). Increased AJs and co-localization of CTNNB1
with the dominantly expressed cadherin of the respective cell line at the plasma membrane
was reproducible in four likely HGSC cell lines, NIH:OVCAR-3 (CDH1) as well as OAW28,
COV-318 and with fewer contact formation but still AJ induction in TOV-112D cells (CDH2).
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Figure 10: Conservation of elevated AJs formation upon IGF2BP1 depletion. Immunofluorescent
imaging of CTNNB1 and CDH1 or CDH2, depending on its abundance, in the different indicated ovarian
cancer cell lines after an IGF2BP1 (sil1) or control (siC) depletion was performed. DAPI visualizes nuclei.
Scale bar corresponds to 25 um.
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Conversely, a transient over-expression of IGF2BP1 in the epithelial NIH:OVCAR-3
cells partially disassembled cell colonies and single cells started to disseminate from usually
dense clusters revealed by bright field microscopy (Figure 11A). The IGF2BP1 over-
expression further led to a significantly increased disassembly of CDH1- and
CTNNB1-positive AJs with elevated pre-mature contact structures (Figure 11C,D)
accompanied by reduced AJ protein abundance (Figure 11B). With COV-318 cells, the
IGF2BP1-induced disassembly of AJs was confirmed in a third EOC-derived cell line (Figure
11E,F).

In conclusion, microscopical imaging demonstrated a negative influence of IGF2BP1
expression on correct AJ protein localization and structure maintenance in a variety of
ovarian cancer cell lines. AJ protein abundance was altered IGF2BP1-dependent while
RNA levels determined by RNA sequencing were not changed upon IGF2BP1 depletion
assuming no direct association of IGF2BP1 with CDH1 or CDH2 and CTNNB1 mRNAs in
ES-2 cells. This is in contrast with the reported findings of a direct promotion of CTNNB1
and CDH1 mRNA expression by IGF2BP1 in breast cancer cell lines (Gu et al., 2008).
However, the here shown data rather suggests an influence of IGF2BP1 in the early process
of AJ assembly due to the zipper-like, pre-mature junctions in the knockdown experiments

which are in agreement with Zirkel et al. (Zirkel et al., 2013).
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Figure 11: IGF2BP1-promoted AJ disassembly is conserved in different cell lines. (A) Bright field
images of NIH:OVCAR-3 cells transiently over-expressing GFP-tagged IGF2BP1 (G-11) or GFP alone
serving as control are shown. Colony-detaching cells are marked with arrowheads. (B) Respective
NIH:OVCAR-3 cells with GFP and GFP-IGF2BP1 (G-11) over-expression are analyzed by Western blot
displaying CDH1 and CTNNB1 protein levels with VCL as loading control. (C) Immunofluorescent imaging
of CTNNB1 and CDH1 in NIH:OVCAR-3 cells with a transient GFP or GFP-IGF2BP1 (G-11) over-
expression that is pseudo-colored in blue. Scale bar corresponds to 25 ym. Dashed boxes depict enlarged
regions. (D) Corresponding quantification of fluorescence intensities display the ratio of plasma
membrane/cytoplasm localization of CTNNB1 and CDH1 in box plots. (E) COV-318 with a stable over-
expression of GFP or GFP-IGF2BP1 (G-I1) was analyzed as in (C,D) using CDH2 and CTNNB1 directed
antibodies. Statistical significance was assessed by Student’s t-test. * p < 0.05; ** p <0.01; *** p < 0.001.
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Nonetheless, | investigated potential IGF2BP1-driven effects on the mRNA of AJ
components in our cell model ES-2. First, RNA turnover experiments were carried out by
adding actinomycin D at different time points to IGF2BP1-depleted and control transfected
ES-2 cells and the degradation of CDH2 and CTNNB1 mRNA was analyzed (Figure 12A).
Although these AJ components exhibit in a few experiments with other cell lines IGF2BP1
CLIP binding sites in their 3’UTR, the mRNA decay for CTNNB1 and CDH2 remained
unchanged upon IGF2BP1 depletion compared to its control. Further supporting an RNA-
independent regulation of AJ maintenance by IGF2BP1, the activity of the 3'UTR binding
reporter for CTNNB1 and CDH2 were not reduced upon IGF2BP1 depletion which indicates
that IGF2BP1 unlikely binds the 3'UTR of these mRNAs in this setting (Figure 12B). In
addition, a standard technique to verify a direct association of an RBP with target mMRNAs
is the RNA immunoprecipitation (RIP) experiment. Therefore, over-expressed and
immunoprecipitated GFP-IGF2BP1 vs. GFP and the RNA-binding deficient mutant of
IGF2BP1 (KH) in ES-2 cells were analyzed for its bound mRNAs. In comparison to the
known mRNA target of IGF2BP1, HMGAZ2, the quantification of CDH2 and CTNNB1 mRNA
upon IGF2BP1 immunoprecipitation suggested no direct binding of IGF2BP1 to CTNNB1
or CDH2 mRNA (Figure 12C). In the next step, protein turnover experiments were carried
out under similar conditions by treating knockdown and control ES-2 cells with emetine over
the stated period to analyze the protein decay of CDH2 and CTNNB1. As expected, Western
blot analysis demonstrated a stabilization of AJ proteins in the absence of IGF2BP1
referring to a stabilization of these components by contact incorporation (Figure 12D,E).

Thus, these data demonstrate that a 3’UTR-dependent regulation of CTNNB1- and
CDH2-mRNA by IGF2BP1 is mainly excluded in the ES-2 cell line. IGF2BP1 promotes AJ
disassembly rather by indirect destabilization of contact structures implying its
internalization and turnover and thereby facilitating a mesenchymal cell morphology in

EOC-derived cell lines.
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Figure 12: AJ proteins are indirectly stabilized upon IGF2BP1 depletion. (A) RNA turnover was
determined in ES-2 cells with an IGF2BP1 (sil1) and control knockdown (siC) for CTNNB1 and CDH2 by
adding actinomycin D for indicated periods and relative RNA abundance to input level was quantified. (B)
Luciferase reporter, containing the 3’UTR of CTNNB1 or CDH2, were measured in dependence of
IGF2BP1 (siC or sil1) to reflect IGF2BP1’s ability to bind to the 3'UTR of the respective mRNAs. (C) RNA
immunoprecipitation experiment, comparing GFP-IGF2BP1 (G-11) over-expressing ES-2 cells to cells
expressing the GFP-tagged full-length, RNA-binding deficient mutant of IGF2BP1 (KH) and GFP alone,
shows the binding ability of IGF2BP1 to the indicated mMRNAs. Levels of pulled mRNAs were normalized
to input and HIST2H3A. HMGA2 served as positive control for IGF2BP1 binding. (D) Protein turnover of
CTNNB1 and CDH2 was assessed in the ES-2 cell line with an IGF2BP1 (sil1) and control (siC) depletion.
Therefore, emetine was added for indicated periods and protein amount was analyzed by Western blot.
(E) GAPDH and VCL served as loading control to quantify the degradation of both proteins relative to their
inputs. Error bars indicate SD of at least three independent experiments. Statistical significance was
assessed by Student’s t-test. *** p < 0.001.

In view of the RNA-independent modulation of AJ proteins through IGF2BP1, important
signaling events were further investigated. It is known that post-translational
phosphorylation events are essential regulation mechanism of AJ stability and maintenance
(Bertocchi et al., 2012). To substantiate an IGF2BP1-dependent destabilization of AJ
proteins, phospho-sites of different AJ components were investigated by Western blot.
Phosphorylation of CTNNB1 at Ser33, 37 and Thr41 by GSK3B indicates disassembled,
cytoplasmic CTNNB1 priming it for degradation (Sakanaka, 2002). Upon IGF2BP1
depletion, this phosphorylation was decreased referring to less cytoplasmic CTNNB1 due
to contact incorporation and thus less CTNNB1 turnover (Figure 13A). Although protein
abundance of CTNND1 was not altered by IGF2BP1, interestingly, phosphorylation of
Tyr228 was significantly reduced in IGF2BP1 knockdown cells (Figure 13B). This

phosphorylation site is known to contribute to a destabilization of AJs and is mainly
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phosphorylated by the SRC kinase (Davis et al., 2003; Ishiyama et al., 2010).

The SRC kinase is referred to play an important role in AJ turnover while the GTPase
RAC1 is an essential mediator of early, zipper-like AJ assembly (Figure 2). Interestingly,
previously published data from our group suggested an indirect alteration of RAC1 activity
by IGF2BP1 where a shifted PIPs/PIP; ratio promoted RAC1-dependent cell polarization
leading to elevated cell migration (Stohr et al., 2012). To directly address if IGF2BP1
interferes with the AJ assembly process, RAC1 activity was assessed. Therefore, |
performed an activity assay in cooperation with the group of Prof. Dr. Mechthild Hatzfeld
where active, GTP bound RAC1 was pulled in ES-2 cells with an IGF2BP1 knockdown in
comparison to control transfections. In this GST pulldown the TIAM1-GEF domain was used
as bait. Input and pulldown fractions were analyzed by Western blotting and revealed that
RAC1 activity is increased in the absence of IGF2BP1 shifting the balance of AJ
maintenance to an elevated AJ formation (Figure 13C). Quantifications of GTP bound RAC1
compared to the input levels of RAC1 were significantly upregulated demonstrating an
RAC1 activation in the absence of IGF2BP1 (Figure 13D) while overall expression of RAC1
remained unchanged upon IGF2BP1 depletion (Figure 13E,F). However, the main activator
of RAC1, TIAM1, and its functional activity is published to be regulated by the SRC kinase
interfering with the dynamic AJ maintenance by phosphorylating TIAM1 and thereby
preventing the formation of new AJs leading to reduced AJ structures (Woodcock et al.,
2009). Together, this implies an involvement of the SRC kinase unbalancing AJ protein

localization and its turnover in an IGF2BP1-dependent manner.
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Figure 13: Imbalanced AJ-promoting signaling upon IGF2BP1 depletion. (A) Western blotting of
CTNNB1 and its phosphorylation at Ser33,37 and Thr41 upon IGF2BP1 depletion in ES-2 cells (sil1) is
compared to their control (siC). (B) Protein abundance of CTNND1 and its phosphorylation at Tyr228 is
analyzed by Western blot in transient knockdown experiments as described before. VCL and GAPDH
served as loading control (A,B). (C) Pull-down of active, GTP bound RAC1 protein using TIAM1-GEF
domain as bait upon IGF2BP1 depletion (sil1) is compared to its control (siC) in ES-2 cells. Western blot
analysis shows input and pulled RAC1 (PD) abundance while ACTB and GAPDH served as input control.
(D) Precipitated, active RAC1 is normalized to input RAC1 abundance of the prior pull-down experiment
in dependence on IGF2BP1. (E) IGF2BP1 knockdown in ES-2 cells was analyzed by Western blot for
RAC1 protein abundance as described in (A,B). (F) RNA sequencing data of sil1 vs. siC knockdown
experiments in ES-2 cells, carried out by Dr. Nadine Bley, were analyzed for RAC1 mRNA levels. Error
bars indicate SD of at least three independent experiments. Statistical significance was assessed by
Student’s t-test. * p < 0.05; *** p < 0.001.

3.3 IGF2BP1-dependent SRC activation mediates AJ disassembly

One major driver of AJ disassembly is the direct phosphorylation of AJ proteins by the
SRC kinase accompanied by protein internalization and turnover (Daugherty and Gottardi,
2007; Matsuyoshi et al., 1992; Qi et al., 2006; Roura et al., 1999; Woodcock et al., 2009).
In its active form, SRC is phosphorylated at Tyr419 and can then further phosphorylate
other proteins like CDH2, CTNNB1 or CTNND1 (Martin, 2001). Inhibition of SRC activity
restores AJs as | could previously show in my master’s thesis with the inhibitor PP2 in ES-2
cells (Figure 14A-C) or previously reported in other systems (Dosch et al., 2019; Nam et al.,
2002). Immunofluorescence analyses clearly demonstrate an elevated formation of mature
AJs after SRC inhibition with PP2 (Figure 14A,B). Slightly elevated AJ protein abundance
after treatment supports the hypothesis that AJ stabilization in the absence of IGF2BP1

could be due to protein incorporation into contact structures (Figure 14C).
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In view of the reported association of SRC via its SH3 domain with IGF2BP1
(Huttelmaier et al., 2005), it appeared tempting to speculate that IGF2BP1 directly regulates
SRC activity (Huttelmaier et al., 2005). This is supported by an IGF2BP1-dependent shift of
the occurrence of SRC phosphorylation within CTNND1 which was shown before (Figure
13F). Using Western blot analyses, | could verify that SRC activity, indicated by Tyr419-
phosphorylation, is changed upon IGF2BP1 perturbation, which was already evidenced
during my master’s thesis, while SRC abundance remains unchanged by knockdown
studies in EOC-derived cell lines (Figure 14D,F). Conversely, transient over-expression of
IGF2BP1 in the NIH:OVCAR-3 cell line increased SRC’s Tyr419-phosphorylation (Figure
14E). In sum, these findings imply an IGF2BP1-directed activation of the SRC kinase which
can further phosphorylate and destabilize AJs.

63



RESULTS

A
CTNNB1 CDH2 DAPI

Enlargement C
CTNNB1

CTNNB1 CDH2 DAPI

a ES-2
o DMSO PP2
n
2 VoL [ = — |
o
(GF2BP1 [ |
SRC [ e s |
R CTNNB1 [ e |
o 1 127+010%
CDH2
1 113+002%
B D _ ES-2 E NIH:OVCAR-3
siC sil1 GFP G-I
6 *%k% 10 [
VCL | ———= ——— —— e | \/CL
5 € *
- & 47 4 GAPDH | e w— — GFP
oS oS 6
Z o I o
E% 5 % 8 % 4 |GF2BP1 | e— e | IGF2BP1
< < 27 SRC | ey == W W— SRC
0 T T 0 T T -—
DMSO PP2 DMSO ppp  PY419-SRC | e W | pY419-SRC
1 0.66+0.09 1 1.25+0.07
* k% *k*
F NIH:OVCAR-3 TOV-112D COV-318
siC  sil1 siC  sil1 siC  sil1
VOL | | | — s | — —
GAPDH | " S | (g s | S
IGF2BP1 | s — —
pY419-SRC —— — -
0.76 0.67 0.72

Figure 14: SRC activity is associated with IGF2BP1 expression in ovarian cancer cell lines. (A)
Immunofluorescence images, generated during my master’s, visualize CTNNB1 and CDH2 upon
treatment of ES-2 cells with the SRC inhibitor PP2 (100 nM) compared to control treatment with DMSO.
Nuclei are stained with DAPI. Enlarged regions are indicated by dashed boxes. Scale bar is equivalent to
25 um. (B) Corresponding quantifications of plasma membrane/cytoplasm ratios for the respective
proteins were assessed via fluorescence intensities. (C-F) Western blotting of PP2 (100 nM) vs. DMSO
(control) treated ES-2 cells (C), indicated EOC-derived cell lines with an IGF2BP1 depletion (sil1 vs. siC;
D; F (n = 1)) or over-expression of IGF2BP1 (G-11 vs. GFP; E) with indicated antibodies. SRC activity,
analyzed through Tyr419 phosphorylation, was normalized to overall SRC abundance. VCL served as
loading control. Unless otherwise stated, error indicates SD from at least three independent experiments.
Statistical significance was assessed by Student’s f-test. * p < 0.05; *** p < 0.001.

Further investigation on the mechanism of IGF2BP1-dependent SRC activation refers
to the reported binding between SRC and IGF2BP1 suggesting an association of the SH3
domain of SRC with the VP4SS motif in IGF2BP1 (Huttelmaier et al., 2005). This motif is
identical to the SRC binding site in the adhesion protein paxillin (Huttelmaier et al., 2005;
Schaller, 2001) and is found in the linker region between KH2 and KH3 domain of the
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IGF2BP1 protein (Figure 15A). It is highly conserved among other species within IGF2BP1
but exclusively encoded by IGF2BP1 within the IGF2BP family (Figure 15A). Activation of
SRC can be mediated through a variety of mechanisms. One of these is a ligand-binding
induced conformational change to enable its autophosphorylation at Tyr419 in an open
conformation (Yadav and Miller, 2007). As putative ligand for SRC activation, IGF2BP1 was
mutated to investigate if the VP4SS motif or its RNA binding capacity are responsible for
SRC activation. First, GFP-fused wild type IGF2BP1 (GFP-IGF2BP1wt; WT), IGF2BP1
lacking the VP4SS motif (GFP-IGF2BP1sn3; ASH3) by replacing it through GS and the full-
length RNA-binding deficient IGF2BP1 (GFP-IGF2BP1kn; KH) with mutations in the GXXG
loop of all four KH domains (Wachter et al., 2013) were generated and analyzed for its
capability of RNA binding. While intact RNA binding was proven for the ASH3 mutant, the
KH mutant lost its ability to bind targets transcripts (HMGAZ2, ERK2) compared to the WT
(Figure 15B). Subsequently, increasing amounts of these variants were transiently over-
expressed and compared to control transfected GFP (Figure 15C,D). Monitored SRC
activity via its Tyr419-phosphorylation by Western blot analysis revealed a dose-dependent
upregulation with WT or KH over-expression. In contrast, deletion of the VP4SS motif in
IGF2BP1 within the ASH3 mutant resulted in unaltered SRC phosphorylation while the GFP-
fused VP4SS peptide (GFP-VP4SS; SH3motif) alone was able to stimulate SRC activity,
although to a lesser extent. This demonstrates that IGF2BP1 promotes SRC activation via
a ligand-binding induced but largely RNA-independent mechanism. Similar activation
mechanism are reported for hnRNPK and Sam68 (Frisone et al., 2015; Ostareck-Lederer
et al., 2002).
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Figure 15: IGF2BP1 promotes SRC activation via its SH3-binding VP4+SS motif in an RNA-
independent manner. (A) Schematic showing IGF2BP1’s domain structure (RRM, RNA recognition motif;
KH, hnRNPK homology domain) with the localization of its VP4SS motif within the wild type (WT) protein,
and its mutation in the ASH3 mutant. Conservation of the VP4SS motif is represented across different
species and within paxillin. (B) A mutation in the GXXG loop of each KH domain of IGF2BP1 is responsible
for the loss of RNA binding capability in the RNA binding deficient mutant (KH). The shown RNA
immunoprecipitation of IGF2BP1 with a following semi-quantitative PCR analyzing its bound mRNAs
served as confirmation for the loss of RNA binding capability within the mutant while intact RNA binding
of the ASH3 mutant and wild type IGF2BP1 (WT) was shown. VCL served as loading control and ELAVL1
as a positive control. For the semi-quantitative PCR, HIST2 was the loading control while ERK2 and
HMGAZ2 are reported mRNA targets of IGF2BP1 representing a positive control for mutant dependent
binding. (C,D) Transient transfections of GFP-tagged wild type IGF2BP1 (GFP-IGF2BP1wr), IGF2BP1
lacking the VP4SS motif (GFP-IGF2BP14ash3), the SH3 motif alone (GFP-VP4SS) and RNA-deficient KH
mutant (GFP-IGF2BP1«w) in increasing amounts were analyzed by Western blotting (C). VCL served as
loading control. The pY419-SRC levels were quantified relative to total SRC abundance and the respective
GFP control (D). Error bars indicate SD of at least three independent experiments. Statistical significance
was assessed by Student’s t-test. * p < 0.05; ** p < 0.01.
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Due to distinct SRC activation upon over-expression of IGF2BP1 variants, the impact
of the different IGF2BP1 mutant proteins on AJ integrity was monitored by
immunofluorescence analysis in NIH:OVCAR-3 (Figure 16A) as well as in IGF2BP1-deleted
ES-2 cells (Figure 16B). In both cell lines, WT expression interfered with AJ maintenance
in comparison to the GFP control. Similarly, the KH mutant substantially promoted AJ
disassembly. In contrast, upon over-expression of the ASH3 mutant, AJ structures remained
mainly unchanged. This clearly demonstrates that the IGF2BP1-dependent SRC activation
promoting AJ disassembly depends on the presence of the VP4SS motif in IGF2BP1.
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Figure 16: IGF2BP1-dependent SRC activation impairs AJ maintenance. (A,B) Immunofluorescent
imaging visualized CTNNB1 and CDH1 or CDH2 localization in the epithelial NIH:OVCAR 3 and the
mesenchymal ES 2 cell line deleted for IGF2BP1. Over-expression of the different mutants is pseudo-
colored in blue. Dashed boxes indicate enlarged regions. Scale bar is equivalent to 25 ym. (C,D)
Quantification of the ratio between plasma membrane localized and cytoplasmic signals of the indicated
proteins was calculated via fluorescence intensities. Statistical significance was assessed by Student’s t-
test. ** p < 0.01; *** p <0.001.
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With focus on the physiological role of IGF2BP1 and its relevance in aggressive ovarian
tumor cells, spheroid growth and invasion were observed in a panel of several ovarian
cancer cell lines with either depleted or over-expressed IGF2BP1 (Figure 17A,B).
Knockdown and over-expression experiments were based on the basal IGF2BP1 levels.
Next to the ES-2 cell line, only the NIH:OVCAR-3 cells were able to invade under cell culture
conditions. However, IGF2BP1 knockdown consequently reduced spheroid growth and

invasion while the over-expression inverted those effects.
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Figure 17: IGF2BP1-promoted spheroid growth and invasion conserved in EOC-derived cell lines.
(A) Spheroid invasion of indicated cell lines either with an IGF2BP1 knockdown (blue) or an IGF2BP1
over-expression (red) was analyzed. Invasion was monitored via an Incucyte S3 and normalized to control
and spheroid input. (B) Spheroid growth was analyzed using CellTiter-Glo® to determine relative cell
viability for knockdowns (blue) and over-expressions (red) in the indicated cell lines with input
normalization and relative to their respective control. Experiments were performed in cooperation with
Dr. Nadine Bley (Bley et al., 2021). Statistical significance was assessed by Student’s t-test. *** p < 0.001.

The mesenchymal ES-2 cell line served as model for further tumor assays with the
different IGF2BP1 variants. Analyzing spheroid growth and invasion in 3D culture, the
IGF2BP1 mutants showed a moderately enhanced effect in both phenotypic assays (Figure
18A,B). Only wild type IGF2BP1 was able to substantially increase invasion and spheroid
growth in comparison to GFP control indicating that both SRC activation and mRNA binding
are essential to promote mesenchymal cell properties. In agreement with previous findings
(Busch et al., 2016; Muller et al., 2018), this demonstrates a role of IGF2BP1 in 3D growth
and invasion upon its depletion. Moreover, this identifies for the first time a connection of

IGF2BP1’s SH3 motif to cancer-related cell properties.
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Figure 18: IGF2BP1-dependent 3D growth and invasion require both, RNA binding and SRC
activation. (A,B) Spheroid growth and invasion of pre-formed Matrigel embedded spheroids of ES-2 cells
stably expressing the indicated mutants of IGF2BP1 were monitored via an Incucyte S3 and compared to
GFP over-expression alone. Representative images are shown. Overlaid red mask indicates growth (A)
or invasion area (B) while the light red mask shows initial spheroid inputs. (C,D) Quantification of the
segmentation area (red) between the different variants was normalized to GFP alone and input (light red).
Statistical significance was assessed by Mann-Whitney rank-sum test. ** p < 0.01; *** p < 0.001.

ES-2 invasion

In sum, IGF2BP1 induces AJ turnover through SRC activation and thereby promotes
invasive growth. Lost cell-to-cell adhesion within tumors in turn enables cells to detach from
the tumor allowing them to invade and metastasize (Polyak and Weinberg, 2009). Besides,
the loss of intercellular connections disturbs signaling between those cells and the
surrounding tissue including growth regulatory signals. Growth-factor receptors were
reported to be subjected to the regulation by adhesion molecules and proliferation can be
inhibited contact-dependently through intracellular signaling pathways (McClatchey and
Yap, 2012). If the IGF2BP1-driven loss of adhesion leads to uncontrolled growth and

proliferation will be addressed in the following.

3.4  Overcoming contact inhibition of proliferation with IGF2BP1
by directly modulating YAP1

The regulatory mechanism preventing uncontrolled growth is called contact inhibition
of proliferation (CIP). When cells come in contact with each other and reach a certain
density, growth is inhibited through CIP which is an important strategy to limit organ growth
or during regeneration (McClatchey and Yap, 2012). In tumors, proliferation is often
continued even under high density conditions leading to uncontrolled tumor growth
(Hanahan and Weinberg, 2011).

Previous studies during my master’s thesis provided the first evidence for an influence
of IGF2BP1 in contact inhibition of proliferation by elevated proliferation and translation
rates as well as a higher content of polysomal bound transcripts in the presence of
IGF2BP1. However, the Click-iT® technique (2.2.5, 2.4.3) allows to directly monitor CIP by
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calculating the translation rate through labelling newly synthesized proteins over a set
period under different cell density conditions. A comparison of these conditions reflects
which cell population is contact inhibited by arresting growth and translation. To test this,
control and IGF2BP1 over-expressing ES-2 cells were cultured under normal, confluent
conditions with approximately 20.000 cells / cm? and compared to a cell culture with a
higher cell density containing about 60.000 cells / cm? within the same cavity (Figure 19A).
The cultivation in a methionine-free medium allowed the subsequent addition of the
methionine analog L-azidohomoalaine (AHA) and its incorporation within newly synthesized
proteins which can then be covalently linked with biotin. Via streptavidin the biotin-labeled
proteins can be visualized by Western blotting, quantified and normalized to ponceau
staining, VCL and ACTB as it was done here (Figure 19B,C). Under high-density conditions,
control cells were observed to stop translation while IGF2BP1 over-expressing cells

continue with protein biosynthesis.
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Figure 19: IGF2BP1 overcomes contact inhibition of proliferation in ES-2 cells. (A) Over-expression
of IGF2BP1 in ES-2 cells growing in a confluent (20.000 cells / cm?) and in a high-density culture
(60.000 cells / cm?), in which the three-fold number of cells were seeded in the same cavity, was compared
to its GFP control. (B) Monitoring total protein biosynthesis of GFP and GFP-IGF2BP1 (G-I1) over-
expression in ES-2 cells under confluent and high cell density conditions via Western blot using Click-iT®
chemistry as described (2.2.5, 2.4.3). The methionine analog AHA was incorporated in newly synthesized
proteins, subsequently covalently linked with biotin and visualized via Streptavidin. Ponceau staining
served as loading control. (C) Newly synthesized proteins to overall protein amount labeled via Ponceau
as well as ACTB and VCL shown in (A). Error bars indicate SD of at least three independent experiments.
Statistical significance was assessed by Student’s t-test. ** p < 0.01; *** p < 0.001.

One major pathway regulating contact inhibition of growth is the hippo pathway
consisting of a core phosphorylation cascade built of MST1/2, LATS1/2, SAV1, MOB1A/B
and the key transcriptional activator YAP1. Thereby, active hippo signaling promotes
phosphorylation of YAP1 to restrain it in the cytoplasm and preventing the stimulation of
proliferative gene expression in cooperation with WWTR1 and the TFs TEAD1-4 (Figure
20A). To investigate alterations of the hippo signaling outcome, first, IGF2BP1 knockdown
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RNA sequencing data (NCBI GEO: GSE116059) conducted by Simon Miiller (Muller et al.,
2019) was analyzed for the published gene sets of YAP1/WWTR1/TEAD-stimulated
transcription of proliferative genes (Zanconato et al., 2015). Thereby, the majority of genes,
included in this gene set, were downregulated upon IGF2BP1 depletion (Figure 20B). In a
subsequent experiment, a YAP1/WWTR1-responsive reporter system containing four
repetitive TEAD binding sites was cloned according to (Dupont et al., 2011) and analyzed
in the IGF2BP1-dependent setting of different cell densities as described before (Figure
20C,D). Under confluent conditions (20.000 cells / cm?) YAP1 transcriptional activity
correlated with IGF2BP1 levels referring to an increased proliferation. Under high density
conditions (60.000 cells / cm?), the effect was even stronger (Figure 20C) whereas an
IGF2BP1 depletion reduced YAP1 transcriptional activity (Figure 20D). Taken together, an
IGF2BP1-dependent elevated overall translation rate and concomitantly a stimulated,
transcriptional YAP1 activity support the hypothesis that IGF2BP1 enables cells to
overcome CIP. Thereby, it seems that not only the IGF2BP1-promoted AJ turnover rather
a deregulation of the hippo pathway enables IGF2BP1-containing cells to overcome CIP.
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Figure 20: IGF2BP1-dependent stimulation of YAP1-dependent transcription in ES-2 cells. (A)
Schematic represents the core hippo pathway with its phosphorylation cascade and the transcriptional
activator YAP1/WWTR1 which can stimulate proliferative gene expression. (B) FCs and FDRs of the RNA
sequencing data of the IGF2BP1 knockdown (NCBI GEO: GSE116059), performed by Simon Miller
(Muller et al., 2019), within the gene set of proliferative genes directly stimulated by YAP1/WWTR1/TEAD
axis from (Zanconato et al., 2015) are shown. (C,D) Luciferase activity of a YAP1/WWTR1-responsive
reporter, containing four repetitive TEAD binding sites, was performed with GFP vs. GFP-IGF2BP1 (G-I1)
-expressing ES-2 cells under confluent (20.000cells/cm?) and high-density conditions
(60.000 cells / cm?; C) or upon IGF2BP1 depletion under confluent conditions (D). Reporter activity refers
to the transcriptional activity of YAP1. Error bars indicate SD of at least three independent experiments.
Statistical significance was assessed by Student’s t-test. * p < 0.05; ** p < 0.01; *** p < 0.001.
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The core hippo pathways gene set described above (Figure 20A) can be divided into
‘tumor-suppressive’ genes responsible for cytoplasmic retention and ‘proto-oncogenes’
which can stimulate proliferative gene expression. Their expression was analyzed in
dependency of IGF2BP1 within published RNA sequencing data sets of an IGF2BP1
knockdown, performed by Simon Muller (Muller et al., 2019), and of ovarian tumors of the
TCGA-OV cohort (TCGA, 2011). While the expression of the ‘proto-oncogenic’ genes is
upregulated within the tumors, the genes of the phosphorylation cascade are reduced
(Figure 21A). In contrast, knockdown studies suggest the reverse effects. A potentially
negative association of hippo factors in the TCGA-OV tumors versus the IGF2BP1
knockdown was tested by Pearson correlation identifying a significantly negative correlation
(Figure 21B). Incorporation of the 3’'UTR CLIP score of IGF2BP1 (Conway et al., 2016;
Hafner et al., 2010; Van Nostrand et al., 2016), referring to the number out of eight cross-
linking and immunoprecipitation (CLIP) experiments in which mRNA binding sites of
IGF2BP1 for each gene within the 3’'UTR were identified, is indicated by bubble size (Figure
21C). In this analysis, YAP1 emerges as one with the highest downregulation upon
IGF2BP1 depletion, with moderate upregulation within the tumor and one of the highest
CLIP scores tempting to hypothesize YAP1 as direct target of IGF2BP1. In brief, this implies
an IGF2BP1-dependent shift of the hippo pathway with potential direct modulation of YAP1.
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Figure 21: Association of IGF2BP1 with genes of the core hippo pathway. (A) Genes involved in the
core hippo pathway are separated in ‘proto-oncogenes’ and ‘tumor-suppressive’ genes within this
heatmap. Expression of these genes is analyzed within the RNA sequencing data of ovarian tumors from
TCGA-QOV cohort, where FCs of IGF2BP1-high and IGF2BP1-low expressing tumors are shown in
comparison to RNA sequencing data of an IGF2BP1 knockdown experiment (sil1) relative to its control
(siC) performed by Simon Mdller (Muller et al., 2019). Upregulation is marked in red while blue indicates
downregulation of the respective genes. (C) A Pearson correlation of the hippo core factors of the TCGA-
OV tumors versus the IGF2BP1 knockdown was performed with the corresponding FCs and is indicated
by linear regression and the r value. Bubble size of each gene refers to the IGF2BP1 CLIP score of eight
CLIP experiments (Conway et al., 2016; Hafner et al., 2010; Van Nostrand et al., 2016) in total.

Since IGF2BPs are closely related with partially overlapping roles in cancer, RNA
sequencing data sets, generated by Simon Miiller, of isoform specific knockdowns were

analyzed for alterations in hippo signaling (Figure 22A). Although all three IGF2BPs seem
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to some extent alter the expression of hippo related genes, IGF2BP1 shows the strongest
effect, especially on YAP1 mRNA expression. In support of this, the median 3’'UTR CLIP
scores of the proto-oncogenes of the core hippo factors, normalized to their number of CLIP
experiments (Conway et al., 2016; Degrauwe et al., 2016a; Hafner et al., 2010; Van
Nostrand et al., 2016), is elevated for IGF2BP1 compared to IGF2BP2 and IGF2BP3 (Figure
22B). Furthermore, a GSEA was performed with the gene set of YAP1/WWTR1/TEAD
stimulated expression of proliferative genes (Zanconato et al., 2015) using the FCs of the
RNA sequencing data of IGF2BP1-3 knockdown experiments from Simon Mdller (Figure
22C). The calculated NES scores reflect an impact of all three IGF2BPs on hippo signaling

while IGF2BP1 shows the strongest association.

A B
silt sil2  sil3

YAP1 —-

TEAD1 —
TEAD2 —

TEAD3 —

TEAD4 I
WWTR1 IGF2BP1 IGF2BP2 IGF2BP3
LATS1 — C

1.0—

0.0

3‘UTR CLIP score
(proto-oncogenes)

proto
oncogenes

2| LATS2- % s
L8|  STK4— os oF 2
£ 2| STK3— . Sy @ o
2 § | mostA - oL 0 E S, ]
@ | MOB1B g ws S
SAV1 05 25 7
< -6
g T T T

IGF2BP1 IGF2BP2 IGF2BP3

Figure 22: The impact of IGF2BP1-3 on hippo signaling. (A) Heatmap displays the FCs of RNA
sequencing data from Simon Miiller of knockdowns of all IGF2BPs separately in ES-2 cells for the selected
genes of the core hippo pathway. Genes are divided into ‘proto-oncogenic’ and ‘tumor-suppressive’
association. (B) The relative CLIP score for the core hippo pathway genes for all three IGF2BPs
normalized to their number of CLIP experiments (IGF2BP1: 8, IGF2BP2: 9, IGF2BP3: 6) are shown
(Conway et al., 2016; Hafner et al., 2010; Van Nostrand et al., 2016). (C) GSEA was performed with the
gene set from (Zanconato et al., 2015), containing directly YAP1/WWTR1/TEAD stimulated genes
associated with proliferation, and the FCs of the RNA sequencing data of IGF2BP1-3 knockdown
experiments from Simon Miller. NES scores are shown.

Focusing only on IGF2BP1, downregulation of YAP1 mRNA level upon IGF2BP1
depletion from RNA sequencing data was validated on the mRNA and protein level (Figure
23A,B). Moreover, an association of YAP1 abundance with IGF2BP1 could be further
demonstrated in ES-2 cells with an CRISPR-Cas9-mediated knockout of IGF2BP1 and a
stabile re-expression of WT and KH mutant IGF2BP1 (Figure 23C). Reduced YAP1 protein
expression within KH over-expression indicates an RNA-dependent regulation of YAP1.
Besides, an IGF2BP1-dependent expression of YAP1 was further shown in the COV-318

cell lines performing knockdown and over-expression studies (Figure 23D,E).
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Figure 23: YAP1 expression correlates with IGF2BP1 abundance. (A) YAP1 mRNA expression upon
an IGF2BP1 depletion (sil1) compared to its control transfection (siC) in ES-2 cells. (B-E) Western blotting
of YAP1 protein expression: (B) after control (siC) and IGF2BP1 (sil1) knockdown; (C) stable deletion of
IGF2BP1 (sgl1-GFP), re-expression of wild type GFP-IGF2BP1 (sgl1-G-11) and its RNA binding deficient
mutant (sgl1-KH) compared to wild type ES-2 cells expressing GFP alone; (D,E) transient depletion of
IGF2BP1 (sil1; D) and over-expression of IGF2BP1 (G-I1; E) in the ovarian cancer cell line COV-318
compared to their respective control (n = 1). VCL and GAPDH served as loading control. Errors indicate
SD of at least three independent experiments unless otherwise stated. Statistical significance was
assessed by Student’s f-test. * p < 0.05; ** p < 0.01; *** p < 0.001.

To test a direct regulation of YAP1 abundance by IGF2BP1, first, an RNA
immunoprecipitation (RIP) was performed to quantify bound YAP1 mRNA by over-
expressed, GFP-tagged wild type IGF2BP1 compared to the RNA binding deficient KH
mutant and the GFP control (Figure 24A). YAP1 mRNA was similarly enriched as the
positive control HMGA2 which is reported to be a direct target of IGF2BP1 (Busch et al.,
2016). RNA turnover of YAP1 mRNA was increased upon IGF2BP1 deletion while a
re-expression of IGF2BP1 was able to reduce it (Figure 24B). To investigate a 3'UTR
dependent regulation, the 3’UTR of YAP1 was deleted via CRIPSR-Cas9 as previously
described (Muller et al., 2020; Muller et al., 2019) and the IGF2BP1-dependent regulation
was analyzed by knockdown experiments (Figure 24C). Thereby, YAP1 abundance was
reduced independently of control or IGF2BP1 depletion compared to cells exhibiting the full-
length YAP1 mRNA. This implies that the 3'UTR of YAP1 is bound by IGF2BP1, complexes
its MRNA in an RNP complex and thereby prevents degradation of YAP1 mRNA. Similarly,
luciferase activity of the reporter containing the 3’'UTR of YAP1 was significantly decreased
upon IGF2BP1 depletion (Figure 24D). Taken together, this demonstrates binding of
IGF2BP1 to the 3'UTR of YAP1 to stabilize its mRNA leading to an increased protein
abundance and thereby presumably shifting its activity. As reported for other mRNA targets
(Muller et al., 2018), through binding of a target mRNA sequence within the 3'UTR,
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IGF2BP1 can shield the mRNA from miRNA attack. A crosstalk between hippo signaling
and miRNAs is reported, although YAP1 seems not the most important miRNA target
compared to other hippo genes (Li et al., 2017; Wang et al., 2018). In EOC, there are two
miRNAs, of the here shown conserved miRNA sites within the 3'UTR of YAP1 (Figure 24E),
reported to target YAP1, miR-199-3p and miR-375 (He et al., 2021). Both antagonizing
YAP1 function and are associated with a tumor-suppressive role in ovarian cancer. Due to
the overlap of the miRNA site of miR-199-3p with the IGF2BP1 CLIP peak, an IGF2BP1-

dependent shielding of this miRNA should be addressed in continuative studies in detail.
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Figure 24: YAP1 is directly regulated via its 3’'UTR by IGF2BP1 in ES-2 cells. (A) RNA
immunoprecipitation of over-expressed GFP-IGF2BP1 (G-I1) and its bound mRNAs were analyzed by
gRT-PCR and normalized to HIST2H3A as well as over-expressed GFP alone and the RNA binding
deficient mutant of IGF2BP1 (KH). HMGAZ2, reported as direct target of IGF2BP1, served as positive
control. (B) RNA turnover was determined between ES-2 cells exhibiting a IGF2BP1 deletion (sgl1 + GFP)
and IGF2BP1-deleted ES-2 cells re-expressing GFP-IGF2BP1 (sgl1 + G-I1) by adding actinomycin D for
the indicated time. YAP1 mRNA was normalized to RPLPO and HIST2H3A. (C) CRISPR-Cas9-mediated
deletion of the 3'UTR of YAP1 in ES-2 cells with an additional depletion of IGF2BP1 (AYAP1-3'UTR-sil1)
was analyzed by Western blot in comparison to the shown controls. VCL and GAPDH served as loading
control and for quantification next to siC. (D) Luciferase activity of a 3’'UTR binding reporter was measured
after an IGF2BP1 (sil1) and a control (siC) knockdown to monitor binding of IGF2BP1 to the YAP1 3'UTR.
(E) Schematic showing IGF2BP1 CLIP peaks within YAP1 3'UTR of eight CLIP experiments in total
(Conway et al., 2016; Hafner et al., 2010; Van Nostrand et al., 2016) and localization of predicted
conserved miRNA sites obtained from TargetScan. Error bars indicate SD of at least three independent
experiments. Statistical significance was assessed by Student’'s ftest. *p <0.05 **p<0.01;
***p <0.001.
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Finally, an influence of SRC on the hippo pathway via direct phosphorylation of LATS1
or even YAP1 directly is reported which favors YAP1’s nuclear activity and thus proliferation
(Li et al., 2016; Si et al., 2017). To test in our setting if SRC activation is responsible for the
increased transcriptional activity of YAP1 seen in (Figure 20D), reporter assays were
performed within ES-2 cells. The inhibition of SRC activity with saracatinib reduced the
transcriptional activity of YAP1 (Figure 25A) only down to 90 % while the IGF2BP1
knockdown decreased YAP1 activity by half (Figure 20D). As a control Western blotting
showed that YAP1 protein abundance also remained unaffected after SRC inhibition (Figure
25B). Together, these experiments give first hints that the shown IGF2BP1-dependent
alteration in YAP1 activity in ES-2 cells could rather be mediated directly by IGF2BP1 then
through SRC stimulation alone. The shifted abundance of YAP1 upon IGF2BP1 depletion
or over-expression possibly contributes to a shifted balance of cytoplasmic restrained and
transcriptional active YAP1. Nonetheless, the dependency of the SRC kinase in YAP1
signaling in ovarian cancer needs to be addressed in further studies including its connection
with IGF2BP1.
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Figure 25: SRC inhibition rarely interferes with YAP1 activity in ES-2 cells. (A) Transcriptional activity
of YAP1 was monitored upon inhibition of SRC activity with saracatinib (Sa, 6 uM) in ES-2 cells via a
luciferase reporter. DMSO served as control. (B) Western blotting of saracatinib inhibited ES-2 cells is
compared to the DMSO control to analyze YAP1 protein abundance. VCL and GAPDH served as control.
Error bars indicate SD of at least three independent experiments. Statistical significance was assessed
by Student’s t-test. * p < 0.05.

3.5 Combined treatment of saracatinib and selumetinib
effectively impairs IGF2BP1-driven invasive growth in vitro
and in vivo

For targeting the IGF2BP1-promoted invasive growth, several inhibitor combinations
can be beneficial in ovarian cancer. Due to frequent resistances in HGSC, combining drugs
are a chance to achieve a higher efficacy, less toxicity and especially address or even
overcome drug resistance. Figuring out which inhibitors are the most beneficial
combinations becomes widely used. Before assessing different drug combinations, ECsgs
(half maximal effective concentration) of the single drugs were calculated by measuring cell
viability in 2D for different concentrations in ES-2 cells in advance (Figure 26). BTYNB, a
novel described compound specifically inhibiting RNA binding of IGF2BP1 exhibits an ECso
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of 6.4 uM (Figure 26A). For verteporfin, a potent inhibitor of the YAP1-TEAD association,
an ECso of 11.3 yM was determined (Figure 26C). Saracatinib which inhibits SRC activation,
reveals anti-tumor activity within HGSC tumors (Simpkins et al., 2012) and was approved
in different clinical trials, showed the lowest ECso value with 5 uM (Figure 26B).
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Figure 26: EC50 calculations for BTYNB, saracatinib and verteporfin. (A,B,C) Determination of ECso
values for the IGF2BP1 inhibitor (BTYNB, A), the SRC inhibitor (saractinib, B) as well as the YAP1 inhibitor
(verteporfin, C, carried out by Claudia Misiak) in ES-2 cells was performed by measuring relative cell
viability in 2D for 12 different inhibitor concentrations normalized to DMSO. Error bars indicate SD of at
least three independent experiments.

A standard application of combination studies are dose-dependent drug matrixes using
different reference models to calculate the combinatorial over the single agent effect. In the
left panel, the inhibition map with indicated inhibitor concentrations within this drug matrix
visualizes the underlying measurements while the right panel shows synergy maps
calculated by different models (Figure 27). The resulting effects of the applied synergy
scoring from SynergyFinder (lanevski et al., 2017) are clearly defined by additivity, synergy
and antagonism reflecting a higher or lesser effect of drug combinations over the expected
additive single drug effects. Synergistic effects are assumed when an additional effect is
measured over the expected effect depending on the reference model. The here performed
calculations are based on the principle of the three following reference models. The HSA
(highest single agent) model simply compares the difference between the highest effect of
a single drug with the effect of a combination. The Bliss Independence model is built on the
concept that the different drugs have independent target sites but resulting in the same
effect. Bliss calculations rely on the multiplication of single drug effects (Foucquier and
Guedj, 2015). The ZIP (zero interaction potency) model is based on the comparison of
changes in potency of individual drugs with their combinations including different drug
doses. The assumption, that the individual drugs have zero interaction and are
consequently rarely interfering with the potency of each other, lead to expected additivity of
the single drugs. (Brooks et al., 2019; Yadav et al., 2015). Referring to the used web
application SynergyFinder (lanevski et al., 2017), antagonism is presented in green with a
synergy score smaller than -10, synergism is indicated in red with a synergy score over 10
and additivity is assumed in between. The calculated synergy score for each model

represents the average overall concentrations of the matrix, exhibiting maximal synergistic
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regions indicated by a black frame. To test synergistic or additive drug combinations,
different drug matrices with indicated concentrations measuring cell viability in 2D were
performed for: (A) BTYNB + verteporfin, (B) BTYNB + saracatinib and (C) saracatinib +
verteporfin (Figure 27). All assessed drug combinations show overall additive effects, while
BTYNB in combination with verteporfin or saracatinib exhibits the lowest ones (Figure
27A,B). As BTYNB is unable to impair the RNA-independent activation of SRC kinase,
BTYNB and saracatinib initially seemed to be a promising combination to target IGF2BP1’s
function, but overall synergy is missing. Saracatinib and verteporfin almost achieved overall
synergy (Figure 27C). However, considering the maximal synergistic regions only, the
combination of saracatinib and verteporfin has an average synergy score of 29 while
BTYNB and verteporfin reached 22 and BTYNB and saracatinib 16. The synergy score

thereby refers to the maximal percentage of a response effect beyond the expectations.
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Figure 27: Synergy scores of various drug combinations in ES-2 cells. (A,B,C) Inhibition maps (left
panel) of a drug matrix screen with the stated concentrations and inhibitors reflect the relative cell viability
in percentage (%) measured with CellTiter-Glo® of a 2D growth assay with ES-2 cells. Three different
synergy models (HSA, Bliss, ZIP; right panel)) were applied via SynergyFinder to calculate an overall
synergy score for each drug combination. Synergistic regions are marked in red and indicated with scores
> 10, antagonistic areas are colored in green with synergy scores < 10 while additive effects are assumed
between >-10 and < 10. Dashed boxes indicate regions with maximal synergy scoring. Experiments were
carried out by Dr. Nadine Bley and reflect three independent experiments.
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To further address drug resistance, finding the pathways which are activated alongside
established monotherapies or newly developed drugs are important. Although saracatinib
and verteporfin represent a potential combination, occurring resistances to saracatinib were
previously associated with the activation of the MAPK pathway and should be further
investigated. It is reported that inhibition of MEK re-sensitized saracatinib-resistant cells
(McGivern et al., 2018) and a suitable inhibitor is, in contrast to verteporfin, approved in
clinical trials. Co-activation of both, MEK and SRC, was found in HGSC patients and
combined inhibition proved to be beneficial on tumor growth in vivo over single drug
therapies (Simpkins et al., 2018). Since IGF2BP1 is upregulated in a subset of HGSC
accompanied with SRC activation and ERK2 is reported to be upregulated mRNA-
dependently through IGF2BP1 (Muller et al., 2018; Muller et al., 2019), combined inhibition
SRC and ERK in an IGF2BP1-dependent manner should be further addressed. First,
western blot analysis proved efficiency of both single inhibitors using 6 uM and their
combinations with only 3 uM of each (Figure 28A). Next to the reported IGF2BP1-
dependent effect on ERK2 abundance, its activity was shown to be enhanced with an over-
expression of IGF2BP1 indicated by Thr202-/Tyr204-phosphorylation (Figure 28B). An
IGF2BP1 knockdown decreases the phosphorylation and activity of ERK2 (Figure 28C,D)
confirming the reduced transcriptional activity of the SRE luciferase reporter upon IGF2BP1
depletion (Muller et al., 2019). Additionally, effects of reduced ERK abundance could be
recapitulated in two other EOC-derived cell lines (Figure 28E). To finally assess the synergy
and the physiological relevance of combined saracatinib and selumetinib in the following,

the ECsp of selumetinib alone in 2D was determined at 4.9 uM.
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Figure 28: IGF2BP1-dependent regulation of ERK2. (A) The SRC inhibitor saracatinib (Sa, 6 pM), MEK
inhibitor selumetinib (Se; 6 uM) and a combination of both (Bo, 3 uM Sa + 3 uM Se) are investigated for
their inhibitory potential in ES-2 cells on Western blot compared to the DMSO control. VCL and RPL7
served as loading control. (B,C) Western blotting of ERK1/2 and their activating phosphorylation on
T202/Y204 was performed in ES-2 after over-expressing GFP-IGF2BP1 (G-I1) next to GFP (B) and
accordingly after an IGF2BP1 (sil1) and control (siC) depletion (C). VCL served as loading control for
quantification. (D) A SRE reporter monitored transcriptional activity of ERK in IGF2BP1 knockdown
experiments. (E) ERK1/2 protein abundance is investigated via Western blot in two other ovarian cancer
cell lines, TOV-112D and NIH:OVCAR-3, after an transient IGF2BP1 depletion compared to its control (n
= 1). (F) The ECso value for selumetinib in ES-2 cells under 2D growth conditions was determined by
measuring cell viability for indicated concentrations relative to DMSO. Error indicates SD of at least three
independent experiments unless otherwise stated. Statistical significance was assessed by Student’s t-
test. * p < 0.05; *** p < 0.001.

Since both drugs together already proved to be efficient to overcome resistances with
saracatinib alone (McGivern et al., 2018), here we wanted to address if both drugs act in a
synergistic or additive manner and which role IGF2BP1 plays in this setting. Analysis of this
drug combination with the SynergyFinder revealed additive overall effect exhibiting the
benefit of reducing the applied inhibitor concentrations by half compared to single drug
treatment (Figure 29). Average synergy scores of around 7 for the IGF2BP1 over-
expression and about 9 for the GFP control were calculated with the three models, ZIP,
HSA and Bliss. Maximal scores were indicated by the black frame. Thereby, maximal
synergy scores of about 35 in average were achieved reflecting a maximal 35 % response
effect beyond the expectations. In comparison to the drug combinations evaluated before,
saracatinib and selumentinib yield the highest synergistic effect. Interestingly, the regions
of maximal synergy scoring were shifted within the two conditions. The IGF2BP1 over-

expression (Figure 29C,D) needs a higher concentration of both drugs to achieve maximal
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synergistic effects compared to the GFP control (Figure 29A,B) suggesting resistance
facilitated through IGF2BP1.
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Figure 29: Additive effects of saracatinib and selumetinib in combination. (A,C) Heatmap showing
inhibition in % within the drug matrix under 2D growth condition of ES-2 cells exhibiting a GFP over-
expression (A) compared to a GFP-IGF2BP1 (G-11) over-expression (C). Inhibition map refers to relative
cell viability measured with CellTiter-Glo®. (B,D) The overall synergy score for each condition was
calculated via SynergyFinder by applying the ZIP, HSA and Bliss model. Synergistic regions are
highlighted in red and reflect synergy scores > 10 while antagonistic areas are colored green and represent
synergy scores < -10. Additivity is assumed between > -10 and < 10. Dashed boxes indicate regions with
maximal synergy scoring. Experiments were performed in cooperation with Dr. Nadine Bley (Bley et al.,
2021) and reflect three independent experiments.

Analyzing the combinatorial treatment of saracatinib and selumetinib in comparison to
their monotherapies for 3D spheroid growth and invasion, substantial differences in
effectiveness were observed. Saracatinib acted less effective in inhibiting spheroid growth
(Figure 30A). Similarly, selumetinib slightly inhibited invasion alone (Figure 30B).
Especially, the over-expression of IGF2BP1 compared to the GFP control revealed a
significantly higher tolerance in spheroid growth for saracatinib and in invasion for
selumetinib suggesting a role of IGF2BP1 in resistance (Figure 30C,D). Even 6 uM of the
respective drugs used in monotherapies was less efficient than 3 uM of each drug in the
combinatorial treatment, pointing out that only both drugs in combination proved beneficial

to abolish the IGF2BP1-driven invasive growth in the over-expression experiments.
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Figure 30: Combination of saracatinib and selumetinib effectively targets IGFZBP1-driven
phenotypes. (A,B) Spheroid growth and invasion was analyzed upon treating ES-2 cells exhibiting a
stable GFP or GFP-IGF2BP1 (G-11) over-expression with saracatinib (Sa, 6 uM), selumetinib (Se, 6 uM)
or both in combination with reduced concentrations of each drug (Bo, 3 uM Sa + 3 uM Se) for 72 h.
Overlaid red mask indicates growth (A) or invasion area (B) while the light red mask shows initial spheroid
inputs. Representative images collected with an Incucyte S3 are shown. (C,D) For quantification, growth
area and invasion area were normalized to GFP control and input. Experiments were performed in
cooperation with Dr. Nadine Bley (Bley et al., 2021) and reflect three independent experiments. Statistical
significance was assessed by Mann-Whitney rank-sum test. * p < 0.05; ** p < 0.01; *** p < 0.001.

Having a closer look on the different tolerances in the respective assays in dependency
on IGF2BP1, ECsp calculations within the two assays were performed by measuring cell
viability or invasion area over a concentration range. Confirming the prior suggested
resistance, over-expressing IGF2BP1 led to an increase of the calculated ECso about 60 %
(from 3.5 to 5.8 yM) for saracatinib under 3D growth conditions compared to the GFP control
(Figure 31A). Comparably, the ECso of selumetinib was four-fold increased within invasion
assays (Figure 31B). Impairment of 3D growth by selumetinib was achieved with almost

equal potency as invasion by saracatinib between GFP and GFP-IGF2BP1 (Figure 31C,D).
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Figure 31: IGF2BP1-dependent effects of saracatinib and selumetinib on spheroid growth and
invasion. EC50 values of ES-2 cells with a GFP or GFP-IGF2BP1 (G-I1) over-expression under 3D
growth conditions were determined with a normalization to DMSO and input. (A,C) For spheroid growth
relative cell viability was measured with CellTiter-Glo®. (B,D) Spheroid invasion was monitored via a
Incucyte S3 and invasion area was quantified. Error bars indicate standard error of mean (SEM) of at least
three independent analyses. Experiments were performed in cooperation with Dr. Nadine Bley (Bley et
al., 2021).

Supporting data, generated by Dr. Nadine Bley, was shown within different EOC-
derived cell lines performing similar phenotypic analyses. An IGF2BP1 depletion increased
sensitivity of the respective cell lines to saracatinib in spheroid growth while an over-
expression of IGF2BP1 enhanced resistance (Figure 32A). Similarly, cells were sensitized
with an IGF2BP1 knockdown against selumetinib within the invasion assay and became

more resistant with an increase of IGF2BP1 abundance (Figure 32B).
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Figure 32: IGF2BP1 contributes to resistances in single drug treatment of several EOC-derived cell
lines. (A,B) Spheroid growth analysis under saracatinib treatment (Sa, 3 uM, A) and an invasion assay
with selumetinib treated cells (Se, 3 uM, B) were performed upon knockdown (siC, sil1) and over-
expression (GFP, G-I1) of IGF2BP1 in different ovarian cancer cell lines. Effects were normalized to
DMSO and their respective control (siC or GFP). Experiments were carried out by Dr. Nadine Bley (Bley
et al., 2021) and represent three independent experiments. Statistical significance was assessed by
Student’s t-test. * p < 0.05; ** p < 0.01; *** p < 0.001.

Due to late diagnosis of HGSC, it is often accompanied by metastasizing to the
peritoneum. The potential of single cells to grow anchorage-independent and form
spheroids favoring this process. As IGF2BP1 is mediating invasive growth in vitro, iRFP-
labelled ES-2 cells either expressing GFP or GFP-IGF2BP1 were pre-treated with 3 uM of
each inhibitor, saracatinib and selumetinib, or DMSO and IP-injected into nude mice in the
presence of equal amounts of these drugs. To study the in vivo relevance of these drugs
under varying IGF2BP1 conditions, tumor growth was assessed for two weeks post injection
of these tumor cells by monitoring the iRFP signal in the peritoneum. An elevated tumor
growth driven by the IGF2BP1 over-expression compared to GFP control within the DMSO
treatment was observed (Figure 33A) fitting to the previously reported role of IGF2BP1
promoting tumor growth (Muller et al., 2020; Muller et al., 2018). The combination of
saracatinib and selumetinib almost abolished tumor growth within the GFP control and
strongly reduced tumor size under the IGF2BP1 over-expression (Figure 33B). In sum, the
in vivo studies, thoroughly performed by Simon Miller, Tommy Fuchs and Dr. Nadine Bley,
confirmed the reported in vitro benefit of combined treatment with saracatinib and
selumetinib. Additionally, the combination of saracatinib and selumetinib demonstrated

effective targeting of IGF2BP1-driven invasive growth in vivo (Bley et al., 2021).
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Figure 33: SRCi and MEKI inhibition effectively targets IGF2BP1-driven phenotypes in vivo. GFP
or GFP-IGF2BP1 (G-11) over-expressing ES-2 cells, labelled with iRFP, were pre-treated with saracatinib
(3 uM) and selumetinib (3 uM) or DMSO for 48 h and IP-injected into nude mice with stated inhibitor
concentrations. Tumor growth in the abdomen was monitored by infrared imaging for 2 weeks.
Representative images are shown. (B) Quantification of infrared images was calculated with five mice per
condition. The in vivo experiment was carried out by Simon Miller, Tommy Fuchs and Dr. Nadine Bley
(Bley et al., 2021). Statistical significance was assessed by Mann-Whitney rank-sum test.
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In conclusion (Figure 34), associated with the C5 subtype of HGSC of the ovary, the
oncofetal mRBP IGF2BP1 is suggested as novel marker for therapy selection. Stimulating
SRC and ERK signaling, IGF2BP1 promotes a mesenchymal phenotype associated with
the loss of AJs and thereby contributing to EMT. Next to the SRC-dependent disassembly
of AJs, IGF2BP1 interferes with ERK and hippo signaling by directly promoting ERK2 and
YAP1 expression and transcriptional activity. Subsequently, with the expression of
proliferative genes stimulated by ERK2 or YAP1, IGF2BP1 promotes proliferation and
concomitantly overcomes contact inhibition of proliferation. Uncontrolled, invasive growth
enables metastasis to the peritoneum which is a frequent complication within HGSC. A
combined treatment with the clinically approved drugs saracatinib and selumetinib,
effectively targets the IGF2BP1-driven spheroid growth and invasion in vitro as well as

tumor growth in vivo implying a benefit of this therapy in patients with IGF2BP1-positive

tumors.
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Figure 34: IGF2BP1 targeting SRC, ERK2 and YAP1. The schematic summarizes the here revealed
insights of IGF2BP1 promoting AJ disassembly and overcoming contact inhibition of proliferation to enable
EMT, tumor growth and invasion in ovarian cancer. On one site, the IGF2BP1-driven AJ disassembly is
mediated through a ligand-binding dependent, RNA-independent activation of SRC kinase which can
further phosphorylate AJ components to facilitate its turnover. On the other site, IGF2BP1 directly binds
to YAP1 and ERK2 mRNA, increasing their abundance by stabilizing their mRNAs and thereby allowing
them to stimulate gene expression via the TFs TEAD1-4 or TCF/SRF for cancer progression. Potential
drugs inhibiting mRNA binding of IGF2BP1 (BTYNB), SRC activation (saracatinib), MEK and subsequently
ERK activation (selumetinib) and YAP1-TEAD association (verteporfin) are shown. Schematic according
to (Lavoie et al., 2020; Martin, 2001; Meng and Takeichi, 2009; Willert and Jones, 2006; Zhao et al., 2010).
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Ovarian cancer is one of the most lethal gynecological malignancies due to its late
diagnosis and its frequent metastatic spread (Sung et al., 2021). Over the last decades, it
became clear that ovarian cancer resembles many disease entities, but targeted treatment
opportunities are limited (Vaughan et al., 2011). Cytoreductive surgery and broad
chemotherapeutics are still the standard treatment for all subtypes (du Bois et al., 2009).
Except for PARP inhibitors, the improvement of PFS and overall survival remains dismal.
Recurrence and developing resistances to first-line chemotherapeutics are a frequent
problem which requests novel and more specific combination treatment strategies targeting
adaption processes. Elucidating the molecular mechanisms of resistance and identifying
subtype-specific oncogenic drivers creates a rationale for targeted therapies and
biomarkers selecting patients benefitting from these therapies (Bowtell et al., 2015).

RBPs are essential regulators of mRNA fate controlling several cellular processes on
the post-translational level (Gerstberger et al., 2014; Hentze et al., 2018). The highly tumor-
selective expression and upregulation of IGF2BP1 in EOC (Bell et al., 2013; Kobel et al.,
2007) provides the basis for this study aiming to elucidate the molecular action mechanism
of IGF2BP1 in ovarian cancer cells suggesting therapeutic approaches. Due to its mRNA
binding capability, IGF2BP1 is already reported to be involved in various cellular processes
promoting tumor progression and forces mesenchymal properties (Bell et al., 2013; Bley et
al., 2021; Degrauwe et al., 2016b; Gutschner et al., 2014; Muller et al., 2018; Zirkel et al.,
2013). Here, IGF2BP1 is shown to be elevated in mesenchymal ovarian cancer and
associated with the disassembly of AJs. Surprisingly, this revealed a novel, RNA-
independent mechanism of IGF2BP1 stimulating SRC activation in a protein ligand binding-
dependent manner to promote AJ turnover and thereby enabling EMT. The loss of AJs was
further associated with a reduced contact inhibition of proliferation. At the same time,
IGF2BP1 was shown to directly stabilize the mRNA of the main effector of the hippo
pathway YAP1 to sustain proliferative gene expression.

However, the IGF2BP1-driven invasive growth essentially relied on SRC activation as
well as on its mRNA binding capacity and thereby potentially contributes to cancer
metastasis. Elevated SRC activity was observed in EOC and its inhibition was shown to
significantly diminish invasion and induce apoptosis (Konecny et al., 2009; Simpkins et al.,
2012; Wiener et al., 1999). The concomitant stimulation of ERK2 signaling was reported to
confer resistances to the initially promising treatment with SRC inhibitors (McGivern et al.,
2018; Simpkins et al., 2018). Nevertheless, kinase inhibitors are of increasing interest in
resistant EOCs as kinases are involved in various signaling cascades allowing a fast tumor
adaption (Katopodis et al., 2019). A combination of various kinase inhibitors thereby seems

a beneficial strategy in targeting resistance mechanism. Here, IGF2BP1 was identified as
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a marker for dual activation of SRC and ERK signaling while ERK2 expression was
enhanced in an RNA-dependent mechanism through IGF2BP1 (Bley et al., 2021; Muller et
al., 2018). Combined inhibition of SRC with saracatinib and ERK with the MEK inhibitor
selumetinib effectively overcame the IGF2BP1-driven phenotype and showed anti-tumor
activity. Thus, patients selected for IGF2BP1-positive tumors presumably benefit from a
combinatorial SRC and MEK inhibition in mesenchymal HGSC.

41  Upregulation of IGF2BP1 impairs AJ maintenance and
promotes EMT in EOC

HGSC is characterized by a high occurrence of peritoneal metastases. Its
categorization into different molecular subtypes revealed the mesenchymal, proliferative C5
subtype which represents a dedifferentiated gene expression signature reflecting a
mesenchymal shift (Tan et al., 2013; TCGA, 2011; Tothill et al., 2008). Above, the C5
subtype was associated with an upregulation of the cancer-related genes HMGA2 and
LIN28B and the loss of miRNA let-7 (Helland et al., 2011). Apart from this, IGF2BP1 was
shown to enhance these factors in an RNA-dependent manner by shielding their mMRNAs
from miRNA let-7 attack (Busch et al., 2016). Suggesting a pivotal role for IGF2BP1 in the
C5 subtype, correlation analyses in three independent transcriptome datasets and
immunohistochemical staining revealed a strong association of IGF2BP1 with the C5 gene
expression signature (Bley et al., 2021). Together with the reported loss of CDH1-positive
contacts within the C5 subtype (Tothill et al., 2008) and the here demonstrated IGF2BP1-
driven AJ disassembly, this strengthen the hypothesis that IGF2BP1 essentially regulates
the mesenchymal shift within the C5 subtype of HGSC promoting EMT which creates the
basis for metastasis.

In detail, IGF2BP1 was shown to be associated with an EMT signature in a GSEA
analysis and increases protein expression of several EMT-TFs which fits to the reported
finding that IGF2BP1 stabilizes SNAI2 mRNA and promotes mesenchymal properties in a
LEF1-dependent manner (Zirkel et al., 2013). An IGF2BP1-dependent modulation of cell
morphology in epithelial-like NIH:OVCAR-3 and mesenchymal-like ES-2 cells favoring
mesenchymal cell properties was observed. Moreover, immunostaining of CTNNB1 and
CDH2 or CDH1 revealed that IGF2BP1 impairs the localization of these proteins to the
plasma membrane and its assembling into contact structures. This demonstrates that
IGF2BP1 interferes with AJ integrity in several EOC-derived cells. While a depletion of
IGF2BP1 was only able to reassemble premature AJ contacts characterized through its
zipper-like contact structures, the stable depletion of IGF2BP1 could establish mature
CDH2-positive contacts. These two stages of the maturation process essentially differ in

their arrangement of actin fibers and stability. The zipper-like or punctuate junctions are
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usually found at the edge of cell colonies preferentially between mesenchymal-like cells
enabling a fast and dynamic contact modulation. Linear junctions are mainly found in the
interior of stable cell colonies (Takeichi, 2014). Thus, the different AJ structure between
depleted and deleted IGF2BP1 suggests that lost IGF2BP1 abundance enables the
establishment of mature cell contacts while only reduced IGF2BP1 levels seems to interfere
with the assembly process leaving contacts in a premature state. However, the loss of
IGF2BP1 expression failed to induce a shift from the mesenchymal CDH2 to the epithelial
CDH1 within contact structures which could be observed by immunostaining so far. This
suggests that a partially MET was induced which refers to gained epithelial properties while
also some mesenchymal factors remained. Notably, the process of MET or EMT often
occurs in an incomplete state and several factors should be taken into consideration to
characterize the process (Dongre and Weinberg, 2019; Yang et al., 2020). Along with this,
the absence of IGF2BP1 here positively modulated intercellular adhesion, induced an
epithelial cell morphology and reduced EMT-TF expression. In contrast, over-expression of
IGF2BP1 promoted AJ disassembly, partially cell detachment and invadopodia formation.
For future analysis it would be interesting to visualize to which extent IGF2BP1 abundance
reverts matured AJs to a zipper-like contact structure or if it induced a complete loss of
adhesion within whole spheroids or tumors to weaken intercellular adhesion and enabling
metastasis. So far, the immunofluorescent visualization was only performed in 2D growth.

The increase of cellular junctions under lost IGF2BP1 abundance further seems to
slightly elevate the expression of AJ proteins seen in protein decay analysis of knockdown
studies suggesting their stabilization through incorporation of these proteins into contact
structures. This is further supported by the decreased phosphorylation of the stabilization
factor CTNND1 which favors contact stabilization (Davis et al., 2003) while an direct control
of the mRNAs of AJ components by IGF2BP1 was excluded. In particular, although a direct
binding of IGF2BP1 to the CTNNB1 mRNA was reported in breast cancer cells and
IGF2BP1 CLIPs were identified for CDH2 and CTNNB1 in four non-ovarian cell types (Gu
et al., 2008), an association of IGF2BP1 with the CDH2 or CTNNB1 mRNA in the ovarian
cancer cell line ES-2 could neither be detected via 3'UTR reporter analysis nor RNA decay
or RIP analyses.

To further investigate the mechanism, how IGF2BP1 interferes with AJ integrity, the
dynamic and fine-tuned balance of permanent AJ assembly and recycling was closer
examined. The finding that IGF2BP1 drives the velocity and persistence of cell migration by
constraining PIPs-directed RAC1 activation through direct binding to PTEN and MAPK4,
has additionally drawn attention to the regulator of early step AJ assembly, RAC1 (Stohr et
al.,, 2012). Accordingly, in this study pulldown assays of active RAC1 have shown an
upregulation of RAC1 activity after an IGF2BP1 depletion. This directly links IGF2BP1 to
the regulation of RAC1 activity without controlling RAC1 mRNA fate as indicated by RNA

89



DISCUSSION

sequencing analysis. Activation of RAC1 can be sustained directly through various GEFs
process-dependently (Marei and Malliri, 2017). Thereby, the GEF TIAM1 essentially confers
RAC1 activation during AJ assembly (Harris and Tepass, 2010). TIAM1 expression neither
correlated with IGF2BP1 within the TCGA-OV cohort nor possess any IGF2BP1 CLIP sites.
Interestingly, it was shown that TIAM1 was subjected to the regulation of the SRC kinase
which is demonstrated to interfere with AJ integrity and their associated functions
(Matsuyoshi et al., 1992; Woodcock et al., 2009; Yeatman, 2004).

Taken together, IGF2BP1 could be assigned with a pivotal role in promoting EMT by
inducing AJ disassembly in an indirect manner, altering cell morphology and favoring
mesenchymal cell properties. Concomitantly, it stimulated EMT-TF expression to maintain
the mesenchymal cell state and was above associated with an EMT signature. An elevated
EMT signature identified by single cell sequencing of HGSC cells was shown to correlate
with poor prognosis as well as the abundance of IGF2BP1 in EOC (Hu et al., 2020; Kobel
et al., 2007). The mechanism how IGF2BP1 interferes with AJs integrity further pointed to
its described association with the SRC kinase which functions as a key regulator in adhesion
(Huttelmaier et al., 2005).

4.2  The cooperation of the two oncogenic drivers SRC & IGF2BP1

The well characterized oncogene SRC was found to be associated with a set of cancer
entities and SRC-directed inhibitors were in clinical trials as tumor therapy including ovarian
cancer (Irby and Yeatman, 2000; McNeish et al., 2014). Already in 2005, SRC was shown
to phosphorylate IGF2BP1 to release the bound ACTB mRNA from the mRNP complex
controlling the spatial and temporal translation of actin in developing neurons (Huttelmaier
et al., 2005). If IGF2BP1 in turn can activate SRC via a ligand binding induced mechanism
was tested in this study. Interestingly, wild type IGF2BP1 promoted Tyr419-phosphorylation
and thus activation of SRC in a dose-dependent manner. In contrast, SRC activation failed
when the full length IGF2BP1 protein lacks the VP4+SS motif, a binding motif identical to the
SRC binding site in the adhesion molecule paxillin (Huttelmaier et al., 2005; Weng et al.,
1993). This implies that binding of IGF2BP1 via its VP4+SS motif to the SH3 domain of the
SRC kinase effectively promotes SRC’s open conformation which in turn enables
autophosphorylation for the full activation of the kinase. Similar mechanisms were described
for the mRBPs hnRNPK and SAM68 which specifically associate via proline-rich motifs with
SRC, stimulate SRC activation and underly the control of SRC-dependent phosphorylation
to activate translation of the bound mRNAs (Frisone et al., 2015; Ostareck-Lederer et al.,
2002). Thus, the upregulation of IGF2BP1 induces SRC activation which in turn controls the
release of the bound MRNAs based on the SRC-mediated alterations of IGF2BP1’s binding
affinities. This potentially creates a feedback loop of IGF2BP1 and SRC, both controlling
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the activities of each other. Importantly, it could be further demonstrated that the IGF2BP1-
driven SRC activation via the VP4SS motif is essential for AJ disassembly and equally
required as its mMRNA binding capacity to fulfill its full potential in promoting invasive growth.

Conversely, SRC inhibition phenocopied the AJ alteration observed upon IGF2BP1
depletion (Dosch et al., 2019; Nam et al., 2002). SRC was thereby described to function as
key regulator in AJ turnover through directly phosphorylating AJ proteins promoting its
internalization and degradation as it was indicated by the altered phosphorylation of
CTNNB1 and CTNND1 within this study (Daugherty and Gottardi, 2007; Matsuyoshi et al.,
1992; Qi et al., 2006; Roura et al., 1999; Woodcock et al., 2009). Besides, SRC modulates
FAs to enable migration, invasion and thus metastasis (Boyer et al., 2002; Fincham and
Frame, 1998; Playford and Schaller, 2004; Wozniak et al., 2004) as it is reported for
IGF2BP1 (Bell et al., 2013; Degrauwe et al., 2016b; Muller et al., 2018). Both proteins act
as oncogenic drivers and force similar cellular processes to promote cancer progression
and thereby cooperate with each other. Likewise, it was previously reported for IGF2BP1 to
actin concert with LIN28B and HMGAZ in an oncogenic and self-sustaining network in EOC-
derived cells (Busch et al., 2016). However, here we identified for the first time an RNA-
independent mechanism.

The inhibition of SRC activity with the approved inhibitor saracatinib was able to abolish
the IGF2BP1-driven invasion which fits to reported findings (Guarino, 2010). In support of
this, in in vivo settings SRC was further associated to essentially contribute to metastasis
but not tumor growth (Criscuoli et al., 2005). Together, the interplay of IGF2BP1 and SRC
controls a multitude of cellular processes and signaling cascades thereby shifting from an
epithelial cell state to a more mesenchymal one allowing cells to migrate and invade the
surrounding tissue.

Further investigations should extend the linkage between SRC activity and IGF2BP1
abundance beyond correlation data to reliable and comparable data within tumors.
Phosphorylation events, which are used to indicate SRC activity, are post-translational
protein modifications which enable a fast adaption to the microenvironment by transducing
various signals into intracellular signaling cascades. These highly dynamic modifications
are regulated through several different kinases and phosphatases and thus underly a high
susceptibility to variations especially within in vitro assays. Promising tools are under
current development which directly monitor SRC activity in vivo. For instance, the
fluorescence resonance energy transfer (FRET) technique was used to visualize SRC
activity in living cells via a genetically encoded SRC reporter and is already applied in
various settings (Koudelkova et al., 2019; Ouyang et al., 2008; Wang et al., 2005). In the
future, this could be extended to analyze HGSC cells with various IGF2BP1 wild type and
mutant expression monitoring SRC activity and its localization as well as in combination

with other cells. Another idea was based on bioluminescence imaging using split-
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luminescence complementation for directly monitoring SRC activity in xenograft tumors but
the successful establishment needs further evaluation (Leng et al., 2016). Nevertheless,
bioluminescent imaging has a huge potential to monitor cellular processes and signaling via
a non-invasive method and gets increasing interest (Manni et al., 2019; Su et al., 2020). A
realization of conformation-dependent monitoring of SRC activity offers the potential of a
real-time visualization of SRC signaling invivo without detraction during sample
preparation. This would allow associations with various microenvironmental factors,
including drug application and immune responses, but could also reflect SRC activity during
tumor development or even metastasis. Besides, classical bioluminescent assays analyzing
mice tumor samples after surgery for SRC activity represent a more direct and faster
technique and deliver more precise data that can link SRC activity and IGF2BP1 abundance

within xenografts.

4.3  The strategies of IGF2BP1 to counter contact inhibition of
proliferation

The loss of adhesion is usually followed by a loss of contact inhibition of proliferation
(CIP). It was early assumed that cell proliferation was inhibited as soon as cells reach a
certain density and this process is mainly facilitated through cell-cell contacts (McClatchey
and Yap, 2012). Thereby, different cadherins were associated to play an essential role in
transducing these extracellular stimuli to intracellular responses (Grazia Lampugnani et al.,
2003; Kim et al., 2011; Ozawa and Kemler, 1998; Perrais et al., 2007). Interestingly, during
my master’s thesis ribosomal profiling implied an overall shift of translation rate in an
IGF2BP1-dependent manner indicating that IGF2BP1 potentially overcomes CIP. Here, the
analysis of the overall translation rate by CLICK experiments demonstrated that the
presence of IGF2BP1 sustains proliferation and overcomes CIP. This reflects a potential
role of IGF2BP1 in uncontrolled growth during tumor initiation and progression, although
the time point of IGF2BP1 upregulation within ovarian cancer development remains
unknown.

The molecular mechanisms by which IGF2BP1 counter CIP can be manifold. Based on
the here demonstrated induction of AJ turnover and the observed reduction of CIP through
the upregulation of IGF2BP1 in ovarian cancer cells, modulating adhesion represents one
potential strategy. Thereby, the IGF2BP1-induced SRC activation could impair hippo
signaling through the loss of cadherin-based intercellular adhesion. Since the FRMDG6-NF2-
WWC1 complex usually co-localizes with AJs to classically activate the hippo pathway (Kim
and Jho, 2018; Yu and Guan, 2013), a turnover and loss of AJs presumably will lead to
mislocalized FRMD6-NF2-WWC1 complexes and a disruption of hippo signaling inducing

YAP1’s nuclear activity. Continuative studies could therefore visualize the intracellular
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localization of these proteins in dependence of IGF2BP1 in various HGSC cell lines.
Especially, the reported negative feedback loop of YAP1/WWTR1-stimulated LATS2
expression and its concomitant activation through NF2 could be another interesting point
for future analysis (Kim and Jho, 2018; Moroishi et al., 2015; Yu and Guan, 2013).
Therefore, it is worth investigating putative IGF2BP1 targets associated with adhesion since
the cell polarity as well as the subcellular localization have huge impact on the complex
regulation mechanisms of YAP1.

Next to the FRMD6-NF2-WWC1 complex, the apical polarity complex Crumbs and the
TJs associated protein AMOT confer spatial inhibition of YAP1 activity by either activating
the hippo pathway or sequestrating YAP1 at the apical plasma membrane (Fulford et al.,
2018; Ho et al., 2010; Kim and Jho, 2018; Yu and Guan, 2013; Yu et al., 2010). Depending
on its phosphorylation status, AMOT was described to bind ACTB under cytoskeletal
tension and is thereby unable to inhibit YAP1 activity. Additionally, hyperphosphorylation
was seen to induce the nuclear entry of AMOT to promote the association of the co-activator
YAP1 with the TEAD TFs (Chan et al., 2013; Fulford et al., 2018; Mana-Capelli et al., 2014).
The basal polarity complex composed of SCRB, DLG, and LGL antagonizing the apical one
mediates the inhibition of hippo signaling through MARK kinases (Fulford et al., 2018;
Heidary Arash et al., 2017; Mohseni et al., 2014; Wu and Griffin, 2017). Above, cell
rearrangements including cytoskeletal tension, mechanical stimuli such as ECM stiffness
and integrin activation were reported to favor the nuclear accumulation of YAP1 and thus
its activity involving Rho-GTPases. In turn, YAP1 co-activates genes essential for FAs
formation which creates a feedback loop to sustain tissue integrity (Dupont et al., 2011;
Fulford et al., 2018). Together with the observation that YAP1’s spatial localization and thus
its activity was temporal coupled on cell shape in migrating fibroblasts depending on ACTB
and SRC (Ege et al., 2018), this collectively highlights that YAP1’s action is controlled by
cell morphology, polarity and adhesion. Moreover, this suggests a putative linkage to
IGF2BP1 as it is associated with a role in regulating cell morphology, adhesion and SRC
activity (Bley et al., 2021; Huttelmaier et al., 2005; Zirkel et al., 2013). Next to elucidating
further direct mRNA targets of IGF2BP1 including loss-of-function studies,
immunofluorescence imaging of YAP1 seems to be a promising tool to further unravel the
site of spatial regulation in an IGF2BP1-dependent manner.

One factor that is already negatively associated with YAP1 activity and IGF2BP1
abundance is the AJ protein CTNNAA1. It was described to confer spatial inhibition of YAP1
activity at the site of AJs through binding via the 14-3-3 proteins the phosphorylation site of
YAP1 preventing its nuclear translocation (Schlegelmilch et al., 2011; Silvis et al., 2011).
Notably, one member of the 14-3-3 protein family, YWHAZ, was recently described as novel
IGF2BP1 target (Glass et al., 2021) and should be considered next to its orthologs for further
studies regarding IGF2BP1 in the regulation of the hippo pathway.
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Besides, SRC activation represents an alternative strategy since previous findings have
shown that the SRC kinase can uncouple YAP1 from the classical regulation via the hippo
pathway. Apart from its role in adhesion, SRC’s direct phosphorylation of the transcription
activation domain within YAP1 inducing its nuclear activity and preventing its nuclear export
in activated fibroblasts has led to nuclear accumulation of YAP1 (Ege et al., 2018; Lamar et
al., 2019; Li et al., 2016). Additionally, it is assumed that altered focal adhesion and elevated
SRC activation favor YAP1 nuclear localization through the inhibition of LATS1 caused by
direct SRC phosphorylation (Si et al., 2017). To get first insights if the increased nuclear
activity of YAP1 depends on SRC activation in our setting, inhibitor studies diminishing SRC
activity with saracatinib were performed but rarely draw any conclusion. Considering the not
fully understood conditions under which SRC directly or the classical hippo pathway control
the action of YAP1 and the sensitive density-dependent regulation of both proteins, the
experimental setting should be refined for future analyses. Thereby, different cell densities
including 3D growth and microenvironmental factors should be addressed to better reflect
the physiological conditions. To further test if the shifted YAP1 activity is mediated through
SRC-dependent adhesion modulation or direct phosphorylation of hippo components, the
phosphorylation status of LATS1 and YAP1 through SRC as well as inhibitor studies in
dependence of IGF2BP1 need to be investigated.

Despite alternative regulation mechanisms, the main pathway facilitating CIP is the
hippo pathway which was also seen to be affected through the presence of IGF2BP1 and
thereby displays another strategy of IGF2BP1 overcoming CIP. Characterized by a
phosphorylation cascade, the hippo pathway regulates YAP1 localization and action. As
main effector of the hippo pathway, phosphorylated YAP1 restrains in the cytoplasm
inhibiting proliferation while unphosphorylated YAP1 translocates to the nucleus and
functions as a co-activator of TEAD-driven transcription of proliferative genes (Yu and
Guan, 2013). Evaluating the activation of the hippo pathway, YAP1 activity was monitored
by reporter assays described by (Dupont et al., 2011) within this study. Consistent with the
CLICK experiments, IGF2BP1 abundance stimulated YAP1’s transcriptional activity. To test
if this effect is only due to the IGF2BP1-driven SRC activation and thus AJ disassembly or
directly elicited by IGF2BP1, correlation studies with knockdown and tumor cohort RNA
sequencing data as well as CLIP analysis of the core hippo components were performed.
Surprisingly, a direct binding and thus stabilization of the YAP1 mRNA by IGF2BP1 was
found. This association led to elevated YAP1 protein abundance which further shifted to a
higher transcriptional activity of YAP1 which is supported by the correlation of IGF2BP1
expression to the YAP1/TEAD/WWTR1-driven gene expression signature postulated by
(Zanconato et al., 2015). This directly links IGF2BP1 to the regulation of YAP1. Hence, the

seen effects of YAP1 activity could also be assumed to be mediated directly through the
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IGF2BP1-driven enhancement of YAP1 abundance. A fine-tuned stabilization of YAP1
through IGF2BP1 could possibly favor the upregulation of unphosphorylated YAP1 which
is primed to enter the nucleus for the stimulation of gene transcription. A concomitant
reduced hippo signaling through SRC phosphorylation within AJ or on hippo components
directly thereby encourages the nuclear accumulation of YAP1. This could imply an
interplay of all described strategies of IGF2BP1 to overcome CIP. However, further
analyses are needed to evaluate the possibility of additional putative factors shifting the
ratio of phosphorylated and unphosphorylated YAP1 and thereby influencing YAP1 activity
in an IGF2BP1-dependent manner. Importantly, distinguishing to which extend the
IGF2BP1-dependent SRC activation is responsible for a shifted YAP1 activity or the
IGF2BP1-dependent post-transcriptional control of YAP1 mRNA contributes to a nuclear
YAP1 accumulation, will be of future interest. Therefore, analyses of the nuclear activity of
YAP1 and overall translation rate referring to CIP with the different IGF2BP1 mutants from
this study in concert with inhibitor experiments could be beneficial.

Taken together, upregulation of IGF2BP1 in a subset of HGSC as well as its function
in SRC activation and turnover of intercellular cadherin-based junctions interferes with CIP.
At the same time, IGF2BP1 directly associates and stabilizes the YAP1 mRNA to further
enhances YAP1-stimulated transcription. In concert, reduced adhesion potentially leads to
less stimulation of the hippo pathway which in turn shifts the balance of increased YAP1
abundance to more unphosphorylated, nuclear YAP1 in an IGF2BP1-dependent manner.
Based on this, IGF2BP1 essentially impacts proliferation by tackling YAP1, a key point
controlling intracellular signal transduction. This versatile approach of IGF2BP1 facilitates
uncontrolled growth and thereby disrupts tissue integrity.

Apart from this, several studies connected hippo and TP53 signaling on various levels.
For instance, LATS2 was seen to protect TP53 from degradation through MDM2 resulting
in TP53 accumulation and activation. An interaction between mutant TP53 and YAP1
seems to transcriptionally stimulate cell cycle-related gene expression in breast cancer cells
while this association is non-existent with wild type TP53 conformation-dependently (Di
Agostino et al., 2016; Furth et al., 2018; Raj and Bam, 2019). Considering the mutational
background of TP53 in HGSC and the reported upregulation of YAP1 in these tumors (Cho
etal., 2017; Wang et al., 2020), this additionally could contribute to the reported enrichment
of the cell cycle gene set within the gene enrichment analyses next to IGF2BP1’s impact on
cell cycle (Muller et al., 2020). However, both are critical regulators of cellular adaption
aiming to maintain genome and tissue integrity. Together with the early occurring mutation
of TP53 in HGSC, YAP1 could cooperate with TP53 in HGSC tumorigenesis.
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44  Targeted treatment strategies for IGF2BP1-driven ovarian
tumors

HGSC is characterized by a high genomic instability, cellular heterogeneity and
frequent relapse accompanied by occurring resistances. The high genomic instability of
HGSC makes it sensitive to platinum-based chemotherapy and PARP inhibition but
concomitantly the high plasticity allows a fast adaption of the tumor leading to the
development of resistances (Bowtell et al., 2015; Patch et al., 2015). Investigating
resistance mechanism advances the establishment of targeted therapies. Intercellular
adhesion thereby creates a basis for the transduction of extracellular stimuli from the
microenvironment to various intracellular signaling pathways enabling tumor adaption.
However, the high frequency of TP53 mutations within HGSC tumors also contributes to
genomic instability, proliferation, stemness and drug resistance (Shetzer et al., 2014).
Multidrug chemoresistance by mutant TP53 was referred to the transcriptional upregulation
of the drug efflux pump MDR1 (Zhu et al., 2020).

Interestingly, Taxol-based therapy resistance was associated with the mRNA
stabilization and upregulation of MDR1 through IGF2BP1 presumably shielding it from
let-7g miRNA attack. Consistently, an upregulation of MDR1 and IGF2BP1 was frequently
observed in relapsed ovarian cancer patient and seems to predict an early recurrence
(Boyerinas et al., 2012). Considering the tumor-selective expression of the oncogenic driver
IGF2BP1 and its upregulation within ovarian cancer, targeting of IGF2BP1 seems tempting.
The recently developed small molecule inhibitor BTYNB specifically inhibits the binding of
IGF2BP1 to its target mMRNAs and showed promising anti-proliferative effects in ovarian
preclinical studies (Mahapatra et al., 2017).

Along with this, an upregulated YAP1 expression was observed in HGSC patients (Cho
et al., 2017; Wang et al., 2020) and its activity could be connected to resistance to the
current chemotherapeutics in ovarian cancer. In particular, YAP1 was shown to confer
resistance to Cisplatin and Taxol in 2D viability assays (Hall et al., 2010; Song et al., 2018;
Xia et al., 2014; Zhang et al., 2011). Additionally, the above-mentioned association of YAP1
with mutant TP53 (Di Agostino et al., 2016; Furth et al., 2018; Raj and Bam, 2019) possibly
indicates a cooperative role in early steps of HGSC development. Together with its
association in facilitating chemoresistance, YAP1 also represents as an interesting
therapeutic target.

Besides, the oncogene SRC was shown to be upregulated in ovarian cancer (Simpkins
et al., 2012). A proteome-wide analysis of tyrosine phosphorylation in ovarian tumor
samples revealed 19 dysregulated tyrosine kinases, including several SRC family members
which were significantly enriched. Following immunohistochemical staining verified the
enhanced abundance of SRC in ovarian tumor tissue sections compared to normal ovary
tissue (Song et al.,, 2019). The here demonstrated IGF2BP1-dependent but RNA-
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independent stimulation of SRC activity driving invasiveness in vitro and its known function
in tumorigenesis (Summy and Gallick, 2003) assign SRC with a critical role in metastasis
which is a frequent problem in HGSC. Although monotherapies with saracatinib failed to
improved PFS in platinum-resistant ovarian cancer (McNeish et al., 2014), a subtype-
specific inhibition of SRC in EMT-high tumors (Hu et al., 2020) could be beneficial to reduce
metastasis and early recurrence. The identification of cellular adaption responses and their
key drivers are essential to develop targeted treatment strategies. The signaling molecules
YAP1 and SRC as well as the post-transcriptional modulator IGF2BP1, which either
possess exceptional expression or activity in ovarian cancer or were already associated
with chemoresistance, are key regulators that can enable a fast adaption within tumors. The
broad impact of these proteins creates a rationale targeting them in cancer therapy.

In this study different drug combinations were evaluated in first line for their efficacy
and synergy in 2D growth assays using drug matrices. The interplay of IGF2BP1 and YAP1
and their role in chemoresistance in ovarian cancer emphasized the evaluation of the
inhibitor combination for their synergy. Inhibition of the two proteins were carried out by the
combination of BTYNB and verteporfin but failed to show synergistic effects. Similar results
were seen for the combination of saracactinib and BTYNB, although targeting the dual
functions of IGF2BP1, its mRNA binding capacity and the SRC activation, seemed
promising. Interestingly, targeting the two independently IGF2BP1-stimulated signaling
molecules SRC and YAP1 with a combination of saracatinib and verteporfin exhibited
potentially synergistic effects for some concentration combinations.

SRC inhibition alone initially proved promising, especially in sensitizing cells to
paclitaxel treatment in preclinical in vitro an in vivo studies (Le et al., 2011). Unfortunately,
under clinical evaluation there was neither an improvement of paclitaxel activity in patients
with platinum-resistant ovarian cancer nor on PFS and overall survival (McNeish et al.,
2014). The finding that saracatinib treatment often comes along with frequently occurring
resistance to saracatinib shadowed the initial benefits. Concomitant with saracatinib
resistance, ERK activation (MAPK pathway activation) was observed linking its upregulation
to the developed resistance while dual inhibition beneficially targeted tumor growth in an
ovarian mouse model (McGivern et al., 2018).

Further studies which aimed to characterize adaptive responses to chemotherapy by
reverse-phase protein arrays further revealed that PARP inhibition also induced the
activation of the MAPK pathway mediating PARP resistance. Dual inhibition showed
synergistic effect in vitro and in vivo while an ongoing clinical trial is evaluating the
combination of the PARP inhibitor olaparib and the MEK inhibitor selumetinib in ovarian and
other solid cancers including PARP-resistant ones (Sun et al., 2020). Due to the reported
finding that IGF2BP1 enhances ERK2 and SRF expression and thereby their transcriptional

activity, this emphasized the need to test the recommended combination of saracatinib and
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selumetinib against the IGF2BP1-driven phenotype (McGivern et al., 2018; Muller et al.,
2018; Muller et al., 2019).

Although YAP1 was shown to promote resistance to MEK-targeted therapy in non-small
lung cancer (Lin 2015), dual inhibition of SRC and MEK could potentially inhibit YAP1
activity as it responds to SRC inhibition, previously described. In particular, the SRC
inhibitor dasatinib was shown to effectively inhibit YAP1 activity in in vitro studies of renal
cell carcinoma (Sun et al., 2018). If similar effects can be achieved in ovarian cancer, needs
to be investigated in future analyses. Nevertheless, uncontrolled YAP1 enforces a
tremendous impact in tumorigenesis but its inhibition also diminishes its beneficial function
in tissue repair and regeneration required for instance after cytoreductive surgery (Johnson
and Halder, 2014). This requests the benefit of YAP1 inhibition. Consequently, the
combined inhibition of SRC and ERK with saracatinib and selumetinib seems to unroll a
higher clinical potential and was further evaluated and tested for its synergy and potential
in targeting the IGF2BP1-driven phenotypes.

Synergistic effects of dual drug treatment with saracatinib and selumetinib was already
described in 2D colony growth assays (McGivern et al., 2018). Here, we shifted the assays
to 3D cell culture to better reproduce the tumor surrounding which was requested in an
opinion article although a co-cultivation with fibroblasts and mesothelial cell was not applied
here (Bowtell et al., 2015). The spheroids were grown matrix-embedded and matrix-free.
Applying a drug matrix to assess synergy of the combination allows the accurate
identification of the lowest concentration with the highest efficacy. The 3D cultivation was
especially important in regard of the demonstrated role of IGF2BP1 in intercellular junctions
referring to a comparison of 2D and 3D cell cultures that revealed that the extent of cell-cell
contacts depends on their microenvironment. Surprisingly, it could be shown that tumor
spheroids established less cell-cell contacts compared to its monolayer cultures of ovarian
cancer cells and this correlates with its drug resistance (Kutova et al., 2020).

However, the combination of both inhibitors was able to effectively overcome the
IGF2BP1-driven invasive growth in vitro and the tumor growth in vivo. While saracatinib
showed a higher sensitivity in inhibiting invasion, selumetinib was more effective in the
inhibition of spheroid growth in monotherapies. Consequently, saracatinib was able to
abolish the IGF2BP1-driven spheroid invasion while spheroid growth was only modestly
reduced fitting to its role in invasion and metastasis shown in previous publications (Boyer
et al., 2002; Criscuoli et al., 2005; Guarino, 2010). The reverse effect was seen for
selumetinib which is in accordance with the associated function of ERK in proliferation
(Lavoie et al., 2020). Obviously, IGF2BP1 abundance correlated with an increased drug
tolerance. In both cases, IGF2BP1 over-expression seems to confer resistance while an
IGF2BP1 depletion sensitized the cells in the respective phenotype. Using only half of the

drug concentration in a combination therapy compared to the monotherapy, combined
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treatment was effective in inhibiting both phenotypes independent of IGF2BP1 abundance.
The drug combination overall showed additive effects with clearly synergistic effects for
some concentration combinations fitting to the reported synergy in 2D assays (McGivern et
al., 2018).

In support of this, similar experiments with dual SRC and MEK inhibition were reported
in the NIH:OVCAR-3, SK-OV3, OVCARS5 cell line. The combined inhibition partially restored
CDH1 levels, altered cell morphology and was connected to the absence of active RAC1.
Moreover, expression of constitutively active MEK and SRC induced TWIST1, ZEB1 and
ZEB2 expression. Consistently, the combinatorial effect was much stronger as the one of
the single agents (Fang et al., 2017). Together, these data and our observations strongly
suggest that the combined treatment of ovarian tumors with SRC and MEK inhibitors can
encounter EMT-driven tumors and metastasis. Due to the tumor-selective expression of
IGF2BP1 (Bell et al., 2013), its association with the mesenchymal/proliferative C5 subtype
of HGSC (Bley et al., 2021) and its interplay with the SRC kinase, IGF2BP1 can be
recommended as a biomarker for selecting patients potentially benefitting from a combined
therapy of SRC and MEK inhibitors.

Coming back to the mutational background of HGSC, TP53 mutations are known as
the earliest occurring alteration in the initiation of HGSC (Ahmed et al., 2010; TCGA, 2011).
The time point and mechanism of IGF2BP1 upregulation in a subset of HGSC tumors is
unknown. Interestingly, next to the cooperation of mutant TP53 with YAP1, it was shown
that mutant TP53 also represses the transcription of let-7i miRNA thereby leading to
enhanced migration and invasion under the repression E2F5, LIN28B, MYC and NRAS
(Subramanian et al., 2015). An almost identical target set and involvement was found for
IGF2BP1 indicating a potential interconnection or overlayed functions of both (Busch et al.,
2016; Mackedenski et al., 2018; Muller et al., 2020; Weidensdorfer et al., 2009). In regard
of this, a first connection was drawn in murine ID8 cells in which the deleted expression of
TP53 induced IGF2BP1 expression. Above, this forced expression suggests an
upregulation of SRC activity while a deletion of IGF2BP1 on top again reduced SRC
activation. Together, this makes it worth to additionally consider the IGF2BP1 inhibitor
BTYNB or its derivates for further mechanistical evaluation. The data therefore can be found
in the appendix (Figure 37). The used CRIPSR/Cas9-edited cells were kindly provided by
Prof. lain McNeish. The results are completely preliminary but represent an interesting
observation and important research tool which should further investigated in future
analyses. The induction of several HGSC-related mutations such as TP53 in the murine ID8
cells, derived from ovarian surface epithelium, allows the establishment of a transplantable
murine mouse model suitable to address the biology of HGSC, potential treatment
strategies, the microenvironment and immune responses (Walton et al., 2016), also in
dependence of IGF2BP1.
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To broaden the view, TP53 mutations are found across different entities of human
cancers and therapeutic targeting of mutated TP53 protein is of great interest involving
various strategies to restore wild type conformation, induce targeted degradation or
synthetic lethality. Under preclinical evaluation are immunotherapies, RNAI, small molecular
compounds and synthetic peptides. To highlight is the small peptide-based therapy aiming
to restore TP53 wild type function and showed promising anti-cancer effects in in vivo
models for ovarian cancer. These ambitious tools specifically encountering the multiple
functions of mutant TP53 are still in its infancy but seems to be promising for future
applications in HGSC (Zhu et al., 2020). For now, combination therapy including kinase
inhibitors are more feasible and could be beneficial in targeting resistance mechanism.
Thereby, making advantage of the already evaluated tolerability and partially efficacy in
clinical trials, this allows a fast way of incorporation into clinical utility. Importantly, the
Cb5-selective expression of IGF2BP1 accompanied by the dual activation of SRC and ERK

signaling here proposes a subtype-specific targeted treatment strategy.
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5 SUMMARY

High-grade serous ovarian carcinomas (HGSCs), the most common form of ovarian
cancers, are characterized by frequent metastasis and occurring resistances to the current
standard therapies. The upregulation within the mesenchymal C5 subtype of HGSC and the
almost mutually exclusive expression within tumors, suggest a pivotal role of the post-
translational regulator IGF2BP1 in HGSC.

Here, IGF2BP1 was found to essentially regulate key signaling molecules such as
SRC, ERK2 and YAP1 to control a plethora of cellular processes facilitating tumor
progression in ovarian cancer cells. In detail, IGF2BP1 promotes SRC activation in an
unexpected ligand binding induced, RNA-independent mechanism to interfere with AJ
integrity. The SRC kinase thereby induces the phosphorylation and disassembly of AJ
components. Concomitantly, IGF2BP1 enhances EMT-TF expression and affects the
activity of the early step regulator of AJ assembly, RAC1, to promote EMT and sustain a
mesenchymal cell state. The IGF2BP1-driven loss of AJs thereby creates the basis for
invasive growth and tumor spreading. Next to the diminished intercellular adhesion, the
direct stabilization of the YAP1 mRNA through IGF2BP1 leads to a deregulation of the hippo
pathway and reduces contact inhibition of proliferation. Thereby, YAP1 is forced to
translocate to the nucleus and activate proliferative gene expression. Similarly, the reported
association of IGF2BP1 with the ERK2 mRNA triggers the activation of ERK signaling and
the expression of multiple genes involved in cancer progression and resistance
mechanisms. Together, this links the interconnected stimulation of SRC and ERK2
signaling, reported in ovarian cancer, to the post-transcriptional action of IGF2BP1.
Consistently, the IGF2BP1-driven invasive growth, which essentially relies on the RNA-
independent SRC activation as well as on the mRNA binding capacity of IGF2BP1, was
targetable by dual inhibition of SRC and ERK. Compared to its monotherapies, only the
combinatorial inhibition of SRC with saracatinib and ERK with the MEK inhibitor selumetinib
was able to effectively overcome the IGF2BP1-driven phenotype in vitro and in vivo.

Thus, the findings of this study highlight the relevance of IGF2BP1 within
mesenchymal-like HGSC and gave insights into its various molecular action allowing a fast
adaption of the tumor to its microenvironment, important during metastasis and resistance
development. Thereby, IGF2BP1 is proposed as a biomarker for dual SRC/ERK activation
in mesenchymal HGSC. Targeting IGF2BP1-positive tumors with a combination of SRC and
MEK inhibitors seems a beneficial, subtype-specific treatment strategy and is

recommended for further evaluation.
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Figure 35: Functional enrichment analysis. (A) In an r2 (http:// r2.amc.nl/) gene set analysis IGF2BP1-
positive correlated genes of the TCGA-OV cohort were analyzed for over-represented KEGG gene sets.
The significant over-represented KEGG gene sets are shown. (B) An GSEA analysis was performed with
the pre-ranked FCs of the IGF2BP1-high expressing population compared to the IGF2BP1-low expressing
group of the TCGA-OV cohort using GSEA v4.0.3 software with a permutation number of 1000 and
classical enrichment statistics. Population separation was achieved at around 5 FPKM. Significant
enriched KEGG pathways of the GSEA analysis are shown. (C) Significant IGF2BP1-correlated genes of
the TCGA-OV cohort were investigated for the KEGG gene sets in a GAEA analysis using Cytoscape
v3.8.0 and the ClueGo plugin v2.5.7. A two-side hypergeometric enrichment was applied and a cut-off-
value for Benjamini-Hochberg corrected p-values of 0.05 was set. Annotated cancer-related KEGG

pathways are shown.
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Figure 36: Cell line overview. The western blot analyses of different ovarian cancer cell lines, available
in our laboratories, give an overview of the expression of several proteins which were important in the
here presented study including AJ components (CDH1, CDH2, CTNNB1), signaling molecules (ERK,
SRC), epithelial and mesenchymal marker of the intermediate filament system (KRT8, VIM), the main
effector of the hippo pathway (YAP1) and the investigated RBP (IGF2BP1) next to the loading controls
(VCL, GAPDH). Due to the number of used antibodies two separate Western blots were performed and
are shown in (A) and (B).
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Figure 37: The murine ID8 cells. (A) Western blot analysis indicated an upregulation of IGF2BP1 after a
TP53 knockout (TP53-KO) in the murine ID8 cells. Concomitantly, pSRC levels compared to SRC
abundance were quantitively slightly elevated while a dual depletion of TP53 and IGF2BP1 seems to
reduce SRC phosphorylation again in comparison to the wild type ID8 cells (wt). n = 1 (B) EC50 values of
saracatinib were measured by determining the cell viability of ID8 cells with wild type background (wt),
TP53 knockout (TP53-KO) and TP53 and IGF2BP1 knockout (TP53-IGF2BP1-KO). Calculated EC50
values are indicated in the diagram suggesting a higher saracatinib tolerance under TP53-KO conditions
while an additional depletion of IGF2BP1 (TP53-IGF2BP1-KO) seems to sensitize the ID8 cells to

saracatinib.
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