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Abstract

High Grade Serous Ovarian Cancer (HGSOC) is one of the most aggressive
gynaecological malignancies in women. Anti-VEGFA therapy in combination with
chemotherapy has shown promise for the treatment of HGSOC. However, as not all women
benefit and side effects can be severe, predictive biomarkers are urgently needed to improve
treatment outcome. As high plasma levels of the VEGFA isoform VEGFA121 had shown
promise as a prognostic and predictive biomarker in breast, gastrointestinal and pancreatic
cancer, this project aimed to investigate the potential of VEGFA isoform measurement as a

biomarker in HGSOC.

Analysis of RNAseq data from The Cancer Genome Atlas Ovarian (TCGA OV) dataset was
used to investigate associations between VEGFA mRNA isoform expression and clinical
outcome. Different methods were explored for the development of novel ovarian cancer cell
lines expressing increased VEGFA121. These were characterised in vitro and then in in vivo

pre-clinical models of advanced disease.

Analysis of RNAseq data showed different patterns of VEGFA mRNA isoform expression
exists between HGSOC patient’s tumours. Segregation based on VEGFA165 expression had
the strongest correlation with prognosis, with low levels of VEGFA165 associated with
significantly decreased overall survival (HR 2.0, 95% CI 1.24-3.23, p-value 0.005). HGSOC
tumours with low VEGFA165 also had increased expression of VEGFA121 mRNA. The
VEGFA165-high group, with low expression of VEGFA121, had increased expression of
genes associated with improved response to bevacizumab, hypoxia (e.g. MTOR, PDKI,
ANGPLT4 and CA9) and angiogenesis (e.g. FLT1, KDR, DLL4 and NOTCH4) (FDR < 0.05).
In vitro, ID8 mouse ovarian cancer cells overexpressing VEGFA120 (ID8 120) had decreased
proliferation and migration. Mice injected with ID8 120 cells took longer to reach clinical
end points and had a reduced response to anti-VEGFA antibodies compared to mice injected

with ID8 cells. However, neither was statistically significant.

In conclusion, although measurement of VEGFA mRNA isoform expression may have use as
a prognostic and predictive biomarker after further characterisation, further efforts are needed

to develop pre-clinical models to improve understanding of underlying mechanisms.
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Chapter 1

1. Introduction

1.1 Introduction to Ovarian cancer

Epithelial ovarian cancer is considered a heterogeneous disease, consisting of four
different histological subtypes: Endometrioid, mucinous, clear cell and serous ovarian cancer
(Vaughan et al., 2011). These four subtypes are mainly differentiated by their morphology
and tissue architecture. The most abundant, the serous subtype, resembles tissue architecture
of the inner layer of the fallopian tube. The endometrioid subtype presents a glandular
architecture similar to the inner layer of the uterus. The mucinous subtype has features of
cells from the endocervical or intestinal epithelium while the clear cell subtype includes clear
and hobnail cells (Chen, V.W. et al., 2003). Each subtype is associated with different clinical
characteristics and treatment response, however for at least three decades it has been treated
as a single disease. Current ovarian cancer treatment primarily involves surgical intervention
in combination with platinum-based chemotherapy (Banerjee and Kaye, 2013). At early
stages and wherever possible, debulking surgery is used to remove the primary tumour. This
is subsequently followed by chemotherapy in order to target any residual disease. Such
treatment is effective for FIGO stage I/II (Fig.1) and a favourable prognosis is described for
localised cancer with approximately 90% of women surviving beyond 5 years (Jayson et al.,

2014).
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Figure 1. Early stage ovarian cancer.

FIGO stage I indicates that ovarian cancer is inside the ovaries, while stage II indicates that the cancer
has grown outside the ovaries and is growing into other tissue in the pelvis and cancer cells can be
found in abdominal fluid.
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Although standard treatment can be curative for most patients at early stages, most ovarian
cancer cases present at an advanced disease stage; FIGO III/IV (Fig.2). At advanced stages
where the cancer has spread within the peritoneal cavity and beyond, chemotherapy is
commonly administered in order to reduce tumour volume prior to surgical intervention
(Coleman, R. et al., 2013). Although these cases typically respond initially to first line
therapy, around 90% of patients experience recurrent disease and develop resistance to
platinum-based therapy, ultimately impacting on patient survival (Miow et al., 2014).
Ovarian cancer patients with a relapse usually receive a second line of chemotherapy, which
typically involves different regimens of carboplatin or a combination of different cytotoxic

drugs such as doxorubicin or topotecan (Jayson et al., 2014).
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Figure 2. Advanced stage ovarian cancer.

FIGO stage III indicates that ovarian cancer has spread outside the pelvic region into the peritoneal
cavity or lymph nodes around the abdomen or womb. Stage IV indicates the cancer has spread to
other distant organs such as liver or lungs.
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1.1.1 High-grade serous ovarian cancer and mechanisms of metastasis

The epithelial serous ovarian cancer subtype is stratified into low-grade and high-
grade tumours based on the degree of cell differentiation. Although these two groups share
similar histological characteristics, recently, specific mechanisms of tumourigenesis, genetic
and molecular features have been associated with each group (Lisio et al., 2019). This work
will focus solely on studying the high-grade subtype. High-grade serous ovarian cancer
(HGSOC) represents the majority of ovarian cancer cases (70-80%) and has the highest rate
of mortality of cancers exclusive to women (Bowtell et al., 2015). HGSOC is difficult to
diagnose at early stages due to the lack of disease specific associated symptoms, therefore the
majority of HGSOC patients present with advanced disease (FIGO stage III or IV) (Kumaran
et al., 2008) (Fig. 2). HGSOC is characterised by the production of large volumes of ascites,
which leads to serious clinical difficulties such as altered bowel habit, difficulties with
breathing and a distended abdomen (Ahmed and Stenvers, 2013). Tumours induce ascites by
overexpressing Vascular Endothelial Growth Factor A (VEGFA), which increases vascular
leakage leading to the abnormal accumulation of ascites fluid and also increases
dissemination of cancer cells throughout the peritoneum (Ahmed and Stenvers, 2013).
HGSOC mortality commonly arises when the cancer has metastasised beyond the pelvic
region to the gastrointestinal tract and the diaphragm causing abnormal physiological
functions (Jayson et al., 2014). Additionally, metabolic changes leading to loss of muscle
mass and adipose tissue are considered as important factors that contribute approximately to

20% of cancer deaths (Aust et al., 2015).

The metastatic pattern in ovarian cancer is different from other cancer types and its
underlying mechanisms are still unclear. Ovarian cancer cells mainly spread through the
peritoneal fluids after losing cell-cell adhesion from tumours and disseminate into the
peritoneal cavity (Mitra, A., 2016). Cells from the primary tumour can spread not only as
single cells but also as cell aggregates or spheroids within the peritoneal fluid and then invade
the mesothelium covering the basement membrane of the peritoneal organs (Lengyel, 2010).
One of the reasons for the highly metastatic profile of ovarian cancer is the lack of an
anatomical barrier, which allows the cancer cells to disseminate earlier than other cancers
without the common processes of invasion, intravasation and extravasation through
surrounding extracellular matrix and into the vascular or lymphatic systems (Mitra, A., 2016).
However, more recently it has been described that ascites within the peritoneum are drained

through the lymphatic vessels, which allow ovarian cancer cells to disseminate through the
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lymph nodes and enter into the blood circulation (Mitra, A., 2016; Honami and Denise,

2005).

1.1.2 Genetic and molecular characteristics of HGSOC

Genetically, HGSOC is commonly characterised by frequent mutations in 7P53
followed by BRCAI and BRCA2 mutations, defective homologous recombination DNA repair
mechanisms and alterations in signalling pathways such as PI3K, NOTCH, RAS and FOXM1
(Jayson et al., 2014). It has been proposed that HGSOC shares more genomic characteristics
with basal breast cancer than it has with other ovarian cancer subtypes (Vaughan et al., 2011).
Additionally, it has been suggested that HGSOC arises from secretory cells in the fallopian
tube rather than the ovary (Lee, Y. et al., 2007). In genetically engineered mouse models, it
has been shown that HGSOC can emerge from the fallopian tube and spread throughout the
peritoneum showing similar metastatic pattern and genomic characteristics of the human
disease (Perets et al., 2013). However, there are some HGSOC cases that do not show
fallopian tube lesions and the precursor cells for this number of cases remains unclear

(Bowtell et al., 2015).

Gene expression profiles in HGSOC have identified different molecular subtypes that have
been associated with patient prognosis and treatment response (Bowtell et al., 2015). The four
main molecular subtypes described and their associated gene expression are: Immunoreactive
(CXCLI11, CXCLIO and CXCR3), differentiated (MUC16, MUC1 and SLPI), proliferative
(HMGA2, SOXI11, MCM2 and PCNA) and mesenchymal (HOX, FAP, ANGPTL2 and
ANGPTLI) (Cancer Genome Atlas Research, 2011). The latter group has shown worse
survival outcomes when compared with the other groups in different patient cohorts
(Konecny et al., 2014; Chen, G.M. et al., 2018). Additionally, the mesenchymal and
proliferative subtypes have also been linked to better response to anti-VEGFA treatment with
bevacizumab, showing improved PFS (Kommoss et al., 2017). Based on this, it is essential to
take into consideration recent histological and molecular findings when exploring new

strategies for understanding and treating HGSOC.
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1.2 Targeted therapies in ovarian cancer

Targeted therapies represent a novel approach for improving clinical outcome in
ovarian cancer and are considered a more selective strategy than chemotherapy to kill cancer
cells and overcome chemoresistance. Targeted therapies include low molecular weight
inhibitors, such as olaparib that targets PARP, hormone receptor inhibitors and biological
targeted therapies, such as anti-VEGF/VEGFR therapy. Currently, the most promising
approaches include PARP and anti-VEGF/VEGFR agents, which only show a small
improvement in progression-free survival when used as single agents (Banerjee and Kaye,
2013). Therefore, these therapies are commonly evaluated in combination with platinum
compounds either in sensitive or recurrent tumours. Additionally, the success of PARP
inhibitors such as olaparib has been biomarker driven, as it has widely been associated with
use in patients with BRCA mutated tumours, which exhibit defective DNA, repair pathways
and show higher sensitivity to this inhibition (Papa et al., 2016). However, despite
improvements in therapeutic strategies for the treatment of ovarian cancer through the use of
targeted therapy, the most important advancement required for an impact on treatment
response remains improving our understanding of mechanisms of resistance and finding
strategies for prospective patient selection to improve the probability of an improved

response to therapy.
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1.2.1 Discovery of VEGFA and the development of anti-VEGF and VEGFR therapies

In 1971, Judah Folkman stated that tumours require a blood supply in order to survive
and grow, and introduced the hypothesis that angiogenesis, the de novo formation of blood
vessels, regulates tumour development (Ribatti, 2008a). It was the first suggestion that the
inhibition of angiogenesis could be therapeutic by inhibiting the blood supply to the tumour.
To date, angiogenesis remains one of the most important hallmarks for tumour development
(Hanahan and Weinberg, 2011). Further research by Harold Dvorak and colleagues showed
that different cancer cells produced a vascular permeability factor (VPF) and suggested that
VPF stimulates angiogenesis in tumours (Ribatti, 2007). Later, VPF was renamed vascular
endothelial growth factor (VEGF) when the gene was cloned by Napolene Ferarra and this
then led to the development of the first monoclonal antibody (bevacizumab, Avastin™"
Genentech Inc) to block angiogenesis induced by VEGF (Ribatti, 2008b). Later, other
tyrosine kinase inhibitor (TKI) molecules such as Sorafenib, Sunitinib and Pazopanib were
developed with the aim of targeting VEGF receptors (Clarke and Hurwitz, 2013). The first
clinical trials evaluating their effect on anti-angiogenic therapy in cancer showed poor results
and suggested that tumour growth can be independent of angiogenesis and mechanisms of
resistance can occur (Medina et al., 2007). These observations suggested that VEGF and
VEGFR inhibition was more complex than initial assumptions indicated, which led to an

increased interest in the biology and signalling of VEGF.

VEGF signalling is a central pathway that controls tumour growth and metastatic spread
(Schmid and Oehler, 2014; Goel, H. and Mercurio, 2013). Inhibition of VEGF signalling has
been considered a potential strategy for treating cancer by blocking angiogenesis and
inhibiting the vascular blood supply to the tumour, a fundamental process of tumour growth
and dissemination (Mabuchi et al., 2008). VEGFA inhibitors e.g. bevacizumab and VEGFR
inhibitors e.g. cediranib are an example of therapies that inhibit angiogenesis (Burger, R.,
2011). Targeted anti-VEGFA therapy has shown activity as a single agent in ovarian cancer
(Kumaran et al., 2008), however, therapeutic efficacy is more beneficial when cytotoxic
therapy is administered (Monk et al., 2013) (Table 1). It is not clear why anti-VEGFA
therapy is clinically more effective in combination with standard chemotherapy. Although the
effects of vascular normalisation and increased delivery of chemotherapy to tumours have
been explored, the potential contribution of VEGFA-VEGFR signalling to chemotherapy
response within HGSOC cells themselves is not understood. These mechanisms of action are

discussed in more detail in section 1.4.
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Table 1. Summary of clinical trials of bevacizumab in combination with chemotherapy in ovarian

cancer.
Primary
Clinical
Clinical setting Treatment Outcome Reference
Trial
Measure
PFS increased
Chemotherapy (n=764) 2.4 months (5.5 (Perren et al.,
ICON7 First line therapy
Chemotherapy + Avastin (n=764) | months in Stage 2011)
I/Iv)
Chemotherapy (n=625)
Avastin + chemotherapy (n=625) | PFS increased (Burger,R.A.
GOG-0218 | First line therapy
Avastin + chemotherapy followed | 3.8 months etal.,2011)
by Avastin (n=623)
Platinum sensitive | Chemotherapy (n=242) PFS increased 4 (Aghajanian
OCEANS
(recurrent OC) Avastin + chemotherapy (n=242) | months et al.,2012)
(Coleman,
Platinum sensitive | Chemotherapy (n=337) OS increased 4.9
GOG-0213 R.L.etal,
(recurrent OC) Avastin + chemotherapy (n=337) | months 20
17)
(Pujade-
Platinum resistant Chemotherapy (n=182) PFS increased
AURELIA Lauraine et

(recurrent OC)

Avastin + chemotherapy (n=179)

3.3 months

al., 2014)
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1.2.2 Biomarkers for bevacizumab in ovarian cancer

Different studies have evaluated potential biomarkers to predict treatment response to
bevacizumab. Initial studies following the ICON7 clinical trial evaluated the potential of
circulating biomarkers in serum and plasma, these included mesothelin, VEGFR3, AGP,
cancer antigen 125 (CA-125), ANGI and TIE2 (Collinson et al., 2013; Backen et al., 2014;
Zhou et al., 2016). Recently, retrospective analysis of advanced ovarian cancer patients from
the GOG-0218 study evaluated potential biomarkers for predictive response to bevacizumab
using immunohistochemistry (IHC) analyses on tumour samples and ELISA in plasma (Bais
et al., 2017; Alvarez Secord et al., 2020). Five potential markers were evaluated using IHC
including VEGFA, VEGFR2, NRP1, MET and CD31. Results from this study showed that
high micro-vascular density (MVD) measured by CD31 was associated with increased PFI
and OS as a result of bevacizumab treatment (Bais et al., 2017). Additionally, ELISA from
blood samples evaluated the potential biomarker value of different angiogenic and
inflammatory markers including IL6, ANG2, OPN, SDF1, VEGFD, IL6R and GP130.
Results from this study showed that high levels of IL6 were associated with an increased
response to bevacizumab (Alvarez Secord et al., 2020). Other predictive biomarkers
suggested for bevacizumab in ovarian cancer include adiposity levels, inflammatory indexes,
molecular subtypes and miRNAs (Slaughter et al., 2014; Farolfi et al., 2018; Kommoss et al.,
2017; Halvorsen et al., 2017).
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1.3 The VEGF and VEGF receptor families— an overview

There are several different ligands and receptors that compose the vascular
endothelial growth factor (VEGF) family. In first instance, VEGF ligands include VEGFA
(originally called VPF and VEGF), B, C, D and placental growth factor (PGF) (Vempati et
al., 2014). Additionally, variants of these members can be found due to different mechanisms
including alternative ribosomal start sites, mRNA splicing and proteolytic processing. This is

described for VEGFA in more detail in section 1.5.

The VEGF receptor family includes VEGFR1, 2 and 3, which are type-I transmembrane
proteins composed of a ligand binding site and an intracellular tyrosine kinase domain (Koch
et al., 2011). Similarly to the VEGF ligands, splicing mechanisms and proteolytic processes
can generate VEGFR variants including soluble VEGF receptors, which have different ligand
affinity and can compete for ligand binding with the membrane anchored receptors (Koch et
al., 2011). VEGEF receptors can form homodimers or heterodimers between VEGF receptors
(e.g. VEGFRI/VEGFR2 and VEGFR2/VEGFR3) resulting in differences in activation of
intracellular signalling. In order to explore VEGFA regulation in ovarian cancer cells it is
essential to understand VEGFA-VEGEFR signalling, which will be described in more detail in

the following sections.

1.3.1 VEGF-VEGF receptor signalling

Tyrosine kinase VEGF receptors play an important role in the biology of cancer
development by directly contributing to the regulation of different intracellular signalling
pathways (Fig. 3). Although VEGEF receptor function is not well characterised in cancer cells
it has been studied in more detail in endothelial cells. VEGF receptors are proteins that
consist of an extracellular domain comprised of seven immunoglobulin-like domains, a
transmembrane domain and an intracellular tyrosine kinase domain containing different
tyrosine residues, which are involved in the activation of downstream signalling pathways
(Shibuya, 2011). These downstream signalling pathways are also dependent on VEGFR
cellular localisation. For example, activation of VEGFR2 in endosomes after ubiquitination
and internalisation is dependent on its binding with NRP1. In a similar way, VEGFR3’s
endosomal internalisation induces activation of downstream signalling involving AKT,
MAPK1 and RAC1 by regulation of the Ephrin B2 transmembrane protein (Koch et al.,
2011).
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Different proteins bind the VEGFR intracellular tyrosine kinase domains and mediate
specific downstream signalling activation. These signalling proteins have specific domains
that mediate the interaction between the tyrosine kinase receptor and other proteins involved
in a variety of signalling pathways. Signalling proteins, such as GRB, SOS, and P85 bind to
specific phosphorylated tyrosine residues and recruit proteins associated with downstream
signalling transduction (Schlessinger, 2000). Some of these proteins are considered adaptor
proteins. For example, GRB2 links tyrosine kinase receptor activation with the MAPK1
signalling pathway (Schlessinger, 2000). Another example involves the binding of the P85
PI3K subunit, a regulatory subunit that binds a specific phosphorylated tyrosine on activated

receptors and induces the activation of the PI3K signalling pathway (Schlessinger, 2000).
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Figure 3. VEGF-VEGFR signalling.

VEGF receptors mediate diverse biological processes through the activation of different signalling
pathways. VEGFA, B and PGF bind to VEGFRI1 and activate downstream signalling pathways that
are involved in angiogenesis. VEGFA and B principally activate VEGFR?2 and consequently not only
angiogenesis but also proliferation, survival, migration and vascular permeability through MAPKI,
PI3K, FAK and SRC signalling pathways. Finally, VEGFC and —D mainly activate VEGFR3, which
is associated with the development with lymphangiogenesis.
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VEGEFR signalling is commonly mediated through the interaction between dimers of both
VEGEF ligands and receptors. It has been shown that VEGF signalling is different between
activation of homodimeric or heterodimeric receptors and it has been suggested that the
phosphorylation pattern might be specific for each complex formed. Heterodimer formation
between VEGFR1 and VEGFR?2 has been observed to be activated by VEGFA, however the
downstream activation of biological processes differs from the ones induced by VEGFR2
homodimer signalling (Domigan et al., 2015). Complexes between VEGFR2 and VEGFR3
can be activated by VEGFC in lymphatic endothelial cells, however downstream signalling is
not well understood (Domigan et al., 2015). Although there is no evidence that VEGFA
activates VEGFR3, VEGFR3 blockade induces a decrease in VEGFA dependent capillary
sprout formation by endothelial cells, which suggests that VEGFR3 might have an effect on
the response to VEGFA through complex formation with VEGFR2 (Domigan et al., 2015).
Based on this, it is important to consider that VEGF-VEGEFR signalling will be differentially
regulated by homodimeric or heterodimeric complexes and these might explain alternative

signalling and different cell responses.

VEGFRs can also interact with other transmembrane proteins that can further regulate
signalling. Co-receptors such as neuropilins (NRPs) can also bind VEGF ligands, but lack
tyrosine kinase activity themselves, and modulate ligand-receptor affinity and selectivity
(Koch et al., 2011). VEGFRs can also interact with other tyrosine kinases including MET and
PDGFR as well as integrins and MMP14. Ultimately the complexity of ligand — receptor —
co-receptor interactions leads to cell type and context specific signalling that is tightly

regulated.
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1.4 VEGFA and the tumour microenvironment

1.4.1 VEGFA, angiogenesis and vascular normalisation

Angiogenesis is an essential process for supporting tumour growth by generating new
blood vessels and allowing the delivery of oxygen and nutrients to the tumour, but this new
vessel formation is physiologically abnormal in tumours (Goel, H. and Mercurio, 2013).
However, it has been shown that tumours can have alternative mechanisms to obtain blood
supply, such as vascular co-option, which is a process where some tumours grow on the top
of existing vessels and anti-angiogenic therapy will not affect tumour blood supply in this
instance (Leenders et al., 2002). Activation of angiogenesis is primarily regulated by the
activation of endothelial cells through growth factors that are present in the tumour
microenvironment such as the vascular endothelial growth factor A (VEGFA) (Biselli-
Chicote et al., 2012). In cancer, the major producers of angiogenesis are the cancer cells
themselves, as these express the majority of VEGFA, which is induced by hypoxia (Verheul
and Pinedo, 2000).

VEGFA induces angiogenesis by stimulating endothelial cell proliferation and migration
through signalling mechanisms such as MAPK1 and PI3K-AKT pathway. Subsequently,
expression of metalloproteinases, such as MMP2, MMP9 and MMP14 allow the degradation
of the basement membrane and ECM components which allows endothelial cell invasion and
consequently the formation of lumen structures that develop into new vascular structures
(Claesson-Welsh and Welsh, 2013). All these vascular changes result in new blood vessels
with decreased endothelial cell-cell and basement membrane interactions that contribute to

increased vascular permeability within the tumours (Claesson-Welsh and Welsh, 2013).

Anti-VEGFA agents mainly normalise blood vessel structures by increasing pericyte
coverage and restoring endothelial function leading to recovery of natural vascular structure
and function (Fig. 4). This decreases permeability and leakiness, thus improving blood flow
rates. This also decreases interstitial fluid pressure as the balance of tissue fluid drainage
from the vasculature to the lymphatic system is restored. The normalised tumour vasculature
enhances cytotoxic drug uptake within the tumour, leading to an improvement in response to

chemotherapy (Goel, S. et al., 2012).
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Figure 4. The effect of anti-VEGFA therapy on endothelial cells.

Anti-VEGFA therapy normalises blood vessel structure by increasing pericyte coverage and restoring
endothelial function leading to recovery of natural vascular structure and function. The normalised
tumour vasculature enhances drug delivery leading to an improvement in response to chemotherapy.
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However, the function of VEGFA can be independent of angiogenesis and not restricted to
endothelial cells (Goel, H. and Mercurio, 2013). Cancer cells themselves express various
VEGEF receptors, which can mediate different cellular functions such as proliferation, survival
and migration (Goel, H. and Mercurio, 2013). Therefore, it is important to take into
consideration the role of VEGFA not only between tumour and vascular stromal cells but also
the role of VEGF-VEGEFR signalling within ovarian cancer cells and its effect on therapeutic

response.

1.4.2 VEGF and cancer cell biology

VEGEF receptors can activate proliferation, survival and migration signalling pathways
within some cancer cells via autocrine signalling where VEGF ligands bind the VEGFR after
secretion or via intracrine signalling where VEGF ligands bind the receptor within the cell
before secretion (Fig. 5). Therefore, anti-VEGF/VEGFR agents have an effect on cancer cells
and the mechanism of response or resistance is dependent on cell type (Simon et al., 2017). It
has been shown that bevacizumab has an effect on different myeloma cell lines by decreasing
survival and proliferation (Simon et al., 2017). Additionally, VEGFR tyrosine kinase
inhibitors such as sunitinib induce apoptosis and decrease cell viability in adrenocortical
carcinoma cell lines. However, the same anti-VEGF/VEGFR effect has not been observed in

in vitro studies performed in other cancer cells (Simon et al., 2017).
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Figure 5. Effects of VEGF on cancer cells.

VEGFRs can activate survival signalling pathways within some cancer cells via autocrine signalling
where VEGFA binds the VEGFR after secretion or via intracrine signalling where VEGFA binds the
receptor within the cell before secretion. This could also be a mechanism by which VEGF-VEGFR
therapy enhances chemotherapy in HGSOC.

33



Anti-VEGFA agents such as bevacizumab, a monoclonal antibody blocking VEGFA, do not
completely block VEGFA-VEGFR signalling in some cancers, leading to the enhancement of
tumour aggressiveness by using alternative activation of the VEGFR signalling pathway. In
vitro studies in osteosarcoma cell lines showed that autocrine VEGFA-VEGFRI1 signalling
induced proliferation and survival leading to more aggressive tumour progression when
tested in vivo (Ohba et al., 2014). Additionally, studies in melanoma and glioblastoma cells
showed that blocking of VEGFA with bevacizumab increased proliferation while sunitinib, a
VEGEFR tyrosine kinase inhibitor decreased it (Simon et al., 2017). However, it is important
to take into consideration that tyrosine kinase inhibitors, such as sunitinib, might block the
activation of multiple signalling pathways through targeting different tyrosine kinase
receptors (e.g. PDGFRB, KIT) while bevacizumab acts only by targeting VEGFA and
therefore fewer signalling pathways. The effect of anti-VEGFA therapy in HGSOC cells has
not been fully explored and in order to provide new insights into the mechanisms of response
or resistance to these therapeutic approaches, an improved understanding of VEGF-VEGFR

signalling in HGSOC cells is essential.

In cancer cells, activation of autocrine VEGF signalling pathways has been associated with
invasion and migration. Specifically, activation of VEGFR1 by exogenous VEGFA, VEGFB
and VEGFC was correlated with the activation of intracellular signalling pathways such as
AKT and MAPK1 in hepatocellular cancer cells (Morelli et al., 2009). The activation of these
downstream kinases was also associated with the activation of VEGFR3, however VEGFR3
phosphorylation levels were saturated as they could not be increased by the addition of
further exogenous VEGF ligands (Morelli et al., 2009). Blocking of VEGFR1/VEGFR3
signalling by using pharmacological inhibition with cediranib showed a decrease in
phosphorylated AKT and MAPK1 levels and migration (Morelli et al., 2009). Additionally,
autocrine PGF-VEGFR1 signalling was shown to induce cell invasion in glioblastoma cells
by activating AKT and MAPKI1 signalling pathways after bevacizumab treatment, which
indicates it might be a mechanism of resistance to this type of therapy (Simon et al., 2017).
Activation of VEGFR1 by PGF has also been observed in breast and pancreatic cells (Ning et
al., 2013; Yang et al., 2006). Additionally, ovarian cancer cells can induce invasiveness and
migration through autocrine VEGFR3 activation by VEGFC (Decio et al., 2014). Another
study in ovarian cancer cells showed that phosphorylation of VEGFR3 by VEGFC induced
activation of the downstream MAPKI1 signalling pathway while inhibition of VEGR3 by

34



treatment with the VEGFR3 selective tyrosine kinase inhibitor MAZS51 decreased it and

improved response to treatment with cisplatin (Lim et al., 2014).

Initial evidence of an intracrine VEGF signalling pathway has been described in melanoma,
colorectal and breast cancer cells (Adamcic et al., 2012; Bhattacharya et al., 2016; Lee, T. et
al., 2007). Intracrine signalling has also been detected between VEGFA and VEGFRI1 in
colorectal cancer cells and this mechanism mediates cell survival, possibly through the AKT
pathway (Bhattacharya et al., 2016). A different study suggested that loss of VEGFA
intracrine signalling in colorectal cancer cells has an impact not only on cell survival but also
in sensitivity to cytotoxic compounds such as 5-fluorouracil (Samuel et al., 2010). These
could be important mechanisms by which anti-VEGF/VEGFR therapy enhances the response
to chemotherapy. However, autocrine and/or intracrine VEGF-VEGEFR signalling in HGSOC
has not been described in detail. In order to understand if VEGF signalling can influence
response and resistance to both anti-VEGF/VEGFR therapy and platinum based
chemotherapy, it is essential to understand how VEGF-VEGFR signalling is regulated in
HGSOC cells.

1.4.3 VEGFA and immune cell function

The role of VEGFA on immune cell function has been extensively described (Li, Y.L.
et al., 2016). In ovarian cancer, VEGFA can induce immune suppression by decreasing the
activation of T-cells through VEGFR2 (Gavalas et al., 2012). It has also been described that
VEGFA expression is associated with increased abundance of myeloid-derived suppressor
cells (MDSC) and inhibition of T-cell activation, which is associated with immune evasion in
mouse models (Horikawa et al., 2017). Additionally, VEGFA can increase the expression of
immune checkpoint modulators such as the programmed cell death-1 receptor (PD1) and
VEGF/VEGEFR inhibition is associated with decreased expression of PD1 on T-cells in in
vitro and in vivo colorectal cancer models (Voron et al., 2015). More recently, the impact of
VEGFA on the immune system has created particular interest in the combination of anti-

angiogenic therapy with immune checkpoint inhibition (Ciciola et al., 2020).

Additionally, changes in the immune system in ovarian cancer patients have been associated
with clinical outcome. One of these immune characteristics includes the presence of tumour

infiltrating lymphocytes (TIL). In HGSOC, abundance of TIL has been associated with
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improved survival in different studies (Webb et al., 2016; Pinto et al., 2018). In particular,
hypoxia can modulate the infiltration of immune cells and impact treatment response.
Townsend et. al described that highly vascularised HGSOC tumours expressing CD31 and
VEGFA showed survival advantage when compared with poor vascularised tumours. This
study also determined that the presence of TIL was higher in patients with highly
vascularised tumours, specifically high vascular density was associated with the presence of
CD8, CD4 and FOXP3 positive cells (Townsend et al., 2013). Interestingly, TIL prognostic
relevance in HGSOC patients can depend on tumour vasculature as presence of TIL in
tumours with low vascular density showed decreased survival outcome (Townsend et al.,
2013). It is important to understand the role of immune cells within the HGSOC

microenvironment in order to develop and improve treatment for this disease.

1.5 VEGFA - Gene structure and transcriptional regulation

The genomic location of the human VEGFA gene is on chromosome 6 at locus 6p21.1
(Arcondeguy et al., 2013). The VEGFA gene consists of 7 introns and 8 exons that encodes
206 amino acids. The 5* UTR region of the gene includes a promoter sequence that allows
the binding of transcriptional regulator molecules (Arcondeguy et al., 2013). The VEGFA
gene is regulated by hypoxia through transcriptional activators such as the Hypoxia Inducible
Factor (HIF) (Arcondeguy et al., 2013). In normoxia HIF1 levels are regulated mainly by
post transcriptional modification by prolyl hydroxylases that induce its recognition by the von
Hippel Lindau (VHL) protein and subsequently proteasome degradation (Ramakrishnan et
al., 2014). However, under hypoxic conditions HIF1 translocates into the nucleus where it
then binds to the hypoxic response elements (HRE) within the 5° UTR region of the VEGFA

gene inducing its up-regulation (Ramakrishnan et al., 2014).

Single nucleotide polymorphisms (SNPs) in the VEGFA gene have been associated with
human diseases such as diabetes, cardiovascular disease and cancer (Buroker, 2015; Liu, D.
et al., 2016). In ovarian cancer, Janardhan et al. studied six different SNPs associated with
tumour progression and clinical outcomes in 300 patients. In this study, SNP rs3025039 was
described as potential marker for poor prognosis as it showed significant association with
advanced FIGO stage, presence of ascites, tumour recurrence and increased post-operative
levels of CA-125 (Janardhan et al., 2015). Additionally, Steffensen et al. described that
VEGFA SNPs can be closely related to the levels of VEGFA in serum in patients with
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epithelial ovarian cancer, suggesting that these SNPs can potentially regulate gene function

(Steffensen et al., 2010).

1.5.1 Post-transcriptional regulation of VEGFA - pre-mRNA splicing, miRNA targeting
and proteolysis

Alternative splicing is the main post-transcriptional mechanism of regulation of
VEGFA. VEGFA isoforms are created by the retention or removal of specific exons which
result in protein variants with different numbers of amino acids (Arcondeguy et al., 2013).
The VEGFA gene consists of 8 exons and the site of recognition for VEGFR binding is
encoded by exons 1 to 5. These specific exons are therefore present in all VEGFA isoforms.
The distinctions between isoforms resides in the presence or absence of exons 6 to 7 (Stimpfl
et al., 2002). These exons regulate association with the extracellular matrix (ECM), and
therefore diffusion of VEGFA isoforms, as well as association with co-receptors including
the neuropilins that regulate downstream signalling (Vempati et al., 2014). The most common
VEGFA isoforms generated include VEGFA121, VEGFA145, VEGFA165, VEGFA183 and
VEGFA189. The Vegfa mouse gene encodes VEGFA isoforms that are virtually identical to
the human equivalent, but with one amino acid less, for example VEGFA120, VEGFA164
and VEGFA188 (Arcondeguy et al., 2013).

Alternative splicing within exon 8 of VEGFA can generate isoforms of similar length to the
previously described isoforms, only with a different amino acid sequence within the C-
terminal region of the protein (Ladomery et al., 2007). These specific variants are defined as
VEGFAxxxb isoforms, such as VEGFA121b, VEGFA165b and VEGFA189b, and have been
associated with anti-angiogenic regulation in different tumours (Bates et al., 2002). Recently,
the existence of these VEGFAxxxb isoforms has been widely discussed. Bridgett et al.
showed that VEGFAxxxb mRNA expression was not detected by RNA sequencing in human
tissue, suggesting that these isoforms might be non-existent or their abundance extremely low
(Stephen et al., 2017). Additionally, it has been suggested that these VEGFAxxxb isoforms
are a consequence of artefactual generation of PCR products (Harris et al., 2012; Dardente et

al., 2020).
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The presence of an alternative initiation codon (CUG) within the 5’UTR region of the
VEGFA gene has shown to be involved in the synthesis of longer isoforms (L-VEGFA)
(Arcondeguy et al., 2013). It has been suggested that these L-VEGFA proteins may represent
the storage or inactive form that will later generate the classical VEGFA isoforms (Tee and
Jaffe, 2001; Huez et al., 2001). Additionally, the presence of this 5> UTR extension might be
important in the regulation of VEGFA isoform stability in hypoxia (Rosenbaum-Dekel et al.,
2005).

Another mechanism associated with post-transcriptional regulation of VEGFA is miRNA
targeting and different miRNA binding sites have been identified within the VEGFA 3 UTR
region (Arcondeguy et al., 2013). These miRNAs can alter the activity of the alternative CUG
initiation codon and consequently regulate VEGFA isoform expression (Karaa et al., 2009).
In ovarian cancer, miR-6086 has been associated with downregulation of VEGFA.
Additionally, in vitro inhibition of this miRNA has been demonstrated to enhance VEGFA

expression in Caov3 and COV362 ovarian cancer cells (Wu et al., 2020).

Finally, VEGFA isoforms can also be generated by proteolytic cleavage. Plasmin proteolysis
of VEGFA165 generates cleavage products that differ in their biological activity (Roth et al.,
2006). Specifically, proteolytic cleavage of VEGFA165 by plasmin results in a VEGFA
fragment with 110 amino acids defined as VEGFA110 (Roth et al., 2006). Additionally,
cleavage of VEGFAI88 and VEGFA164 by metalloproteinases can generate VEGFA
fragments with 113 amino acids (VEGFA113), which display similar biological effects to
VEGFA120 in in vivo models (Lee et al., 2005). VEGFA can also be regulated by association
with CCN2, which binds and inactivates VEGFA, and in common with other growth factor
binding proteins, proteolytic cleavage by matrix metalloproteinases releases VEGFA from

CCN2 (Nishida et al., 2009).
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1.5.2 VEGFA isoforms - biology and signalling

Differences in isoform expression patterns mediate the activation of specific
signalling pathways and expression of different genes, which consequently influences
biological processes in development and pathology (Biselli-Chicote et al., 2012). For
example, VEGFA164 expression leads to normal embryonic vascular development in mouse
models (Kiisters et al., 2003). In contrast, expression of VEGFA121 led to lethal
abnormalities in vascular development (Kiisters et al., 2003). VEGFA isoforms vary in their
interaction with VEGFRs, their co-receptors and the ECM, resulting in differences in
proliferation, apoptosis and migration (Vempati et al., 2014). Zhang et al. described that
VEGFA165 induces cell proliferation by activation of the MAPKI1 pathway while
VEGFAI121 increases permeability by activation of the SRC pathway on HUVEC cells in
vitro (Zhang, Y. et al., 2008).

VEGFA isoforms activate the migration of endothelial cells at different levels. VEGFA165
activates phosphorylation of VEGFR2, then a further interaction with PLCGI induces nuclear
translocation of NFATC2 and consequently regulation of endothelial cell migration.
Although this signalling mechanism is also observed with VEGFA121 stimulation, a reduced
effect is observed (Fearnley, G.W. et al., 2015). VEGFA isoform signalling has also been
associated with endothelial cell-cell interactions. Specifically, VEGFA165 stimulates
phosphorylation of VEGFR?2 that induces activation of the MAPK1 kinase and ATF2. This
mechanism regulates VCAMI1 expression, which in consequence modulates interactions
between endothelial cells and leukocytes. Unlike VEGFA121, which does not induce
significant phosphorylation of VEGFR?2 at Y1175, VEGFA165 activates this phosphorylation
site rapidly leading to an increased impact on signalling via this specific site. These isoforms
can have different effects not only on activation and synthesis of VEGFR2 but also other
receptors such as VCAMI (Fearnley, G.W. et al., 2014). VEGFA isoforms can also regulate
endocytosis of VEGFRs differently, which as described in previous sections, influences
downstream signalling. While VEGFA121 appears to have a minor effect in promoting
endocytosis via VEGFR2 signalling, VEGFA165 shows increased activation of this process
through the VEGFR2-AKT-MAPKI1 pathway (Fearnley, G. et al., 2016). The regulation of
VEGEFR signalling by VEGFA isoforms is poorly understood and the effect of this on
HGSOC response to therapy has not yet been explored.

39



1.6 Clinical relevance of VEGFA isoform expression

High expression levels of different VEGFA isoforms in cancer patients have not only
been associated with poor prognosis but also with an improved response to VEGFA therapy.
To date, there are no predictive biomarkers validated for clinical use to identify cancer
patients that are more likely to respond positively to anti-VEGFA therapy. Retrospective
analysis of phase III trials of bevacizumab in gastric, breast and pancreatic cancer has
identified improved progression-free survival in patients with high plasma levels of
VEGFAI121 when measured using a VEGFA121 selective ELISA (Miles et al., 2013; Van
Cutsem et al., 2011; Van Cutsem et al., 2012).

Although measurement of short VEGFA isoforms in plasma had emerged as a promising
biomarker for anti-VEGFA therapy after retrospective analyses, recent prospective studies
did not validate these findings. MERIDiAN, a prospective study in breast cancer, does not
support the use of plasma VEGFA (pVEGFA) as a predictive biomarker for response to anti-
VEGFA therapy (Miles et al., 2017). The failure of MERiDiAN to prospectively validate the
retrospective hypothesis generated of the AVADO studies was ultimately identified in part
due to poor initial characterisation of the IMPACT ELISA developed by ROCHE GmbH and
also a failure to identify that pVEGFA can vary significantly in patients day-to-day. This may
have led to MERIDiAN being under-powered and pVEGFA cut-offs for decision to treat or
not to treat with bevacizumab incorrectly being set (Bais et al., 2014). Published details of the
IMPACT assay describe that different VEGFA isoforms were used as a standard reference
protein for the assay during its development, and included VEGFA189 and VEGFA165 at
different times, but not VEGFA121, despite the ELISA’s original development to be highly
selective for VEGFA121/110 (Miles et al., 2017). It has also been suggested that the ELISA
method for VEGFA isoform detection in the circulation has important fundamental
limitations. The ELISA assays used in different studies have difficulty in measuring multiple
VEGFA isoforms and might not be representative of the tumour and also related to other type

of cells (Rana et al., 2017).

Improvements in ELISA assays have been made in order to overcome these limitations but it
might be possible that the detection strategy has to be changed in order to be able to measure
VEGFA isoform levels accurately within tumours. The retrospective analysis of AVADO
also measured cell free circulating VEGF121 mRNA and VEGFA isoform mRNA has been
measured in renal and colorectal tumours by QRT-PCR, suggesting PCR rather than ELISA
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may be more appropriate. Further work is needed to determine whether tumour cell

expression of VEGF121 or related markers could be used as predictive biomarkers.

1.7 Background data

Pilot data obtained within the English lab had suggested alteration of VEGFA mRNA
isoform expression may lead to differences in sensitivity to bevacizumab in vitro and in vivo.
Zinc Finger Nuclease (ZFN) gene-editing technology was used to produce human ovarian
COV362 cancer cells expressing different levels of VEGFA121 by using homology repair
within a cut in exon 4 to introduce spliced exons 4 — 8, similar to the approach used to
generate the Vegfa””"*’ mice (Vieira et al., 2007; Tozer et al., 2008). This preliminary data
showed that cells heterozygous for VEGFA"*'/"" have increased proliferation in vitro that is
inhibited by bevacizumab compared to VEGFA"™/"" cells. These also showed increased
responsiveness to bevacizumab in pre-clinical models of metastatic disease (Valluru M and
English WR unpublished). Although these results were promising, this was from only one
clone and analysis of additional clones is required to confirm this result was not a clonal
artefact. Isolation of correctly edited clones was also highly inefficient as sequence analysis
showed the majority had edits in the inserted region and were effectively VEGFA*'"" cells,

meaning further development of the gene editing method is needed.
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1.8 Hypothesis and aims

Based on evidence from the literature and unpublished data from studies preceding
this thesis, we hypothesised that changes in VEGFA isoform expression may regulate
HGSOC disease progression and tumours expressing increased levels of VEGFA121 could

be particularly sensitive to anti-VEGFA therapy.

Objectives:

1. To identify if there is a correlation between VEGFA mRNA isoform expression and
clinical outcome in HGSOC patients.

2. To create new ovarian cancer cell lines expressing increased VEGFA121.

3. To determine if increased VEGFA121 expression regulates response to chemotherapy

and bevacizumab in ovarian cancer cells in vitro and in vivo.
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Chapter 2

2. Materials and Methods

Description and suppliers of consumables, reagents and kits are described in tables 2 and 3.

Table 2. List of consumables and reagents.

Reagent / Consumable Company Cat. No.
Agar Alfa Aesar A10752
Agarose Geneflow A4-0698
Amersham ECL Reagents GE Healthcare RPN2209
Ammonium Persulphate (APS) Sigma-Aldrich A3678
Ampicillin Sigma-Aldrich A9518
B20-4.1.1 Genentech -
BlueStar Plus Prestained Protein Marker NIPPON Genetics MWP04
Carboplatin LKT Laboratories C0171
Culture-Insert 2 Well Ibidi 80209
CutSmart® Buffer New England BioLabs B7204S
Deoxyribonuclease I Amplification grade kit Invitrogen 18068-015
Deparaffinization Solution Qiagen 19093
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich D8418
Dithiothreitol (DTT) Sigma-Aldrich D9163
Dual-chamber slides Bio-Rad 1450015
Dulbecco's Modified Eagle Medium (DMEM) Sigma-Aldrich D6429
Subcloning Efficiency DH5a Competent Cells Invitrogen 18265017
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Electoporation cuvettes Geneflow E6-0062
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 3690
ELISA STOP solution CellSignaling 70025
Fast SYBR® GreenMaster Mix Applied Biosystems 4385612
Fetal Bovine Serum (FBS) Sigma-Aldrich F9665
Fsel New England BioLabs RO588S
Gel Loading Dye (6x) New England BioLabs B7025S
HindIII-HF New England BioLabs R3104S
Ingenio® Electroporation Solution Mirus MIR50111
Isofluorane Zoetis -
L-glutamine Solution (200 mM) Lonza 3MB042
Laemmli buffer (4x) Bio-Rad 1610747
LB-Lennox broth Alfa Aesar H26760
MicroAmp Optical 384-well plate Invitrogen 4309849
MicroAmp Optical adhesive Film Invitrogen 4374966
MIul-HF New England BioLabs R3198S
Nitrocellulose membrane Bio-Rad 1620112
NuPAGE® transfer buffer Thermo Fisher Scientific NP0006
OCT Mounting Medium Thermo Fisher Scientific LAMB-OCT
Penicillin-Streptomycin Sigma-Aldrich P4333
Phosphatase inhibitors Merck Millipore 524625
Phosphate-Buffered Saline Lonza 17-516F
Protease inhibitors (Complete-Mini EDTA-free) Merck Millipore 5892791001
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Protogel (30%) National Diagnostics A2-0072
Protogel Resolving Buffer National Diagnostics B9-0012
ProtoGel Stacking Buffer National Diagnostics B9-0014
Puromycin Sigma-Aldrich P8833
Quick-Load DNA ladder New England BioLabs NO551S
RIPA buffer Thermo Fisher Scientific 89900
SOC medium Invitrogen 15544-034
Stripping buffer Thermo Fisher Scientific 46430
SYBR safe Invitrogen S33102
T4 DNA ligase New England BioLabs M0202S
T4 DNA ligase buffer New England BioLabs B0202S
Tris-Borate-EDTA (TBE) buffer National Diagnostics B9-0020
Tetramethylethylenediamine (TEMED) Sigma-Aldrich T9281
TMB Substrate Solution Thermo Fisher Scientific 34028
TransIT-2X Mirus MIR6000
Tris-Buffered Saline (TBS) buffer Chem Cruz sc-362305
Tris-Glycine SDS-PAGE buffer National Diagnostics EC-870
Trypan Blue Dye (0.4%) Bio-Rad 1450021
Trypsin-EDTA Sigma T3924
Tween-20 Sigma P9416
UltraPure™ DNase/RNase-Free Distilled Water Thermo Fisher Scientific 10977035
Vinblastin Sigma-Aldrich V1377
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Table 3. List of Kits.

KIT Company Cat. No.
GenElute™ Mammalian Genomic DNA Miniprep Kit | Sigma-Aldrich GIN70
GenElute™ Total RNA Purification Kit Sigma-Aldrich RTN70
High Capacity cDNA Reverse Transcription Kit Invitrogen 4374966
Human VEGF DuoSet ELISA R&D DY293B
Monarch® DNA Gel Extraction Kit New England BioLabs T1020S
Mouse VEGFA DuoSet ELISA R&D DY493
MTT Vybrant® Cell Proliferation Assay Thermo Fisher Scientific V-13154
Pierce™ BCA Protein Assay Thermo Fisher Scientific 23227
Q5" Site-Directed Mutagenesis Kit New England BioLabs E0554S
QIAprep® HiSpeed® Plasmid Maxi Kit Qiagen 12643
QIAprep® Spin Miniprep Kit Qiagen 27104
RNeasy FFPE Kit Qiagen 73504

2.1 Pre-clinical models

2.1.1 Licences and ethical approval

Ethical approval for work presented in this thesis, conducted under the Home Office
Personal Project Licence (PPL) PDA78C678, was granted by the Animal Welfare & Ethical
Review Body Project Applications and Amendments Sub-committee (PAAC), the
University’s Ethical Review Process constituted under the Animals (Scientific Procedures)
Act 1986 (ASPA) Ethical Review Process. All experiments were conducted in accordance
with the ASPA as well as guidance provided by the Home Office, the Laboratory Animal
Science Association (LASA), the National Centre for the 3Rs (NC3R), the Nominated
Vetinary Surgeon (NVS) and the Nominated Animal Welfare Care Officers (NACWO) at the
University of Sheffield facilities (Section 2C Establishment Licence (PEL) X57506C3D).
Work conducted on the PPL PDA78C678 was subject to review by the Universities Animal
Welfare & Ethical Review Body (ASPA Ethical Review Process) 3Rs sub-committee. All
protocols were submitted for review by the NVS and NACWO before their start.
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2.1.2 Animals

6-8 week-old female NSG, SCID and C57BL6J mice were obtained from Charles
River and were allowed ten days to acclimatise in the Sheffield facility before the start of
protocols. Mice were pathogen free and maintained in individually ventilated cages. Pathogen
status was periodically monitored through the use of sentinel mice in the same IVC raking

system also exposed to bedding from mice in the same rack.

2.1.3 Subcutaneous tumour growth

Subcutaneous tumours were established by injection of 3 x 10° ID8 WT or ID8
VEGFA120 cells in 50 ul of PBS. Tumour volume was measured weekly with a digital
calliper. As this was a pilot experiment, four mice per group were chosen to provide initial
estimates of growth and variance that could be used for subsequent power calculations

needed to estimate sample size for larger studies.

2.1.4 Intraperitoneal tumour growth

Based on previous small pilot studies conducted by Dr Will English prior to the start
of this PhD, intraperitoneal tumours were established by injection of 5 x 10° ID8 WT or ID8
VEGFA120 cells in 100 ul of PBS. Although these initial studies established the number
cells to be injected, they were not suitable for power calculations needed to estimate group
size for treatment. To this end, pilot experiments using a group size of six were used for ID8
and ID8 cell lines expressing VEGFA120. Based on this data power calculations showed it
would be possible to detect a 20% difference in weight change (primary end point for
ascites/tumours) with alpha 0.05 and 80%power with a group size of eight mice and more
than 90% power with a group size of ten. A group size of ten was selected >80% power
would be maintained even if two mice were lost prior to the end of the protocol, e.g. through

lack of tumour take or other adverse events (poor recovery from anaesthesia etc.).

Weight change was monitored weekly and mice were treated upon a weight increase
of 30% being reached. For treatment with control IgG or anti-VEGFA (BES or B20-4.1.1
respectively, kindly provided by Genentech Inc) (Liang et al., 2006), mice were injected
twice a week with 5 mg/kg antibody in 50 ul PBS for 6-7 weeks or up to either a maximum

of 50% weight increase or if showing more than a moderate level of suffering, which was
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defined as an easily detectable clinical changes including physical discomfort, abnormal
behaviour or significant weight loss. Mice were randomised for treatment between groups

and cages to avoid cage effects.

Non-invasive ultrasound imaging was used for monitoring tumour progression and ascites
accumulation. Mice were anesthetised using 2-3% isofluorane and hair was removed with
removal cream from the abdominal site to enable imaging. For each selected mouse,
abdominal ultrasound was performed weekly using Vevo3100 system. This was performed in

collaboration with Professor Allan Lawrie’s group with the help of Nadine Arnold.

2.1.5 Sample collection

Mice were placed under terminal anaesthesia (using 2-3% isofluorane in O,) for
plasma collection via cardiac bleeding. Specifically, blood was collected in tubes containing
50 ul cold EDTA and centrifuged at 10,000 x g for 10 minutes at 4 °C to remove cells and
platelets. The supernatant (plasma) was transferred to a new tube and stored at -80 °C.
Additionally, ascitic fluid was removed with a needle through a small dermal incision to the
side of the abdomen. Cells were recovered from the ascitic fluid by centrifuging at 1,200 x g
for 10 minutes at 4 °C and frozen as described in Methods section 2.3.3. The ascitic fluid was
stored at -80 °C. Finally tumours were removed and frozen in optimal cutting temperature
mounting medium (OCT) and stored at -80 °C for further sectioning and protein and RNA

analysis.
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2.2 Cell culture

The human ovarian cancer cell line COV362 was purchased from ECACC. Mouse
ID8 cells were obtained from Kansas University, KU Center for Technology
Commercialization, USA. All cell lines were maintained using Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% v/v heat inactivated fetal bovine serum (FBS), 2
mM L-glutamine, 1% penicillin-streptomycin (100 units and 100 ug/ml, respectively). Cells
were incubated at 37°C and 5% CO, until passage 30 after receipt from the culture

collection.

2.2.1 Cell thawing

For cell thawing, cryotubes containing cells were placed at 37 °C in a water bath and
samples were then transferred into 15 ml tubes containing pre-warmed cell culture medium.
Cells were centrifuged at 400 x g for 5 minutes, the supernatant was discarded and the cell
pellet was resuspended in fresh cell culture medium and transferred into T25 flasks

containing 5 ml of pre-warmed medium.

2.2.2 Cell passage

For cell maintenance, cell cultured medium was changed every two days until 80-90%
cell confluence was reached. For cell passaging, the cell culture medium was discarded and 2
ml of trypsin-EDTA (0.5 g/l trypsin and 0.2 g/l EDTA) was added to detach the adherent
cells. The flasks were incubated at 37 °C for 5 minutes or until cells detached. 2 ml of pre-
warmed medium was used to wash the detached cells and the cell suspension was collected in
15 ml tubes. Subsequently, cells were centrifuged at 400 x g for 5 minutes, the supernatant
was discarded and the cell pellet was resuspended in fresh cell culture medium. Cells were

then transferred into a new flask at the required cell density.

2.2.3 Cell freezing
For cell freezing, cells were trypsinised as previously described in the cell passaging
protocol and resuspended in freezing medium containing 90% FBS v/v and 10% DMSO v/v.

Cell aliquots containing approximately 1 x 10° cells were transferred into cryotubes and
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frozen in a freezing container at -80 °C and transferred to liquid nitrogen for long term

storage.

2.2.4 Cell counting

Cell counting was performed using a BioRad automated cell counter (TC20). The cell
suspension was mixed with 1:1 trypan blue reagent, and 10 ul of the mixed suspension was

loaded into a counting slide and viable cells were counted.

2.2.5 Cell transfection

2.2.5.1 Reagent based transfection

ID8 cells were transfected using TransIT-X2 transfection reagent. 5 x 10" cells were
seeded in 6-well plates and incubated overnight. 1 ug of plasmid DNA (Piggy Bac
Transposon system is described in section 2.5.2) was added to 250 ul of warmed serum-free
cell culture medium. Subsequently, 7.5 ul of warm Transit-X2 was added to the DNA
mixture and incubated for 15 minutes at room temperature. Later, the DNA-Transit-X2
mixture was added to the wells and incubated for 24 hours. Finally, transfected ID8 cells

were selected in fresh cell culture medium containing 4 wg/ml of puromycin for 3 to 5 days.

2.2.5.2 Electroporation

For electroporation, COV362 cells were trypsinised as previously described and 2 x
10° cells were used per transfection. Cells were resuspended in 100 ul of electroporation
solution and 1 ug of plasmid DNA was added (ZFN system described in section 2.5.1). The
cell suspension was then transferred to an electroporation cuvette and electroporated with an
Amaxa® Nucleofector using V-020 program. Immediately after electroporation, samples
were transferred to a 6-well plate containing pre-warmed cell culture medium and incubated.

After 24 hours, cells were treated with 0.2 uM of Vinblastin for 6 hours.
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2.2.6 Single cell cloning

Isolation of cell colonies was performed by single cell dilution as follows. Transfected
cells were trypsinised as previously described and diluted to a concentration of 5 cells/ml.
Then, 100 ul of the cell suspension was transferred into each well of a 96-well plate allowing
for an average cell density of 0.5 cells per well. Wells containing single cells were incubated
for 3-4 weeks and the plate was monitored for cell growth by microscopy. Once wells were

confluent, colonies were expanded for further analysis.

2.2.7 Cell viability assays

Cell viability was measured using the MTT assay, an assay for measuring metabolic
activity, which is presumed to be directly proportional to the number of viable cells.
Specifically, viable cells convert soluble MTT to a purple formazan that accumulates within
the cells as an insoluble precipitate, while dead cells cannot convert the MTT to formazan
(Assay guidance manual). However, this assay might be a measure of mitochondrial activity
rather than cell proliferation (Berridge et al., 1996). Therefore, MTT results were validated

using trypan blue assay.

Dose response curves to carboplatin and B20-4.1.1 were performed on the ovarian cancer cell
lines. ID8 cells were plated in 96 well plates at 5 x 10° cells per well and allowed to attach for
24 hours. Subsequently, cell culture medium was supplemented with 0-4000 uM of
carboplatin or 0-100 nM of B20-4.1.1 for 48 hours at 21% O,. Cell viability was investigated
using the MTT Vybrant® Cell Proliferation Assay. Cells were labelled with 10 ul of 12 mM
MTT in 100 ul of fresh maintenance medium and incubated at 37 °C for 4 hours. After
labelling, 100 ul of dimethyl sulfoxide (DMSO) was used as a solubilising agent. Finally, the
plate was read on a microtitre plate reader at an absorbance of 450 nm. The Lethal dose 50%

(LD50) was calculated using a four-parameter dose-response curve in GraphPad Prism 7.

2.2.8 Migration assay

Migration studies were performed using the wound-healing assay with the Ibidi 2 well
culture-inserts. Ibidi inserts were placed on 12-well plates, 5 x 10* cells were seeded into each
well of the culture-insert in 50 wul of cell culture medium and incubated overnight at 37 °C

and 5% CO,. Subsequently, cell culture-insert was removed using sterile forceps and cells
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were washed twice with PBS to remove non-attached cells. Wells were filled with 2 ml of
fresh cell culture medium and the gap between the two groups of cells was monitored by
microscopy using a 4x objective with the Nikon Eclipse TS100 system. The size of the

scratch wound was measured for each time point using the Wound Healing Tool in ImagelJ.

2.3 Western blotting

2.3.1 Cell lysates

ID8 cells were seeded in T25 flasks and then cultured to 80-90% confluence. The cell
culture medium was then removed and the cells washed with cold PBS while the flasks were
kept on ice. The cells were scraped using 500 ul of cold lysis buffer supplemented with
EDTA (5 mM), phosphatase and protease inhibitors (2x). Lysates were prepared by passing
the cells in lysis buffer through a 23-gauge needle 3 times, centrifuged at 10,000 g x 10

minutes at 4 °C and stored at -20 °C for further analysis.

2.3.2 Protein quantification

Protein concentration was determined by the Pierce™ BCA protein assay according to
the manufacturer’s protocol. Briefly, 2 mg/ml BSA in doubling serial dilutions was used as
reference protein for standard concentrations and protein samples were diluted 1:100 in PBS.
150 ul of standard or lysate samples were loaded into 96 well plates in triplicate and
subsequently labelled with 1:1 BCA assay reagent. Finally, the plate was incubated for 30
minutes at 37 °C and then absorbance was measured at 560 nm using a SpectraMax M5e
plate reader. Absorbance readings were converted to protein concentration using the BSA

standard curve assuming a linear relationship between protein concentration and absorbance.

2.3.3 SDS-PAGE gel electrophoresis and protein transfer

Lysates were diluted with 4 x Laemmli sample buffer and a protein ladder was used as
reference to estimate the molecular weight of the proteins of interest. Samples containing 0.1
M DTT were resolved on an 8% w/v SDS polyacrylamide gel (SDS-PAGE). The gel was run

in Tris-Glycine SDS-PAGE buffer for 90 minutes at 120 volts. Proteins were transferred onto
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a nitrocellulose membrane using a semi-dry system (BioRad) with NuPAGE® transfer buffer
for 60 minutes at 15 volts. Subsequently, the nitrocellulose membranes were blocked with
5% w/v fat free dried milk in tris-buffered saline (TBS) containing 0.1% v/v Tween-20 (TBS-

T) for 30 minutes.

2.3.4 Antibody staining and detection

After the blocking step, membranes were incubated with the primary antibody diluted
in TBS-T buffer containing the blocking agent (5% w/v dried milk) and incubated on a
shaker overnight at 4°C (Table 4). The membranes were rinsed three times with TBS-T for 15
minutes after primary antibody incubation. The membranes were then incubated with the
appropriate HRP-conjugated secondary antibody diluted in TBS-T containing 2.5% w/v dried
milk and incubated on a shaker for 60 minutes. The membranes were rinsed three times with
TBS-T for 15 minutes after secondary antibody incubation. All incubations were performed
at room temperature unless otherwise specified. Finally, protein detection was performed

using chemiluminescent detection with ECL reagents and the BioRad ChemiDoc system.

Table 4. Primary and Secondary antibodies.

Antibody Origin Supplier Dilution | MW (kDa)
[-catenin Mouse BD Bioscience (610153) 1:1000 ~92
E-cadherin Mouse BD Bioscience (610182) 1:1000 ~120
N-cadherin Rabbit Abcam (ab18203) 1:1000 ~ 100
GAPDH Mouse Abcam (Ab8245) 1:10000 ~36
Vimentin Mouse Abcam (ab8978) 1:1000 ~57
Anti-rabbit HRP Donkey | Jackson Immunoresearch (715035152) 1:10000
Anti-mouse HRP | Donkey | Jackson Immunoresearch (715035150) 1:10000
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2.3.5 Membrane stripping

In order to reprobe the membrane for the housekeeping protein GAPDH to confirm
equal loading of total protein, the membranes were briefly rinsed in TBS-T and incubated in
10 ml stripping buffer for 10 minutes at room temperature. Membranes were then washed 3
times with TBS-T for 15 minutes and blocked as before with 5% w/v dried milk in TBS-T
and incubated for 30 minutes at room temperature. The GAPDH antibody was diluted as
described in table 4 in TBS-T buffer containing 5% w/v dried milk and incubated for 1 hour
at room temperature. Membranes were rinsed three times with TBS-T for 15 minutes and
incubated with the appropriate HRP-conjugated secondary antibodies diluted in TBS-T
containing 2.5% w/v dried milk, after which they were incubated on a shaker for 60 minutes.
The membranes were rinsed three times with TBS-T for 15 minutes after secondary antibody
incubation phase. Detection processes was performed through chemiluminescent detection as

described in section 2.4 4.

2.4 ELISA assay

Mouse and human VEGFA secreted into cell culture supernatants and plasma samples
collected from the in vivo studies were measured using specific DuoSet ELISAs (R&D
Systems). Ovarian cancer cells were plated in T25 flasks at a density of 2.5 x 10° cells per
flask in standard growth conditions for 24 hours before medium was aspirated and replaced
with 2 ml fresh growth medium. 24 hours later, supernatants were collected and centrifuged
for 5 minutes at 400 x g. Analysis of concentrations of secreted VEGFA was performed

according to the manufacturer’s protocols.
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2.5 Molecular biology

251 ZFN system — Mutagenesis of the donor plasmid used for homologous
recombination.

Zinc Finger Nucleases (ZFNs) allow the integration of a gene of interest into the
genome. Firstly, Zinc Finger Nucleases target a specific nucleotide sequence and cut the
double stranded DNA. Secondly, a plasmid donor, which includes the gene of interest and
homology sequences to the integration site, stimulates an homology-repair mechanism that
integrates the gene of interest into the genome (Hansen et al., 2012). Directed mutagenesis
was used to make translationally silent point mutations in the donor plasmid encoding
VEGFA121 (pVEGFAI121) used for homology repair during genome editing with Zinc
Finger Nucleases. This was to reduce the re-targeting of the inserted homology repair DNA
in the donor plasmid by the ZFNs after insertion in the genome and to enable detection of the
VEGFA121 mRNA expressed by the edited gene via RNA sequencing and SNP detection.
Sets of primers were designed with 5’ ends annealing back-to-back to include the desired
substitutions without affecting the translated protein sequence (Fig. 6 and Table 5).
Mutagenesis was performed using the Q5® Site-Directed Mutagenesis Kit according to the
manufacturer’s protocol using specific thermocycling conditions (Table 6). For isolation of
clones, the E. coli DH5a strain was transformed and selected as described in section Methods
2.6.4. Single colonies were grown in 5 ml of LB-Lennox broth containing 100 wg/ml
ampicillin overnight at 4°C at 225 rpm. Plasmids were isolated using the QIAprep® miniprep
system (Qiagen) according to the manufacturer’s protocol. Finally, inserted mutations in the
plasmid were validated using DNA sequencing (Table 7). A ZFN pair targeting exon 4 of the
human VEGFA gene was produced and validated by the design service provided by Sigma
(Fig. S1). All primers were purchased from Sigma-Aldrich and all denovo gene synthesis was

performed by Genewiz.
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ORIGINAL - TCCTGTGTGCCCCTGAtgcgatGCGGGGGCTGCTGCAAT

* * * * * I * * * *

*
MUTATED - AGCTGCGTTCCACTGAtgcgatGTGGCGGATGCTGTAAC

\4

Figure 6. Directed mutagenesis strategy.

Q5® Site-Directed Mutagenesis Kit was used to make 10 silent point mutations in the donor plasmid
encoding VEGFA121 by using primers designed with 5 ends annealing back-to-back to include the
desired substitutions.

Table 5. Mutagenesis primers.

Forward primer (5’-3°) Reverse Primer (5°-3’)

GATGTGGCGGATGCTGTAACGACGAGGG | GCATCAGTGGAACGCAGCTTGGCTTGA
CCTGGAGTGTGTGCCCACTGAGGAGTCC | AGATGTACTCGATCTCATCAGGGTACT
CC

CGAGTACATCTTCAAGCCAAGCTGCGTTC | ATCTCATCAGGGTACTCCTGGAAGATG
CACTGATGCGATGTGGCGGATGCTGTAA | TCCACCAGGGTCTCGATTGGATGGCAG

CGACGAGGGCCTGGAGTGTGTGC TAGCTGCGCTGATAGACATCC
CGAGTACATCTTCAAGCCATCCTGTGTGC | ATCTCATCAGGGTACTCCTGGAAGATG
CCCTGATGCGATGCGGGGGC TCCACCAGGGTCTCGATTGGATGG
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Table 6. Thermocycling conditions for PCR amplification.

Step Temperature Time
Initial Denaturation 98 °C 30 seconds
26 Cycles 98°C 10 seconds
67 °C 20 seconds
72 °C 105 seconds
Final Extension 72 °C 2 minutes
Hold 4°C -

Table 7. Sequencing primers.

Sequencing primers (5°-3’)

ATGCAGTGGTGAAGTTCATGG

TAGTTGCCAGCCATCTGTTG

GTATGGTGGGGTCTTGCCTT

ATGTTGGACTCCTCAGTGGG

2.5.2 pCLIIP-[HRE]x5-minCMV-VEGFA construct

All denovo gene synthesis was performed by Genewiz. For the construction of the
[HRE]x5-minCMV-VEGFA system, which enables regulation of VEGFA expression by
HIF1 binding to hypoxia response elements (HRE) and providing a mechanism of regulation
comparable to the endogenous VEGFA gene, cloning into the pCLIIP plasmid (English et al.,
2017) was performed by removing the Luciferase2-E2A-mStrawberry fragment and then

introducing the [HRE]x5-minCMV-VEGFA element as follows.
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2.5.2.1 DNA digestion

A double digestion with Fsel and Mlul digestion enzymes was used. 1 ug of plasmid
DNA was mixed with 1x of CutSmart® Buffer, 2 units of each digestion enzyme and up to
50 ul of nuclease-free water. DNA mixture was incubated for 15 minutes at room

temperature.

2.5.2.2 DNA gel extraction
DNA digested product was separated using agarose gel as described in Methods

2.6.3 Monarch® DNA Gel Extraction Kit was used according to the manufacturer’s protocol.

2.5.2.3 DNA ligation

50 ng of DNA plasmid were mixed with the DNA insert at a 1:3 molar ratio (vector:
insert) in 1x T4 DNA ligase buffer containing 1 unit of T4 DNA ligase and up to 20 ul of
nuclease-free water. The mixture was incubated at room temperature for 10 minutes and heat

inactivated at 65 °C for 10 minutes.

2.5.3 Agarose gel electrophoresis

DNA samples were separated by electrophoresis using agarose gels. 1-2% w/v
agarose was prepared using TBE buffer with SYBR® Safe DNA gel stain. Samples were
mixed with 6 x loading gel buffer and a DNA ladder was used as a molecular weight size

reference. Gels were run at 100 volts for approximately 60 minutes.

2.54 Transformation of competent cells

DNA plasmid propagation was performed in E. coli DHS5o by heat shock
transformation. A 50 pl vial of DH50 competent cells were thawed on ice and 1-10 ng of
plasmid DNA were added to the cells. DH5a were incubated on ice for 30 minutes, heat
shocked for 20 seconds in a hot block at 42 °C following which the tubes were place on ice
for 2 minutes. Following transformation, 950 pl of pre-warmed SOC medium were added to

the tubes and these were incubated for 1 hour at 37 °C at 225 rpm. Finally, DH5a were plated
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onto agar plates containing 100 pg/ml of ampicillin and incubated overnight at 37 °C for

colony selection.

2.5.5 Plasmid DNA purification

Single bacterial colonies were grown in LB-Lennox broth containing 100 pg/ml
ampicillin overnight at 37 °C and shaken at 225 rpm. The plasmids were isolated using either
Qiagen QIAprep® Mini or HiSpeed® Plasmid Maxi kits according to the manufacturer’s

protocol.

2.5.6 DNA isolation and quantification
DNA was isolated using GenElute™ Mammalian Genomic DNA Miniprep kit
according to the manufacturer’s protocol. DNA concentration was quantified using the

Nanodrop 1000 UV-Vis system at a wavelength of 260 nm.

2.5.7 RNA isolation and quantification
RNA was isolated using the GenElute™ Total RNA Purification kit according to the
manufacturer’s protocol. RNA concentration was quantified using the Nanodrop 1000 UV-

Vis system at a wavelength of 260 nm.

2.5.8 Absolute Quantitative Real Time-PCR

2.5.8.1 Preparing a standard curve with plasmids containing each VEGFA isoform

It has previously been reported that linear plasmids are a valid and reliable tool to be
used as the standard for gene quantification in AQRT-PCR (Hou et al., 2010). [HRE]x5-
minCMV-VEGFA plasmids were designed for each mouse VEGFA isoform (120, 164 and
188). All denovo gene synthesis was performed by Genewiz. Linearised plasmids were used
for creating a standard curve for Real-Time PCR. Specifically, plasmids were linearised using
HindIII digestion enzyme as described in Methods section 2.6.2.1. 10-fold serial dilutions of
each linearised standard were used from of 2.5 copies to 250,000 copies. Standard curves for
each isoform were included in each AQRT-PCR run and isoform quantification of each
sample was calculated from plots of C; versus copy number of standard plasmid for each

isoform assuming a linear relationship between both.

59



2.5.8.2 Reverse Transcription

cDNA synthesis was performed using a High Capacity cDNA Reverse Transcription
Kit. Briefly, 1 ug of RNA was diluted in 10 pl of nuclease-free water. 2 pl of 10 x RT buffer,
0.8 ul of 25 x dANTP mix, 2 ul of 10 x RT random primers, 1 pl MultiScribe™ reverse
transcriptase and 1 pl of RNase inhibitor were added to the DNA mixture. Samples were
heated in a thermocycler at 25 °C for 10 minutes, followed by incubation at 37 °C for 120

minutes and finally 5 minutes incubation at 85 °C. cDNA samples were stored at -20 °C.

2.5.8.3 SYBR® Green Real-Time PCR

cDNA samples obtained by reverse transcription were amplified by SYBR® Green
Real-Time PCR.
plasmid standards, 200 nM of forward and reverse primers (Table 8) and 5 ul SYBR® Green

10 pl total reaction containing 15 ng of RNA converted to cDNA or

PCR Master Mix were used in 384-well plates. The PCR reaction was performed using the
Applied Biosystems 7900HT Fast Real-Time PCR System as indicated in table 9. All
experiments were performed in triplicate and a melting curve was performed at the end of

every run. All primers were purchased from Sigma-Aldrich.

Table 8. Real-Time PCR Primers.

Forward primer (5’-3’) | Reverse primer (5’-3°) Product Reference
length (bp)
Mouse GCCAGCACATAGGA | GGCTTGTCACATTTTT (Darland et
VEGFA120 | GAGATGAGC CTGG > al.,2011)
Mouse GCCAGCACATAGGA | CAAGGCTCACAGTGA (Darland et
VEGFA164 | GAGATGAGC TTTTCTGG 77 al.,2011)
Mouse GCCAGCACATAGGA | AACAAGGCTCACAGT (Darland et
VEGFA188 | GAGATGAGC GAACGCT i al.,2011)
Mouse Total | CACGACAGAAGGAG | CTCAATCGGACGGCA (Brennan et
VEGFA AGCAGAAG GTAGC i al., 2009)
Mouse ATGGTGAAGGTCGG | CGCTCCTGGAAGATG (Brennan et
GAPDH TGTGAACG GTGATGG 23 al., 2009)
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Table 9. SYBR® Green Real-Time PCR Parameters.

Step Temperature Time
Enzyme activation 95 °C 20 seconds
95°C 1 seconds
40 Cycles
60 °C 20 seconds

2.6 Statistical Analysis

All statistical analyses were performed using the GraphPad Prism 7.0 software.
Differences between two groups were determined by using an unpaired Welch t-test or
Mann-Whitney test for parametric and non-paramedic data respectively. For grouped data,
multiple comparisons were made using an ANOVA test followed by the Tukey test or
Dunnett’s test for parametric and non-paramedic data respectively. All numerical values
shown are the means + standard error. Statistical significance was defined as P < 0.05 (*), P <

0.01 (**),P <0.001 (***) and P < 0.0001 (****).
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2.7 In silico methods

2.7.1 The Genotype-Tissue Expression (GTEx) Project

The GTEx consortium is a collection of tissue-specific gene expression and genetic
variations across multiple normal human tissues (GTEx Consortium, 2013). The dataset for
ovary tissue includes 133 RNAseq samples (Release V7) of which 88 cases include transcript

quantification and are available in the UCSC Xena compendium.

2.7.2 The Cancer Genome Atlas (TCGA) project

The TCGA is a collection of data from a wide variety of cancer patients, and aims to
improve our understanding about cancer development, prevention, diagnosis and treatment.
Specifically, the TCGA Pan-Cancer Atlas (PanCanAtlas) project is a comprehensive cross-
cancer analysis, which identified genomic and cellular pattern in 33 tumour types, including
ovarian. The PanCanAtlas catalogues genomic alterations, epigenetics and gene expression
across tumour types. The ovarian cancer project within the TCGA Pan-Cancer study (TCGA
OV) has 604 patient cases, of which 70.7% includes transcript quantification data and are

available in the UCSC Xena compendium.

2.7.3 Data acquisition

GTEx and TCGA data for normal ovary tissue and ovarian cancer samples were
acquired and analysed. Available RNAseq transcript-level data sets were downloaded from
the GTEx and TCGA Pan-Cancer cohort from the UCSC RNAseq recomputed compendium
version 2016-09-02 (Goldman et al., 2020). Ensembl id transcript annotations were used to
define VEGFA isoforms and Transcripts Per Million (TPM) and isoform percentage values
were obtained for VEGFA121 (ENST00000372077.8), VEGFA165 (ENST00000372067.7)
and VEGF189 (ENST00000520948.5) for each tissue donor. Gene expression RNA-
seqV2_RSEM_Genes raw count matrix for ovarian cancer was obtained from the BROAD

GDAC Firehose version 2016_01_28.

62



2.7 .4 Data Filtering

TCGA OV dataset includes 604 cases, however only 70.7% have transcript
quantification available and only 50.3% have publically available access to RSEM raw
counts. Isoform expression data available (TPM and isoform percentage) was therefore
filtered for cases with primary tumour with high histologic grade (G2 or G3) and IIIC clinical
stage (Fig. 7). Due to the diversity of HGSOC and based on the characteristics of the disease
at diagnosis, this analysis is focused on stage IIIC that represents the degree of dissemination

with a sufficient number of cases for further analysis.
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Figure 7. Data filtering process.

TCGA OV samples were filtered for cases that met the following established criteria: had transcript
expression data available, the data corresponded to primary tumour samples, and the tumours
presented as high histological grade (G2/G3) and IIIC FIGO staging.
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2.7.5 Analysis of VEGFA isoform expression in HGSOC patients

For each patient, only VEGFA121, VEGFA165 and VEGFA189 transcripts were
considered based on ovary transcript abundance described in section 3.2.1. Two different
methods were developed to identify VEGFA isoform expression levels in HGSOC patients.
For the purpose of this work we have defined the first approach as the ‘Individual segregation
model’, which consists of grouping the data according to a quartile cut-off point for each
individual isoform’s expression and analysing each separately from the other isoforms
(Fig.8A). For each isoform, the expression level was considered low or high following 25" -

and 75" TPM-quartile cut-offs respectively.

The second approach is defined as the ‘Clustered segregation model’ and consists of
identifying the switch between the three isoforms together (Fig.8B). Differential isoform
expression was analysed using the Morpheus software. Specifically, isoform percentage
values were Z-score transformed and a hierarchical clustering approach was used for
grouping patients with isoform expression similarities. Cluster associations were performed
using the one minus Pearson correlation and the complete linkage method (LaTulippe et al.,

2002).

65



A) Individual Segregation Model B) Clustered Segregation Model

VEGFA121 VEGFA165 VEGFA189 VEGFA165 DN

l l l VEGFA189 UII‘L
‘ 28 |2
- 2 g

165 189 1
Low expression l High expression

«— —
Low High Low

VEGFA121 VEGFA165 VEGFA189

——T——————
100 200 300 400 100 200 300 400 100 200 300 400 100 200 300 400
Time Time Time Time

Figure 8. Methods for HGSOC patient segregation.

Ilustrative diagram of the proposed methods for patient segregation based on VEGFA isoform
expression. A) For the ‘Individual segregation model’, groups were divided based on quartile of one
isoform’s expression. B) For the ‘Clustered segregation model’ groups were divided based on the
isoform expression pattern between all three of the isoforms.
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2.7.6 Survival analysis

Survival analyses were performed using survminer version 0.4.8 through RStudio
version 1.1.463. To determine clinical relevance of VEGFA isoform expression, clinical
attributes such as age, histological grade, clinical stage, molecular subtype, vital status,
progression-free (PFS) and overall survival (OS) were obtained for each patient. Information
regarding performance status, residual tumour and patient treatment was not fully described
within the TCGA clinical data, therefore these characteristics were not considered for

survival analysis in this work.

Associations between isoform expression levels and survival were investigated using the
multiple linear regression model, in order to identify clinical factors associated with overall
and progression-free survival. Hazard ratios with their corresponding 95% confidence
intervals were determined. Survival rates were calculated using the Kaplan-Meier method and
the comparisons between the groups were analysed by the log-rank test. P-values below 0.05

were considered statistically significant.

2.7.7 DEG

Differentially expressed genes (DEG) were detected using edgeR package through
RStudio version 1.1.463. A two-group comparison was performed using the RNA-
seqV2_RSEM_Genes raw count matrix. Unpaired DEG analysis was performed to assess
changes within VEGFA isoform expression groups. Filtering for read counts was set to a
threshold of 0.5 CPM. Raw count normalisation was specified as the default normalisation
method provided by the EdgeR package. Cut-off criterion for DEG was false discovery rate
(FDR) < 0.05.

2.7.8 Gene set enrichment analyses

Gene set enrichment analysis (GSEA) was performed with software version 3.0. Pre-
ranked analysis was performed using the default settings with the exception of “collapse
dataset to gene symbols” which was set to False. Prior to analysis, a ranked list was
calculated with each gene assigned a score base on the p-value and the direction of the fold

change (FC) (rank = sign (FC)*-loglO (p-value)). The hallmark gene sets (h.all.V7.1
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MSigDB) were applied to evaluate whether genes were assigned to a specific biological

process. Gene sets were identified as significant if FDR g-val <0.05.

A VEGFA-dependent gene signature developed by Yin et al. (2016) was used for predicting
patient response for VEGFA targeted therapy. This gene set was applied to the ranked list
created from the DEG analysis through the GSEA software following the settings specified

above.

2.7.9 Immune cell analysis

Immune population subsets were studied using xCell method (Aran et al., 2017)
which is a gene signature-based approach that allows the identification of approximately 64
immune cell types. Access to pre-calculated TCGA data by xCell was retrieved and filtered
for ovarian cancer samples to match our HGSOC cases. For each patient, the xCell score for
different immune subsets were taken and used to compare their abundances across patient
groups. Comparisons between the groups were analysed by the Wilcoxon t-test. P-values

below 0.05 were considered statistically significant.

2.7.10 Protein network analysis

The protein network analysis was constructed via the STRINGApp version 1.4.0
available for Cytoscape version 3.8.0. Genes with FDR < 0.05 from the DEG analysis were
imported into Cytoscape using the STRING public database (protein query) for Homo
sapiens. The parameters for the protein-protein interaction (PPI) network included a
confidence score =0.4 and no additional number of interactions. STRING enrichment data

was used to retrieve functional information about the network.
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Chapter 3

3. Associations between expression of VEGFA
mRNA isoforms, disease progression and molecular

features

RNAseq open-access data collections have allowed us to explore gene expression,
genetic alterations and their associations with clinical outcomes in common human diseases.
These resources are the result of large analyses across various tissues that aim to provide
tools to better understand the molecular mechanisms underlying different diseases. This
chapter aims to investigate the associations between VEGFA mRNA isoform expression,
disease progression and molecular signatures in patients with High-Grade Serous Ovarian
Cancer using data from The Cancer Genome Atlas (TCGA). In the first part, differences in
VEGFA isoform expression between normal and cancerous ovarian tissue are investigated

across two different studies.

In order to categorise patients based on differences in VEGFA mRNA isoform expression,
different approaches for patient segregation were created based on individual or clustered
VEGFA isoform expression levels. Next, associations between expression of VEGFA mRNA
isoforms with survival were investigated. Finally, we explored different methods of analysis
to identify novel differentially expressed genes (DEGs) that could provide mechanistic
insights into the links between VEGFA isoform signalling, disease progression and response

and resistance to therapy in HGSOC.
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3.1 Introduction

Alternative VEGFA transcripts or isoforms refer to species that are the product of
alternatively spliced pre-mRNA or posttranscriptional proteolytic cleavage. The most
common VEGFA mRNA isoforms are VEGFA121, VEGFA165 and VEGFA189, named
after the number of amino acids in the mature, secreted peptide. These isoforms differ in their
exon regions and by consequence in their biological function and bioavailability. The shorter
isoform VEGFA121 is highly soluble while the longer isoforms VEGFA165 and VEGFA189
are highly basic and are bound to the extracellular matrix as previously described in section
1.5.1. Different technologies to measure transcripts have been developed mainly based on
hybridisation (such as microarrays), or sequencing (such as tag-based methods). The former
relies on existing knowledge about the genome sequence and commonly shows low
sensitivity and limited detection ranges followed by difficult signal comparison across
different experiments. The latter methods are based on Sanger sequencing and provide gene
expression levels. However, not all tag probes are exclusively mapped to one region of the
genome and only a small proportion of transcripts can be analysed, which makes it difficult to

fully distinguish between isoforms (Wang, Z. et al., 2009).

RNA sequencing (RNAseq) refers to the use of high-throughput sequencing technologies that
allows us to discover and quantify transcripts and thereby identify isoform changes in
development and disease. RNAseq includes several steps; firstly RNA is converted into
cDNA fragments to which sequencing adaptors are added. This is followed by an
amplification step on a chip to produce clonal copies of all the fragments. Next, short cDNA
fragments are sequenced using a modified version of the Sanger method, and imaged in real-
time to provide sequence information of each clonal copy (Wang, Z. et al., 2009). The
resulting reads are aligned to a reference genome and classified as exonic reads, junction
reads or poly(A) end-reads. This system provides transcriptome structure and expression
levels for each gene. RNAseq allows a more accurate measurement of isoform levels and
offers additional advantages over previous methods. RNAseq analysis of transcripts is not
limited to existing transcript knowledge and reveals more information about exon boundaries
and sequence variations or polymorphisms. Furthermore, this technology offers the
measurement of a dynamic range of expression levels and more reproducibility between

technical and biological replicates (Wang, Z. et al., 2009).
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RNAseq is still a new technology and as such certain challenges will need to be overcome
before its full potential can be achieved. Bioinformatic challenges include the standardisation
of methods to store, retrieve and process RNAseq data to reduce errors in analysis. One of the
main challenges of using RNAseq open-access collections is the inability to compare across
data sets, mainly due to a difference in data processing such as alignment and quantification.
Recently, novel RNAseq pipelines have been published in an effort to unify data from
different sources and these strategies allow for comparisons between studies. The UCSC Toil
RNAseq pipeline, one example of these strategies, aims to process RNAseq samples across
different datasets and create a single large compendium (Wang, Q. et al., 2018). The Cancer
Genome Atlas (TCGA) and The Genotype-Tissue Expression (GTEx) RNAseq data are
uniformly re-aligned to the hg38 genome, and re-processed using RSEM methods with
gencode v23 annotations to generate expression estimates. UCSC Xena hosts and displays

gene and transcript expression results of this analysis (Wang, Q. et al., 2018).
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3.2 Expression of all VEGFA isoforms is up-regulated in HGSOC

Differential usage of isoforms in different conditions, often referred to as isoform
switching, can have substantial biological impact, caused by the difference in each of their
functional potential (Vitting-Seerup and Sandelin, 2017). Data from the TCGA and the GTEx
consortium was used to analyse VEGFA isoform expression across normal ovarian and
ovarian cancer tissues corresponding to 88 and 419 human samples respectively. As
previously reported, it is possible to identify different transcripts for the VEGFA gene,
however not all of them code for functional proteins as annotated in the UniProt consortium,
as some have intronic retention for example (UniProt, 2019). Additionally, their
quantification showed that not all annotated transcripts are abundant and the VEGFAxxxb
‘anti-angiogenic’ isoforms are not expressed in ovary tissue, consistent with recent
observations in other tissues (Dardente et al., 2020) (Fig. 9). VEGFA121, VEGFA165 and
VEGF189 were identified as the predominant protein coding isoforms in both normal ovarian
tissue and ovarian cancer samples. It was observed that the VEGFA165 transcript has an
extended 5° UTR encoding a longer signal peptide, which is not present in the other two
isoforms. This has been reported to be relevant in regulating transcript stability during
hypoxia (Rosenbaum-Dekel et al., 2005). Increased expression of these three isoforms was
observed in HGSOC when compared to normal ovarian tissue (Fig. 10). Across the three
isoforms, VEGFA121 was expressed at lower levels in normal ovarian tissue, however this
transcript showed not only increased expression in HGSOC but also higher expression levels

when compared with the other two isoforms.

72



Gene Model °\\ ¢ 72 /’.\ /A
o 0 1 O 00 o
1501000 50 0 Transcript expression in Ovary

Retained intron @ ENST00000467139.5 - = _
VEGFA165 @ ENST00000372067,7- = l = I I _
VEGFA189 @ ENST00000520948.5 l = I = I = I .

Retained intron @ ENST00000493786.2 . = l =
VEGFA121 @ ENST00000372077.8 - = l = I _

Retained intron @ ensT00000512683.1 = = .

Retaied Intron @ evsrowoes | — |-

Retained intron g enstooooostesass I = I_I_I
Retained intron ENsrooooouem.sl: = D_D
ENST00000523950.5 [} = ll:} H = {]—D
i e I
| ENST00000230480.10 ﬂ = D Il} I ['I D
| ENST00000520265. 1 I—El H {
| ENST00000413642.7 D_ﬂ_l_i_{]_l
| ENST00000523873.5 D Il} = ﬂ I']—ﬂ
| ENST00000640653. 1 E {} = = E =
| ENST00000640499. 1 D_ﬂ_|_ﬂ_ﬂ_|
| ENST00000640482. 1 E II} = ||]—|
| ENST00000621747.5 E {ll = ﬂ—l
| ENST00000617771.5 E H = II]—I
ENST00000615393.5 ll:ll Il} = =

ENST00000611736.5

%

|

|

| ENST00000523125.5 M n [I I
L ' |

| ENST00000519767.5 M ni n |
I 'L '} 1

| ENST00000518824.5 M || [I I
I 'L

| ENST00000482630.6 M n1
J ' | lI]_I

| ENST00000457104.6 g n |
J '] 1

| ENST00000425836.6 El n I n [] D

| ENST00000417285.6 I | |
J /I | H—I

| ENST00000372064.8 M n1 :I
8] /I |

| ENST00000372055.8

%

| ENST00000324450.10

0000000000000

-
==

Figure 9. VEGFA transcript expression in the normal ovary.

These results correspond to the GTEx data for normal ovary samples. GTEx samples were obtained
post-mortem using tissue from most normal regions of the left ovary (and right if necessary to obtain
sufficient aliquots). TPM expression is shown for each VEGFA transcript and ranked based on their
relative  abundance.  Dominant  functional transcripts  correspond to = VEGFAI121
(ENST00000372077.8), VEGFA165 (ENST00000372067.7) and VEGFA189
(ENSTO00000520948.5). Plot created using the GTEx Portal.
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Alterations of expression levels of mRNA VEGFA isoforms are shown between HGSOC patients and
normal ovary tissue. GTEx samples were obtained post-mortem using tissue from most normal
regions of the left ovary (and right if necessary to obtain sufficient aliquots). Data for normal ovary
tissue (n=88) and HGSOC (n=419) are shown as box plots. Differences between groups were assessed
using the Wilcoxon test and P-values below 0.05 were considered statistically significant.
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3.3 VEGFA isoform expression levels and their effect on HGSOC patient

survival

3.3.1 Individual Isoform Segregation Model

Due to the complexity of VEGFA isoform expression, it is important to study the
effect that each individual isoform generates in the progression of HGSOC. The first method
included the segregation of patients based on the expression levels of each isoform
individually while omitting the others. After filtering, our dataset contained isoform
expression values from 298 HGSOC cases with stage IIIC disease. To identify isoform
expression levels in patients, only the predominant VEGFA isoforms VEGFA121, 165 and
189 were analysed, as described in the previous section. For each isoform, the expression
level was considered low or high following 25" - and 75" percentile cut-offs respectively
(Table 10). Based on this segregation model, patient cases that met the cut-off criteria were

grouped in low and high expression for each isoform (Fig. 11).

Table 10. Cut-off values for VEGFA isoform expression levels.

Cuteoff VEGFA121 VEGFA165 VEGFA189
ut-o

Log2(TPM*+0.001) Log2(TPM*+0.001) Log2(TPM*+0.001)
Low expression 3.0130 2.5730 2.0290
High expression 4.2825 43525 4.0250

* TPM = Transcripts Per Million
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Figure 11. Individual isoform segregation of HGSOC patients.

For each isoform, low and high expression groups using Log2 TPM values were segregated based on
25" - and 75" -percentile cut-off respectively. TPM = Transcripts Per Million
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The individual effect of each isoform’s expression on survival was also explored. Kaplan-
Meier analysis between high and low groups for each isoform showed that low levels of
VEGFA121, VEGFA165 and VEGFA189 are individually associated with worse overall
survival, while those with high individual levels of expression showed a better survival
outcome (Fig. 12). No differences in progression-free survival were observed between any of
the groups (Fig. 12). Additionally, no association between total VEGFA mRNA expression

and overall or progression-free survival was observed (Fig. S2-S3).
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Figure 12. Kaplan-Meier analysis for individual isoform segregation groups.

Kaplan-Meier analysis for overall and progression-free survival is shown for patients with low and
high VEGFA isoform expression based on the individual isoform segregation method. A) VEGFA121
(p =0.025 OS, p =091 PES), B) VEGFA165 (p = 0.0031 OS, p = 0.44 PFS), C) VEGFAI189 (p =
0.0056 OS, p = 0.48 PFS). Differences between groups were assessed using a log-rank test and P-
values below 0.05 were considered statistically significant. OS = Overall survival, PFS = Progression-
free survival.
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3.3.2 Clustered Segregation Model

Most of the methods used in studies evaluating VEGFA as a potential biomarker do
not differentiate between circulating or tumour expressed VEGFA isoforms. Its prognostic
and predictive associations are therefore merely describing the use of total VEGFA
expression rather than that of individual isoforms. Additionally, VEGFA isoform mRNA
patterns have already been described in other cancers and associated with different clinical
outcomes. In colorectal cancer patients, three different VEGFA isoform patterns have been
identified using RT-PCR: VEGFA121 (type 1), VEGFA121 + VEGFAI165 (type 2) and
VEGFA121 + VEGFA165 + VEGFA189 (type 3). In this specific cancer, the type 3 pattern
was associated with increased metastasis and worse prognosis (Tokunaga et al., 1998). This
suggests that the differential expression of all VEGFA isoforms is important when evaluating

their potential value as biomarkers.

Given that the proportion of VEGFA isoforms and the shift in their ratios may be important
for tumour progression and treatment success in HGSOC, their grouped expression pattern
was also analysed. In order to explore the full spectrum of VEGFA isoform expression, for
each patient, isoform percentages were compared and grouped with cases with a similar
isoform switch. VEGFA isoform expression patterns were found to vary across HGSOC

patients. Four main isoform switches were identified and defined as Switch 1 to 4 (Fig. 13).
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Figure 13. Differential isoform segregation of HGSOC patients.

HGSOC patients were grouped into four main VEGFA isoform expression patterns. A) Switch 1: Low
VEGFA121 (n=82), B) Switch 2: Low VEGFA165 (n=36), C) Switch 3: High VEGFA121 (n=79), D)
Switch 4: Low VEGFA189 (n=100). Hierarchical clustering was performed using the one minus
Pearson correlation with complete linkage method.

81



Overall survival was analysed for the four defined isoform switches (Fig.14). Median overall
survival was 3.16 years (95% CI, 2.90-3.79) in the low VEGFA121 group (Switch 1), 2.83
years (95% CI, 1.85-3.95) in the low VEGFA165 (Switch 2), 2.74 years (95% CI, 1.82-2.94)
in the high VEGFA121 group and 3.08 years (95% CI, 2.64-3.66) in the low VEGFA189
group (Switch 4). Pairwise comparisons between the groups showed that there is a significant
overall survival difference between low VEGFA189 and high VEGFA121 groups (p-value
0.031), in addition to, low and high VEGFA121 (p-value 0.024). Specifically, the survival
curves show a decreased overall survival for the high VEGFA121 group when compared with
either low VEGFA189 or low VEGFAI121 (Fig. 14). No significant differences were
observed for overall survival between the remaining group comparisons. Compared to
patients within the low VEGFA121 group, the hazard ratio of mortality of patients with high
VEGFA121 expression was 1.53 fold (p-value 0.05) (Table 11).
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Figure 14. Overall survival analysis for differential isoform segregation groups.

Kaplan-Meier analysis for overall survival in patients with differential VEGFA isoform expression.
Differences between groups were assessed using a long rank test and P-values below 0.05 were
considered statistically significant.
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Table 11. Hazard ratio analysis for overall survival

Hazard ratios with 95% confidence interval for overall survival in different VEGFA isoform
expression groups. Groups were compared with the low VEGFA121 group, which is defined as the
reference category for this analysis.

Group HR* 95% CI* p-value

Low VEGFA121

Low VEGFA165 1.25 0.75,2.08 04
High VEGFA121 1.53 0.99,2.36 0.05
Low VEGFA189 0.90 0.60, 1.37 0.6

* HR = Hazard Ratio, CI = Confidence Interval
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Additionally, progression-free survival was analysed for the four defined isoform switches
(Fig.15). Median progression-free survival was 1.51 years (95% CI, 1.23-1.82) in the low
VEGFA121 group (Switch 1), 1.20 years (95% CI, 1.08-1.75) in the low VEGFA165 (Switch
2), 1.23 years (95% CI, 0.94-1.50) in the high VEGFA121 group (Switch 3) and 1.26 years
(95% (I, 1.04-1.60) in the low VEGFA189 group (Switch 4). Pairwise comparisons between
the groups showed that there are no significant differences in progression-free survival
between the groups. Compared to patients within the low VEGFA121 group, no evidence of a

greater progression-free risk was found for the rest of the patient groups (Table 12).

85



1.00/
- Low VEGFA121
- Low VEGFA165
-~ High VEGFA121
= Low VEGFA189
0.75;
()
]
©
} -
S o050
>
L S
-
n
0.251
p=0.71 =
0.00
0 1 2 3 4 5
Time (years)
Number at risk
Low VEGFA121 77 45 14 5 2 0
Low VEGFA165 34 21 7 4 3 0
High VEGFA121 73 36 16 8 3 0
Low VEGFA189 93 50 21 12 6 0

Figure 15. Progression-free survival analysis for differential isoform segregation groups.

Kaplan-Meier analysis for progression-free survival in patients with differential VEGFA isoform
expression. Differences between groups were assessed using a long rank test and P-values below 0.05
were considered statistically significant.
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Table 12. Hazard ratio analysis for progression-free survival

Hazard ratios with 95% confidence interval for progression-free survival in different VEGFA isoform
expression groups. Groups were compared with the low VEGFA121 group, which is defined as the
reference category for this analysis.

Group HR* 95% CI* p-value

Low VEGFA121

Low VEGFA165 1.23 0.78,1.92 04
High VEGFA121 1.16 0.79,1.70 04
Low VEGFA189 1.01 0.71,1.45 >09

* HR = Hazard Ratio, CI = Confidence Interval
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3.3.3 Comparison of individual and clustered analysis of VEGFA isoform expression in
HGSOC

Results from the two different methods (individual and clustered model) for HGSOC
patient segregation raise an interesting question regarding the effect of VEGFA isoform
expression on patient survival outcome: are they due to an individual isoform effect or the
result of a grouped pattern effect? In order to investigate this further, differential isoform
expression patterns were analysed within the low and high expression groups for each

individual isoform.

The clustered pattern within the high VEGFA121 individual group indicates higher levels of
VEGFA121 than VEGFA165 and VEGFA189, which is consistent with our ‘Switch 4 — Low
VEGFA189’ cluster. On the other hand, the isoform pattern for the low VEGFA121
individual group is not fully comparable with any of our previous differential cluster analysis,
with lower levels of VEGFA121 than VEGFA165 and VEGFA189, most similar to the
‘Switch 1 — Low VEGFA121’ cluster, but no statistical difference between the levels of
VEGFA165 and VEGFA189 were detected in this group (Fig. 16).
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Figure 16. Differential VEGFA isoform analysis in the VEGFA121 individual groups.

Distribution of VEGFA isoform expression was evaluated for low and high VEGFA121 quartile
groups. Pairwise comparisons between groups were assessed using the Wilcoxon test and P-values

below 0.05 were considered statistically significant.
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In the low VEGFA165 individual group, we found a similar isoform pattern to the ‘Switch 3
— High VEGFA121" cluster. In the high VEGFA165 individual group, we found a similar
pattern to the ‘Switch 1 — Low VEGFAI121" cluster (Fig. 17). In both methods, ‘Switch 3’

showed a decreased overall survival compared to ‘Switch 1°.
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Figure 17. Differential VEGFA isoform analysis in the VEGFA165 individual groups.

Distribution of VEGFA isoform expression was evaluated for low and high VEGFA165 quartile
groups. Pairwise comparisons between groups were assessed using the Wilcoxon test and P-values
below 0.05 were considered statistically significant.
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In the low VEGFA189 individual group, we found a similar isoform pattern to the ‘Switch 4
— Low VEGFA189’ cluster. On the other hand, the isoform pattern for the high VEGFA189
individual group is similar to the ‘Switch 1 — Low VEGFAI121’ cluster, but no statistical
difference between the relative levels of VEGFA165 and VEGFA189 were detected in this
group (Fig. 18).
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Figure 18. Differential VEGFA isoform analysis in the VEGFA 189 individual groups.

Distribution of VEGFA isoform expression was evaluated for low and high VEGFA189 quartile
groups. Pairwise comparisons between groups were assessed using the Wilcoxon test and P-values
below 0.05 were considered statistically significant.
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With this in mind, the activity of VEGFA signalling regulating survival might be affected not
only by changes in individual isoform expression, but also by changes in the ratio of
expression, especially considering there is no correlation between overall survival and total
VEGFA mRNA expression (Fig. S2). Although the individual segregation approach shows
survival differences between upper and lower quartile expression of VEGFA121, VEGFA165
and VEGFA189 independently, the isoform patterns identified through hierarchical clustering
are also present within these individual groups when all the isoforms are considered (Fig. 16-
18). An overlap between the alternative methods can be observed, showing a poor overall
survival for groups with higher levels of VEGFA121 than the longer heparin/ECM binding
isoforms 165 and 189. However this does not hold true for measurement of VEGFA121 in

isolation.

We hypothesised that VEGFA121 expression levels could be used as a prognostic marker to
predict patient survival in HGSOC. The different segregation models of VEGFA isoform
expression in HGSOC patients in this section allowed us to identify patients that have higher
VEGFAI121 levels compared with VEGFA165 and VEGFA189 as well as those with lower
VEGFAI121 levels compared with the other two isoforms, as being of interest. The hazard
ratio in relation to overall survival was assessed for each model through independent
univariate analysis (Fig.19). The aim of this was to describe the risk of death for groups with
higher levels of VEGFA121 than VEGFA165 and VEGFA189 when compared with the low
VEGFAI121 group in each patient segregation model. For most of the models with the
exception of the VEGFA121 quartile groups, OS was significantly worse for those groups
with higher levels of VEGFA121 compared to those with the longer isoforms. Based on this
analysis, VEGFA165 quartile segregation model was selected for further bioinformatics

study.
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Figure 19. Hazard ratio analysis for the different segregation models.

Univariate analysis for overall survival in patients with low and high VEGFA121 expression based on
the different VEGFA isoform segregation models. Group names marked in red indicate the reference
group used for comparison in each model. Symbols within the bars represent the hazard ratio value
and the horizontal bars extend from the lower limit to the upper limit of the 95% confidence interval.
P-values below 0.05 were considered statistically significant.

Although a significant difference in overall survival was observed between patient groups
with high and low VEGFA165 expression, the impact of other clinical factors on survival
was also explored. To achieve this, multivariate analysis was used to study the effect of age,
grade and molecular subtype together with VEGFA165 quartile segregation. The multi
regression model showed that within these variables only VEGFA165 expression levels (HR
2.00, 95% CI, 1.24 to 3.23, p-value = 0.005) added statistical significance to the prediction
(Table 13). This indicates that there is a link between VEGFA165 expression levels and

overall survival regardless of the effect of other clinical features.
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Table 13. Multivariate analysis for VEGFA165 expression level groups, grade, age and molecular

subtype in HGSOC.

VEGFA165 expression, grade, age and molecular subtype categories were incorporated into the
multivariate models to describe how these factors impact in overall survival. Hazard ratio, 95%
confidence intervals and statistical significance are shown for each of these factors in relation to

overall survival.

Characteristic HR* 95% CI* p-value
VEGFA165
High _ -
Low 2.00 1.24,3.23 0.005
GRADE
G2 _ -
G3 1.82 0.71,4.67 0.2
AGE
<61 _ _
>=61 1.34 0.81,2.21 0.2
SUBTYPE
Differentiated _ -
Immunoreactive 1.63 0.78,3.40 0.2
Mesenchymal 091 0.50, 1.65 0.8
Proliferative 0.90 0.49,1.64 0.7
* HR = Hazard Ratio, CI = Confidence Interval
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3.4 High VEGFA16S is associated with increases in gene expression linked
to hypoxia, angiogenesis and EMT

In order to understand the regulation of VEGFA isoform signalling and the effect of
this on HGSOC, differentially expressed genes and pathway analysis across patient groups
were explored. When comparing women with high (good OS) versus low VEGFA165
expression (poor OS), 657 genes were differentially expressed (DEGs), of which 252 were
down-regulated and 405 up-regulated in the high VEGFAI165 group relative to low
VEGFA165 (Fig. 20). These DEGs were associated with several hallmark gene sets.
Hallmark processes with a high percentage of DEGs up-regulated in the high VEGFA165
group were related to biological processes, such as hypoxia, angiogenesis, epithelial-
mesenchymal transition (EMT) and glycolysis. On the other hand, hallmark processes
enriched in the low VEGFA165 group were associated with metabolic processes such as

oxidative phosphorylation, fatty acid metabolism and adipogenesis. (Fig. 21) (Table S1).
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Figure 20. Volcano plot for differentially expressed genes between VEGFA 165 expression groups.

Down- and up-regulated expressed genes in VEGFA165 expression level groups. The Cut-off
criterion for DEG significance was FDR <0.05. The y-axis displays the —log10 p value, while the x-
axis displays the log2 fold change for each gene.
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Figure 21. Biological processes enriched in VEGFA165 expression groups.

The hallmark gene sets (h.all.V7.1 MSigDB) shown above were significantly up-regulated in patients
with high VEGFA165 expression if NES > 0 or with low VEGFA165 if NES < 0. The cut-off
criterion for significance was FDR g-value < 0.05. NES = Normalised Enrichment Score.
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GSEA analyses using the gene sets hosted by the molecular signatures database (MsigDB)
allow us to generate new hypotheses and drive further research. However, in order to identify
if more specific pathways are involved in the resulting biological processes, predicted protein
- protein interactions were analysed to identify functional networks among DEGs. Based on
the GSEA results between low and high VEGFA165, hypoxia is associated with high
VEGFA165 expression. The hypoxia scores, based on the Buffa gene signature (Buffa et al.,
2010), were obtained for each patient through the cBioPortal and these were compared
between VEGFA165 expression groups (Fig. 22A). Tumours with high levels of VEGFA165
showed an increased hypoxic score as suggested by our GSEA results. Subsequently, we
analysed the DEGs related to hypoxic response and generated a protein-protein interaction
network (Fig. 22B). Within the up-regulated genes linked to hypoxia were MTOR (FDR =
0.03, FC = 1.3), PDKI (FDR =0.01, FC = 14), ANGPTL4 (FDR = .002, FC = 2.4) and CA9
(FDR = 0.004, FC = 4). Additionally, GSEA results show that angiogenesis gene signature is
enriched in the high VEGFA165 expression group. Within the up-regulated genes linked to
angiogenesis were VEGFR1 (FLTI, FDR = < 0.0005, FC = 1.89) and VEGFR2 (KDR, FDR
= 0.003, FC = 1.56). Other implicated genes include basement membrane genes such as
collagens and other blood vessel morphogenesis components such as DLL4 and NOTCH4
(Table S2).
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Figure 22. Associations between hypoxia and VEGFA165 expression levels.

A) Hypoxia scores were obtained from the cBioPortal and values were compared between low (n=47)
and high (n=60) VEGFA165 expression groups. Differences between groups were assessed using a
Wilcoxon test and p-value below 0.05 was considered statistically significant. B) Protein-Protein
interaction network for hypoxia response constructed using StringApp and Cytoscape.
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3.5 Immune cell populations

Previous published data has identified six different immune subtypes across different
cancers using the TCGA data (Thorsson et al., 2018). In order to explore the distribution of
immune subtypes between our VEGFA165 groups, the predicted immune signatures were
obtained for each patient and percentages were calculated for each immune model within
each group (Table 14). These results suggest similar immune characteristics between low and
high VEGFA165 expression groups with the IFN-y dominant subtype in more than 50% of
the cases, followed by wound healing and lymphocyte depleted subtypes.

Table 14. Immune subtypes in VEGFA165 expression groups.

This table shows the proportion of samples belonging to each immune subtype within the VEGFA165
expression groups. Parentheses show the number of samples per subtype from the total cases within
each patient group.

Immune Subtype

Low VEGFA165

High VEGFA165

Wound healing

19.5 % (8/41)

21.1% (11/52)

IFN-y dominant

51.2% (21/41)

55.8% (29/52)

Inflammatory

0% (0/41)

1.9 % (1/52)

Lymphocyte depleted

293 % (12/41)

21.2% (11/52)

The GSEA analysis of hallmark gene signatures does not suggest an association between
immune processes and expression levels of VEGFA165, however these results do not allow
comparisons between cell types within the tumour. For this we collected data from the xCell
study and compared the abundance of different cell types in our TCGA OV samples. In
general, this approach was able to recover a signal from several major cell types, including,
pericytes, fibroblasts, microvascular endothelial cells, macrophages, CD4+, CD8+, natural
killer and regulatory T-cells (Fig. 23-24). The xCell scores for most of the cell types showed
a similar abundance between low and high VEGFA165 expression groups, however there is a
significant decrease in pericyte and natural killer cells in the low VEGFA165 expression
group (Fig. 23-24), while macrophage abundance, predominantly M1 macrophages, is higher
when compared to the high VEGFA165 group (Fig. 24).
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Figure 23. Cell type abundance in HGSOC tumours.

XCell scores from different immune populations were obtained for each patient sample. For each cell
type, abundance values were compared between low (n=74) and high (n=74) VEGFA165 expression
groups. Differences between groups were assessed using a Wilcoxon test and p-value below 0.05 was
considered statistically significant.
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Figure 24. Cell type abundance in HGSOC tumours continued.

XCell scores from different immune populations were obtained for each patient sample. For each cell
type, abundance values were compared between low (n=74) and high (n=74) VEGFA165 expression
groups. Differences between groups were assessed using a Wilcoxon test and p-value below 0.05 was
considered statistically significant.
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3.6 High VEGFA16S is associated with a predictive response to anti-VEGF
therapy

A VEGFA-dependent gene signature (VDGs) associated with response to anti-
VEGFA therapy was developed by Yin et al. (2016). Specifically, enrichment of VDGs in
ovarian cancer has been suggested to be predictive for bevacizumab therapy. This gene list
includes approximately 139 human genes, which contains vascular and basement membrane
genes (Yin et al., 2016). The evaluation of the VDGs in our HGSOC groups through GSEA
analysis showed that this signature is highly enriched in patients with high VEGFA165 (FDR
g-val < 0.001), which suggest a potential benefit from bevacizumab for patients in this group

(Fig. 25).

VDGs

© © o ©
N W - (¥
i . T

Enrichment score (ES)
o

o
o

LRI

High VEGFA165 Low VEGFA165

Figure 25. GSEA analysis of the VEGFA-dependent gene signature.

Enrichment score plot for the VEGFA-dependent gene signature. Positive enrichment is observed for
the high VEGFA165 (FDR g-val <0.001). This association indicates that the group with enriched
VEGFA-dependent genes might respond better to treatment with bevacizumab.
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3.7 Associations between VEGFA165 expression levels and genomic

instability

HGSOC is characterised by frequent mutations in the 7P53 gene, which have been
found in more than 96% of the cases (Lisio et al., 2019). Less frequent mutations involve
oncogenic changes in BRCAI, BRCA2 and others such as CSMD3, NFI, CDKI12, GABRA6
and RBI (Lisio et al., 2019). Additionally, genes like CCNEI, MYC and MECOM have
shown frequent copy number variation, which results in gene amplification (Lisio et al.,
2019). In order to analyse the genomic landscape between VEGFA165 expression groups,
mutation frequency values were compared between the groups for the genes with the highest
frequency (Fig. 26A). TP53 showed the highest mutation frequency in both groups with
63.64 % and 63.61% for low and high VEGFA165 groups respectively. However, no
significant difference was observed between the groups for 7P53 or any other mutated genes
typical of ovarian cancer shown in this analysis. In a similar way, genes with the highest copy
number alteration frequency were compared between our groups (Fig. 26B). Although no
significant difference was found, a smaller percentage of genomic alterations was observed
for the low VEGFAI165 expression group for these genes when compared to the high
VEGFA165 group.

Homologous recombination deficiency (HRD) has been recently associated with HGSOC
progression, survival and response to platinum chemotherapy or targeted therapy, such as
PARP inhibitors (Takaya et al., 2020). GSEA analysis showed that the DNA repair gene
signature is enriched in the low VEGFA165 group; therefore in order to investigate this
further we compared total mutation count and HRD score between VEGFA165 groups. Our
results did not show significant difference between low and high VEGFA165 neither for

mutation count nor HRD score (Fig. 27).
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Figure 26. Genes with the highest genomic alterations in VEGFA165 expression groups.
A) Mutation frequency and B) Copy number alteration frequency between low (n=72) and high (73)

VEGFA165. Plots and group comparisons were performed through the cBioPortal platform (Gao et
al., 2013).
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Figure 27. Association between VEGFA 165 expression, mutation count and HRD.

A) Total mutation count comparison between low (n=44) and high (n=51) VEGFA165. B) HRD score
comparison between low (n=73) and high VEGFA165 (n=73). Differences between groups were

assessed using a Wilcoxon test and p-value below 0.05 was considered statistically significant.

106



3.8 Summary

Results from these studies show that the VEGFA isoforms predominantly expressed
in ovarian tissue are VEGFA121, VEGFA165 and VEGFA189. Expression of other VEGFA
isoforms such as VEGFA145 or VEGFAxxxb variants was not detected in this analysis.
These predominant isoforms are increased in human tumour samples when compared with
normal ovarian tissue. It is important to mention that ovary samples within the GTEx
database were obtained post-mortem using 10 mm x 10 mm x 4 mm sections from most
normal regions of the ovary (GTEx Consortium, 2013). It is not clear if this sampling
collection procedure can have an effect on transcript expression or if other characteristics
such as menopausal status or presence of hypoxia during follicular development can impact
VEGFA isoform expression. Previous work within the English’ lab has shown that the use of
different tissue preservation methods such as freezing, warming at 37 °C followed by
freezing and FFPE does not affect mRNA VEGFA isoform quantification in pre-clinical
models (Magon, 2018). It will be important to further evaluate if other sample characteristics

can be factors to consider when measuring mRNA expression in ovarian tissue.

This work evaluated different methods to segregate HGSOC patients based on VEGFA
isoform expression levels. The first method, defined as the “Individual Segregation model”
showed that low levels of VEGFA121, VEGFA165 and VEGFA189 are individually
associated with worse overall survival, while those with high individual levels of expression
showed a better survival outcome. For this first method, patient group segregation was
defined based on upper and lower quartiles for each isoform expression. This approach
provides sufficient data for comparison and allows for study of the cases that are the most
detached from the rest of the distribution. This data can also be divided at the middle 50% or
by tertiles, which will increase the number of observed cases in each group. However, for this
individual segregation model only the quartile cut-off was studied. Future work can look at
the effect of establishing different cut-offs within the presented model and therefore

determine if a different approach could be more clinically relevant.

The second method, defined as the “Clustered Segregation model” showed a decreased
overall survival for the high VEGFA121 group when compared with either low VEGFA189
or low VEGFA121. No significant differences were observed for PFS between the groups
regardless of the method of segregation that was applied. Additionally, no association

between total VEGFA mRNA expression and overall or progression-free survival was
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observed. As previously mentioned in section 2.7.6, information regarding patient treatment
is not fully described within the TCGA clinical data, therefore these variables could not be
considered for survival analysis in this work. Although early TCGA reports described that
most patients were treated with platinum and taxane chemotherapy (Cancer Genome Atlas
Research, 2011), access to this information might explain why a significant difference can be
observed for overall survival but not for progression-free survival between the studied

groups.

Comparison between the different segregation models identified that HGSOC patients with
relative higher levels of VEGFA121 than VEGFA165 and VEGFA189 tend to show worse
overall survival when compared with those patients showing lower levels of VEGFA121
compared to the rest of the isoforms. VEGFA165 segregation based on upper and lower
quartiles showed the best survival segregation across the different models; therefore patient
groups segregated using this approach were used for further analysis. A multivariate analysis
including VEGFA165 expression levels, age, grade and molecular subtype characteristics
indicated that there is a link between VEGFA165 expression levels and overall survival
independent of other clinical features. One of the main disadvantages of this analysis is the
lack of access to information regarding treatment strategies and other important prognostic

factors such as patient performance status and residual disease.

Gene expression analyses showed that the high VEGFA165 group was associated with
increases in biological processes such as hypoxia, angiogenesis, epithelial-mesenchymal
transition and glycolysis. Additionally, this group of patients presented an increased
abundance of pericytes and immune cells such as NK cells but also a decrease in M1
macrophages. Results from the GSEA analysis suggests that patients with high VEGFA165
may show potential benefit from bevacizumab treatment. Finally, no difference in genomic
alterations such as mutation or copy-number alteration frequency was observed between the
VEGFA165 expression groups. Although the expression of VEGFRs was not studied directly
in these bioinformatics analyses, differential gene expression showed that mRNA levels of
VEGFR1 (FLTI) and VEGFR2 (KDR) are up-regulated in tumours with high levels of
VEGFAI165. Future work should evaluate if the expression of VEGFRs correlates with
VEGFA isoforms and clinical outcome in HGSOC patients. Looking at VEGFRs and other
components of this signalling could potentially explain the survival discrepancies observed

between the models proposed within this project.
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Chapter 4

4. Functional characterisation of ovarian cancer

cells overexpressing the VEGFA120 isoform

A hindrance in the study of HGSOC is the need for cell lines that better represent
human HGSOC disease. This has led to an increased effort into replicating HGSOC
histological and molecular characteristics in cell lines. VEGFA signalling has been widely
studied in ovarian cancer, however in vitro models designed to study VEGFA isoform effects
in HGSOC are still limited. Generally, there is a lack of characterisation of VEGFA isoform
expression in cancer cell lines and it is essential to overcome this limitation in order to select
appropriate models to explore VEGFA isoform signalling that will efficiently translate into

pre-clinical and clinical research.

Previous efforts to achieve this within the English lab attempted to use ZFN technology to
create human ovarian cancer cell lines that overexpress VEGFA121 through introducing
spliced exons in the VEGFA gene via homologous recombination in COV362 and COV318
HGSOC cells (Valluru MK and English WR, unpublished). Unfortunately, although a single
clone expressing increased VEGFA121 underwent initial characterisation, these initial
attempts using a ZFN based approach were on the whole unsuccessful due to low genomic
integration efficiency, re-editing of the inserted DNA and a lack of appropriate screening
tools for the transfected clones. This chapter will describe strategies to overcome these

limitations.

A backup plan was needed in the eventuality that the ZFN editing still prove unsuccessful. A
PiggyBac transposon based system was developed to make stable cell lines over-expressing
VEGFA isoforms from control of the HRE, allowing some replication of transcriptional
control of the endogenous gene. As the initial bioinformatics analysis showed patients with
high and low VEGFA121 may also have significant differences in adaptive immune cell
signalling, mouse ID8 cells were used with the objective of having an appropriate model to

study the role of VEGFA120 in an immune competent pre-clinical model.
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To address the need for improved assays for clone selection and characterisation, an absolute
quantitative real-time PCR (AQRT-PCR) assay was developed to characterise VEGFA
mRNA isoform expression. The role of VEGFA120 signalling in vitro was explored by
measuring cell viability, migration and response to carboplatin. Additionally, EMT
expression markers were characterised using western blot. Sadly, experiments set up to study
the effect of anti-VEGFA antibodies on these parameters had to be abandoned due to

restrictions on laboratory working due to the COVID pandemic.

In the next sections I will review the previous studies characterising ovarian cancer cell lines
in terms of their suitability as models of HGSOC as well as cellular models used to study
VEGFA isoform expression. I will then present and discuss results from my own in vitro

studies examining VEGFA isoform expression in ovarian cancer cells.

4.1 Introduction

It is important to consider the genetic and molecular features of commonly used
HGSOC cell lines as models of disease. In many previous studies, ovarian cancer cell lines
have been used as such models, however these have more recently been shown not to be
appropriate for modelling HGSOC due to their lack of genetic and molecular similarity to
HGSOC cells from clinical tumour samples (Domcke et al., 2013). Two different studies
have characterised panels of ovarian cancer cell lines to find suitable representative models
for studying HGSOC (Domcke et al., 2013; Beaufort et al., 2014). Specifically, it has been
observed that some of the most common used cell lines such as IGROV-1 have high rates of
genomic alterations not present in the clinical genomic HGSOC profile. Conversely, less
popular cell lines such as COV318 and COV362 have genetic alterations more specific to
HGSOC, such as TP53 and BRCA mutations (Beaufort et al., 2014; Domcke et al., 2013),
which make these human cell lines a better avenue to study HGSOC in in vitro and in vivo

models.

Different in vitro models have been created with the objective to overexpress VEGFA
isoforms. Commonly, VEGFA isoform cDNA is cloned into an expression vector containing
a specific antibiotic resistance as a selection marker. In human breast cancer cells (MDA-
MB-231), VEGFA165 and VEGFA189 overexpression was generated using an expression
vector, pPRCEN, which contains the cytomegalovirus promoter and the neomycin resistance

gene (Di Benedetto et al., 2015; Herve et al., 2008). Additionally, VEGFA121 and
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VEGFA165 overexpression has been described in MCF-7 cells. cDNA inserts for each
isoform were cloned into a pCEP4 expression vector and stably transfected cells were
selected using hygromycin resistance (Guo, P. et al., 2003; Fenton et al., 2004). Similar
systems have been used in human lung cancer cells (CL1-0), human melanoma cells
(WM1341B) and murine mammary carcinoma cells (EMT-6). (Yuan et al., 2011; Bayko et
al., 1998; Zhang, H. et al., 2015).

Recombinant retroviral vectors have also been used to overexpress VEGFA isoforms.
Retroviral particles containing VEGFA121 or VEGFA165 cDNAs have been used to
overexpress these isoforms in human astrocytes (Sonoda et al., 2003). A GFP co-expressing
lentiviral system has also been used in order to generate VEGFA165 stably transduced 293T
cells (Sun et al., 2011). In mouse ovarian cancer cells, a retroviral vector, MigR1, containing

GFP has been used to overexpress VEGFA164 (Zhang, L. et al., 2002b).

However, in all these systems VEGFA isoforms are expressed from strong promoters that
lack endogenous mechanisms of regulation contained in the human (VEGFA) or mouse
(Vegfa) promoter. Mouse fibrosarcoma cells overexpressing VEGFA120 or VEGFA188 have
been developed from embryonic fibroblasts derived from mice genetically engineered to
express a single VEGFA isoform through introduction of a new region into the Vegfa gene
containing different spliced exons between exon 3 and 8, thus retaining the endogenous
transcriptional control (Vieira et al., 2007; Tozer et al., 2008). These models have helped to
study the role of individual VEGFA isoforms in morphological and functional characteristics
in tumours and their response to anti-angiogenic therapy (Tozer et al., 2008; Akerman et al.,

2013; Kanthou et al., 2014; English et al., 2017).

One way of altering VEGFA isoform expression in cell lines, while retaining the endogenous
regulatory elements of the human (VEGFA) or mouse (Vegfa) gene, is to use gene-editing
technology to replicate the approach used in the genetically engineered mice. Zinc Finger
Nuclease (ZFN) technology is a genome-editing tool that allows the deletion, modification or
integration of a gene of interest into new cell lines (Hansen et al., 2012). Firstly, Zinc Finger
Nucleases target a specific nucleotide sequence and cut the double stranded DNA. Secondly,
a plasmid donor, which includes both the gene of interest and homology sequences to the
integration site, stimulates an homology-repair mechanism that integrates the gene of interest
into the genome (Hansen et al., 2012). Advantages of this system include targeting specific

genomic loci and the generation of stable gene modifications. Disadvantages include gene
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editing in only 1-20% of transfected cells and a lack of selectable marker for screening and

isolation (Hansen et al., 2012).

An alternative to using gene editing would be to replace the strong promoters used by others
with one that can replicate the endogenous promoter, particularly its regulation by hypoxia.
The Hypoxia Response Element (HRE) is a recognition site for binding of the hypoxia-
inducible Factor 1 (HIF1) that allows the regulation of the VEGFA gene (Ramakrishnan et al.,
2014). This mechanism has allowed the use of HRE as a based promoter system to enhance
the expression of specific genes under hypoxic conditions. The construction of the [HRE]x5-
minCMV promoter has been previously described (Shibata et al., 1998). It contains five
copies of a 35-bp fragment from the HRE element of the human VEGFA gene linked by 5
nucleotides and followed by a minimal human cytomegalovirus promoter (minCMV). This
system has successfully induced VEGFA expression in tumour cells during hypoxia while
providing lower levels of expression in atmospheric oxygen levels compared to strong

promoters like CMV and EF-1a (Shibata et al., 2000).

Additionally, the piggyBac transposon system is a gene-editing tool that allows the deletion
or integration of a specific gene into a genome by transposing DNA sequences between
expression vectors and chromosomes via a “cut-and-paste” mechanism (Zhao et al., 2016).
The main advantages of this system are the high integration efficiency and generation of
stable cell lines in multiple mammalian cells at greater efficiency than previous inefficient
methods used to generate cell lines through random integration into the genome (Zhao et al.,

2016).

As described earlier, it is essential to develop a quantification method that allows us to
characterise mRNA expression of VEGFA isoforms in cell models and ultimately clinical
samples. The ELISA assay is commonly used to characterise VEGFA expression, however
this approach quantifies total VEGFA rather than specific VEGFA isoforms. ELISA assays
are commercially available for VEGFA121, however there is limited information about the
specificity of this test to make this a reliable method. QRT-PCR may be a more appropriate
technique to measure VEGFA isoform mRNA expression accurately within cancer cells or
tumour samples. An adaptation of this method that includes a ‘cDNA standard’ for each
cDNA derived from mRNA reverse transcription allows accurate quantification in terms of
copy number rather than the AACt method that can be influenced by differences in

amplification rate in the QRT-PCR reaction between different amplicons.
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4.2 Development of ovarian cancer cells expressing increased levels of

VEGFA isoforms

4.2.1 Gene editing to generate human ovarian cancer cells expressing increased
VEGFA121

As the initial attempts to use ZFN based gene editing to insert donor DNA
containing spliced exons 4-8 into the VEGFA gene was inefficient a revised strategy was
developed. Site directed mutagenesis was used to make translationally silent-point mutations
in the donor plasmid encoding VEGFA121 (pVEGFA121), which is used for homology
repair during genome editing with Zinc Finger Nucleases (ZFNs). The aim was to reduce the
re-targeting of the inserted homology repair DNA after insertion in the genome, and to enable
detection of the VEGF121 mRNA expressed by the edited gene via RNA sequencing and
SNP detection. However, site-directed mutagenesis in pVEGFAI121 vector resulted in
sequence deletions due to a high degree of sequence similarity within the plasmid (Fig. S4).
Although the desired silent point mutations were inserted after mutagenesis, a deletion in the
sequence was observed. To solve this issue, the desired mutations within the donor
pVEGFA121 were incorporated by chemical synthesis using Genewiz gene synthesis

services.

ZFN plasmids were then transfected together with the synthesised donor pVEGFA121 into
COV362 cells by electroporation. Following this, cell viability was very low and cells
showed poor attachment on the cell culture surface. Four to six weeks were required for cells
to recover from transfection and reach 70-80% confluency for further characterisation. Single
cell isolation from the electroporated cells was also challenging as COV362 cells have very
poor rates of proliferation at such low cell densities, which also had an impact on the time
required to achieve clone isolation. Despite these issues it was possible to isolate some
COV362 clones transfected with the ZFN system, however the limited number clones
showing successful integration of VEGFA121 donor DNA using PCR assays (Fig. 28) did
not show an increase in secreted VEGFA when measured by ELISA (Fig. 29). In fact, some
clones expressed virtually no VEGFA, suggesting the inserts may have resulted in a
functional knock out. Due to all these technical complications there was a critical need to re-
design a more suitable approach to overcome these limitations and achieve the objective of
overexpression of VEGFA121 in ovarian cancer cells within the time limit available for the

PhD.
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Figure 28. VEGFA121 integration in COV362 cells by Zinc Finger Nuclease Technology.

A) Simulated agarose gel for genomic integration of VEGFA121 using the ZFN system. B) 1%
agarose gel of VEGFA121 integration using PCR assays in COV362 WT and COV362 121 cells.
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Figure 29. VEGFA expression levels in electroporated COV362 cell lines.

COV362 WT and COV362 VEGFA121 cells were cultured in T25 flasks in 2 ml of fresh medium and
incubated for 12 hours at 21% and 1% O,. Human VEGFA levels were quantified using ELISA. All
data values are expressed as mean + standard error of two replicates.
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4.2.2 [HRE]x5-minCMV-VEGFA plasmid design

As described in the introduction to this chapter, transposases can be used to rapidly
generate stable cell lines with high efficiency and artificial promoters can be used to replicate
endogenous VEGFA expression levels and control. To this end, the PiggyBac transposon for
the generation of stable cell lines was created using pCLIIP-C-LS vector (English et al.,
2017) by removing the Luciferase2-E2A-mStrawberry fragment and then introducing the
[HRE]x5-minCMV-VEGFA121 or 120 element into the Mlul and Fsel sites (Fig. 30). The
insertion of the VEGFA121 or VEGFA120 fragment following the minCMV promoter
allowed the generation of a human and mouse version of this vector respectively (Fig. 31).

The final construct was verified by sequencing (Fig. S5-S8).
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Figure 30. [HRE]x5-minCMV-VEGFA120/121 design.

In this construct A) VEGFA120 or B) VEGFA121 is under the control of the hypoxia-responsive
element and a minimal cytomegalovirus promoter. The VEGFA120 and 121 gene (Red) is inserted
downstream of the HRE (black) and minCMV promoter (white).
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Figure 31. pCLIIP-[HRE]x5-minCMV-VEGFA120 construct.

The [HRE]x5-minCMV-VEGFA120 DNA fragment was prepared by restriction enzyme digestion
and ligated into the linearised pCLIIP vector. The constructed plasmid was recovered from
transformed E.coli cells and selected by ampicillin resistance. The final plasmid was validated by
DNA sequencing.
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Expression from the vectors was then tested by transient transfection of human or mouse cells
with the vector encoding VEGFA120 or VEGFA121 respectively and using a species specific
ELISA. Human VEGFA expression was found to be increased in ID8 mouse cells transfected
with [HRE]x5-minCMV-VEGFA121 or pCLIIP-[HRE]x5-minCMV-VEGFA121 vectors,
although this was not significant (Fig. 32). Additionally, mouse VEGFA expression increased
in HCT116 human cells transfected with [HRE]x5-minCMV-VEGFA120 or pCLIIP-
[HRE]x5-minCMV-VEGFA120 vectors (Fig. 33).
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Figure 32. Human VEGFA transient expression in the ID8 mouse cell line.

ID8 cells were transiently transfected with either [HRE]x5-minCMV-VEGFA121 or pCLIIP-
[HRE]x5-minCMV-VEGFA121 vectors. Cells were cultured in 6 well-plates in 1 ml of fresh medium
and incubated for 24 hours in 21% O,. Human VEGFA levels were quantified using ELISA. All data
values are expressed as mean + standard error of three independent experiments. One-way ANOVA
test was performed. ns not significant

117



200-

= 150-
S

o))

= 100-
=

@

> 50-

c | | |
& > >
& < Al
& & &
S R
C;Q (')Q
& &
& &
& &
Q NS
N
0\/
Q

Figure 33. Mouse VEGFA transient expression in the HCT116 human cell line.

HCT116 cells were transiently transfected with either [HRE]x5-minCMV-VEGFA120 or pCLIIP-
[HRE]x5-minCMV-VEGFA120 vectors. Cells were cultured in 6 well-plates in 1 ml of fresh medium
and incubated for 24 hours in 21% O,. Mouse VEGFA levels were quantified using ELISA. Data

from one experiment performed by Claudia Madrigal.
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4.2.3 Stable cell line development with the piggyBac transposon system

As the preliminary bioinformatics results indicated HGSOC patients with high
VEGFAI121 had increased expression of growth factors and cytokines that suggested a
prominent role for the adaptive immune system, more emphasis was placed on developing the
mouse ID8 cell line model as this can be grown in mice with a full immune system.
Furthermore, isolation of single COV362 clones expressing VEGFA121 was still proving
technically difficult. After transfection and puromycin selection, a mouse specific VEGFA
ELISA was used to evaluate secreted VEGFA levels in the stably transfected ID8 cell lines.
Firstly, the pool of puromycin selected cells showed higher levels of VEGFA when compared
with the ID8 WT cells (Fig. 34). Additionally, after clonal selection, the VEGFA ELISA
results showed that approximately 60 % of the clones created were secreting higher levels of

VEGFA when compared with the ID8 WT cells (Fig. 35).
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Figure 34. VEGFA expression levels in transfected ID8 cell lines.

ID8 WT and ID8 VEGFA120 cells were cultured in T25 flasks in 2 ml of fresh medium and incubated
for 24 hours at 21% O,. Mouse VEGFA levels were quantified using ELISA. All data values are
expressed as mean + standard error of three independent experiments. A t-test was performed to
determine statistical significance. ** p-value < 0.01.
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Figure 35. VEGFA expression levels in ID§ VEGFA120 clones.

ID8 WT and ID8 VEGFA120 clones were cultured in T25 flasks in 2 ml of fresh medium and
incubated for 24 hours at 21% O,. Mouse VEGFA levels were quantified using ELISA. All data
values are expressed as mean + standard error of two independent experiments.
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From the transfected clones (Fig. 35), some were chosen for further study based on their
VEGFA expression levels. Two different clones (120.5 and 120.14) had a 3-4 fold increase in
VEGFA expression when compared to the ID8 WT cells (p-value < 0.05), while clones
120.18 and 120.20 had a 7-9 fold increase in expression when compared with the control
cells (p-value < 0.0001) (Fig. 36). ID8 cells expressing luciferase were previously created
within the English’ lab using the pCLIIP piggyBac transposon system. These ID8 L/S cells
were also used in further experiments as control for cells that had undergone puromycin

selection and genomic integration of a transposable element.
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Figure 36. VEGFA expression levels in selected ID§-VEGFA120 clones.

ID8 WT and selected ID8 VEGFA120 clones were cultured in T25 flasks in 2 ml of fresh medium
and incubated for 24 hours at 21% O,. Mouse VEGFA levels were quantified using ELISA. All data
values are expressed as mean + standard error of three independent experiments. One-way ANOVA
test was performed followed by multiple comparisons using the Dunnett’s test. * p-value <0.05, **%%*
p-value < 0.0001.
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4.2.4 Total VEGFA protein expression in atmospheric O, (21%) and hypoxia (1% O,)
To test whether the amount of secreted VEGFA is increased by hypoxia (1% O,), as
expected if the HRE is functioning correctly, VEGFA levels were measured from conditioned
medium from cells incubated overnight at 1% O, and compared with those at normal
atmospheric conditions (21% O,). As previously described, VEGFA levels are increased in
ID8 120 clones when compared with ID8 WT cells in 21% O,. Additionally, VEGFA
expression levels were higher in cells exposed to hypoxia when compared with atmospheric
conditions across all the cell lines (Fig. 37). However no significant increase was observed
between the VEGFA120 clones and the WT cells in 1% O,. On the contrary, clone ID8
120.14 showed a significantly decreased VEGFA expression in hypoxic conditions (p-value

<0.01).
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Figure 37. VEGFA expression levels in 21% and 1% O, in selected ID8-VEGFA120 clones.

ID8 WT and ID8 VEGFA120 clones were cultured in T25 flasks in 2 ml of fresh medium and
incubated for 12 hours at 21% or 1% O,. Mouse VEGFA levels were quantified using ELISA. All
data values are expressed as mean + standard error of two independent experiments. Two-way
ANOVA test was performed followed by multiple comparisons using the Dunnett’s test. * p-value
<0.05, ** p-value < 0.01, **** p value < 0.0001.
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4.2.5 VEGFA isoform mRNA expression by AQRT-PCR

As the ELISA measures total VEGFA expression rather than the levels of each
individual isoform, an AQRT-PCR assay was designed to measure mouse VEGFA mRNA
isoform expression. Firstly, exon-exon junction primer specificity was validated for each
target by sequencing the resulting cDNA products from each isoform primer pair after
reverse transcription. For the mouse probes, RNA samples from ID8 WT cells were used
(Fig. S9-S11). Secondly, linearity range was evaluated by the construction of a standard
curve for each isoform using different concentrations from the linear plasmids. The efficiency
of the AQRT-PCR was determined as follows: ~ 97% for VEGFA120, ~ 94% for
VEGFA164 and ~ 93% for VEGFA188. Standard curves using linearised plasmid were
included in each assay making sure that the coefficient of determination (R*) was above 0.99
(Fig. S12). Thirdly, AQRT-PCR specificity was evaluated using a melt curve analysis in
order to validate that a single PCR product was detected within each analysed sample (Fig.

S13-S15).

In order to determine the individual VEGFA isoform expression in each cell line, AQRT-
PCR was used. RNA samples from each cell line were extracted and VEGFA isoforms were
compared between ID8 clones when incubated at 21% and 1% O,. At 21% O,, clones ID8
120.5 and 120.18 showed a significant increase in VEGFA120 expression when compared
with the ID8 WT cells. No significant differences were observed in the expression of
VEGFA164 and VEGFA188 (Fig. 38A). Although no significant difference is observed for
VEGFA164, there is a small increase of this isoform in clone ID8 120.18 in both 21% and
1% O2 conditions when compared to the WT cells.

At 1% O,, clone ID8 120.5 showed a significant increase in VEGFA120 when compared with
the ID8 WT cells. No significant differences were observed in the expression of VEGFA164
and VEGFA188 (Fig. 38B). These results indicate that clone ID8 120.5 is expressing the
highest levels of VEGFA120 across all the created clones and the ID8 WT cells in both
atmospheric and hypoxic conditions. An additional analysis was performed to quantify
VEGFA isoforms in ID8 WT cells at 21% and 1% O, (Fig. 39). All three isoforms showed an
increased expression in hypoxia when compared to 21% O,, however a significant difference
was observed only for VEGFA120, suggesting the hypoxic response element in the vector is

functioning.
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Figure 38. VEGFA isoform expression levels in 21% and 1% O,.

VEGFA120, VEGFA164, VEGFA188 and total VEGFA expression was quantified by AQRT-PCR
for each ID8 cell lines at A) 21% and B) 1% O,. Number of copies per isoform was normalised to the
mRNA levels of GAPDH gene. All data values are expressed as mean + standard error of three
independent experiments. Two-way ANOVA test was performed followed by multiple comparisons
using the Dunnett’s test. *p < 0.05, **p < 0.01, ****p < 0.0001
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Figure 39. VEGFA isoform expression for ID8 WT cells in 21% and 1% O,.

VEGFA120, VEGFA164 and VEGFA188 expression was quantified by AQRT-PCR for ID§ WT
cells at 21% and 1% O,. Number of copies per isoform was normalised to the mRNA levels of
GAPDH gene. All data values are expressed as mean * standard error of three independent
experiments. Two-way ANOVA test was performed followed by multiple comparisons using the
Sidak’s test. ** p < 0.01.
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4.3 Functional characterisation of IDS8 cells overexpressing VEGFA120

4.3.1 ID8 120 cell proliferation in vitro

In order to characterise the effects of increased VEGFA120 expression in the clones
selected different functional assays were used. Cell proliferation was evaluated by using the
MTT assay and trypan blue staining. Overexpression of VEGFA120 in IDS cells resulted in a
variable effect on proliferation. ID8 WT cells and most of the clones showed a similar growth
pattern, however proliferation of clone 120.5 and 120.20 was reduced at 72 hours in both
MTT assay (Fig. 40) and trypan blue staining (Fig. 41). No significant differences were

observed between the clones and the WT cells at 24 or 48 hours.
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Figure 40. IDS cell proliferation by MTT assay.

Cell survival was assessed by MTT assay at 24, 48 and 72 hours at 21% O,. All data values are
expressed as mean =+ standard error of three independent experiments. Two-way ANOVA test was
performed followed by a multiple comparisons using Dunnett’s test. **p < 0.01
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Figure 41. IDS cell proliferation by Trypan blue assay.

Cell survival was assessed by trypan blue assay at 24, 48 and 72 hours at 21% O,. All data values are
expressed as mean =+ standard error of three independent experiments. Two-way ANOVA test was
performed followed by a multiple comparisons using Dunnett’s test. **p < 0.01, **** p<0.0001
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4.3.2 The ability of the ID8 120 cells to migrate and invade in vitro

As changes in VEGFA isoform expression have also been shown to influence cell
migration (Kanthou et al., 2014), we also examined the role of VEGFA120 overexpression on
cell migration. ID8 WT and LS cells had a faster migration rate when compared to the ID8
120 clones using a wound healing assay (Fig. 42). More specifically, clones ID8 120.5 and

120.20 showed significantly decreased migration at 6 hours.
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Figure 42. Wound healing assay with ID8 cells expressing VEGFA120.

A) Example images. Cells were scratched and imaged every 3 hours for a total of 12 hours at 21% O,.
B) Wound closure was quantified using MRI Wound Healing tool of ImageJ. All data values are
expressed as mean + standard error of three independent experiments. Two-way ANOVA test was
performed followed by multiple comparisons using the Dunnett’s test. * p < 0.05, **** p < 0.0001
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4.3.3 Expression of epithelial-mesenchymal transition markers

EMT has been described as an important process in the progression of HGSOC,
metastasis and resistance to chemotherapy (Loret et al., 2019). EMT has an impact in cell
morphology and cell migratory capacity. During this process, morphological changes are
accompanied by changes in the expression of important cell adhesion components. For
example, the loss of cell adhesion molecules such as E-cadherin, Epcam and claudins is
commonly observed when epithelial cells with limited migratory capacity lose their
polygonal structure and cell-cell adhesion. Simultaneously, these cells acquire a
mesenchymal phenotype showing a spindle shape and increased migratory capacity. When
the cells assume this mesenchymal phenotype, an increase in mesenchymal protein

expression such as vimentin, fibronectin and N-cadherin is observed (Loret et al., 2019).

Cell morphology changes were observed between our selected ID8 120 clones and ID8 WT
cells that suggested EMT might have occurred (Fig. 43). When compared with the ID8§ WT
cells, it is possible to observe that ID8 120.5 and ID8 120.14 cells showed a more epithelial-
like morphology, while ID8 120.18 and ID8 120.20 display a more mesenchymal-like
phenotype. The expression of EMT markers was analysed in order to investigate these
morphological observations and explore if changes in the expression of cell adhesion
components followed the common characteristics described during an EMT process. The
protein expression of f-catenin, E-cadherin, N-cadherin and vimentin was detected by
western blot analysis (Fig. 44 and S16). This analysis demonstrated that ID8 WT cells
expressed both epithelial and mesenchymal markers. The protein expression of -catenin, E-
cadherin and N-cadherin in ID8 120 clones was predominantly reduced when compared with
the ID8 WT cells (Fig. 45). A change in vimentin expression was not observed between
clones ID8 120.14 and 120.20 and the ID8 WT cells, however a slight increase in expression
of this marker was observed in clones ID8 120.5 and ID8 120.18 (Fig. 45D). These
observations indicate that changes in these EMT markers do not follow the typical EMT
characteristics expected for the observed morphologies and migration capacity of these cells,
however it might be possible that an intermediate or partial EMT is occurring as features of
both epithelial and mesenchymal cells are present within the cells. It is not possible at this
stage to conclude if the overexpression of VEGFA120 or changes in the other isoforms play a
role in these observations and it is important to include the effect of hypoxia, endogenous

VEGFA isoforms and their inhibitions in further experiments.
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Figure 43. Cell morphology of ID8 WT and ID8 120 cells.

Phase contrast images of ID8 WT cells and ID8 120 clones at 37 °C, 21% O, and 5% CO, cell culture
conditions. Microscopy was performed using the Nikon Eclipse TS100 system. Scale bar = 50 um.
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Figure 44. Western blot analysis of EMT markers in ID8 cells.

Example of Western blot images of A) [-catenin, B) E-cadherin, C) N-cadherin and D) Vimentin
across ID8 WT and ID8 120 clones. GAPDH was used as a loading control. Western blots show that
ID8 WT cells predominantly expressed -catenin, E-cadherin, N-cadherin while a decrease in the
expression of these proteins is observed in ID8 120.5 and 120.14 clones. No changes are observed for
the expression vimentin between the different IDS§ cells.
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Figure 45. Western blot analysis of EMT markers in ID8 cells.

Relative intensity of A) (3-catenin, B) E-cadherin, C) N-cadherin and D) Vimentin across ID8 WT and
ID8 120 clones. All data values are expressed as mean + standard error of three independent
experiments. One-way ANOVA test was performed followed by multiple comparisons using the
Dunnett’s test. ns not significant, **p < 0.01, *** p<0.001.
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4.3.4 The role of VEGFA120 expression in response to carboplatin

As EMT has been linked to chemoresistance in ovarian cancer, the sensitivity of our
cell expressing increased VEGFA120 to carboplatin was investigated. MTT assays were used
to measure cell viability and establish the best drug concentrations for further experiments.
As time was limited, clone ID8 120.5 was selected for drug response experiments, as based
on the AQRT-PCR assay it expressed the highest levels of VEGFA120 across the different
cell lines with no significant change in expression of the other isoforms. The LDS50 for
carboplatin in ID8 WT and ID8 120.5 cells was 566.7 uM and 523.8 uM, respectively (Fig.
46). No significant difference was found for the cytotoxic activity of carboplatin between

these cell lines (p-value > 0.05).
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Figure 46. Response of ID8 WT and ID8 VEGFA120.5 cells to Carboplatin.

ID8 WT and ID8 120.5 cells were treated with carboplatin (0-4000 uM) for 48 hours at 21% O, and
cell viability was measured using the MTT assay with absorbance read at 560 nm. Absorbance
readings were normalised to non-treated samples. All data values are expressed as mean + standard
errors of three independent experiments.
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4.4 Summary

Data obtained in this thesis chapter indicates that ZFN technology proved to be a
challenging strategy for overexpression of VEGFA121 in human ovarian cancer cells mostly
due to low gene editing efficiency and possibly high error rate. Due to time constraints and
laboratory lock down due to the COVID pandemic, it was not possible to sequence the clones
with inserted DNA to establish why no increased expression in VEGFA could be detected.
However, as one clone expressed no VEGFA and was essentially a knockout line, it is
possible the insertion led to frame shift errors. Additionally, COV362 cells showed a poor
ability to grow at low density or as single cells for clone isolation, in addition to their low
transfection efficiency using electroporation. It is possible other recently identified HGSOC
cell lines may not have these characteristics making clonal growth studies from single cells
conceivable in the future. On the other hand, the system using the [HRE]x5-minCMV
element constructed as a promoter for VEGFA altogether with the pCLIIP transposon system
proved to be a suitable tool for overexpressing VEGFA isoforms in human and mouse cells,
although only the mouse system was evaluated further in this thesis. The development of an
AQRT-PCR assay as a detection method to characterise isoform expression in mouse cell
lines showed good efficiency and reproducibility. However, further optimisation is required
in order to evaluate an AQRT-PCR assay for human samples. Initial studies have shown this
performs well with isolated cell lines. Studies using sections from frozen and FFPE blocked
from the same xenograft tumour also showed good correlation (Magon, 2018). However
initial studies using mRNA from human FFPE tissue clinical samples indicate it needs further
optimisation as RNA fragmentation was high and amplicons may need to be reduced to

compensate.

Mouse ID8 ovarian cancer cell lines were developed overexpressing VEGFA120. Initial
clone selection was made based on total VEGFA expression measured by ELISA. Two
different clones were selected as representative for 3-4 fold expression (120.5 and 120.14)
and a further two clones for 7-9 fold expression (120.18 and 120.20) when compared to the
ID8 WT cells. However, total VEGFA expression across the different clones proved to be
similar when measured in 1% O,. Subsequent VEGFA isoform quantification using AQRT-
PCR showed different levels of VEGFA120 across the clones, however VEGFA120
expression was higher in clone 120.5 and also increased in 1% O, when compared to the ID8

WT cells.

136



In vitro characterisation was performed to study proliferation and migration ability across the
created cell lines. No effect on proliferation or migration was observed between ID8 WT
cells and clones ID8 120.14 or 120.18, however a significant decrease in these processes was
observed for clones ID8 120.5 and 120.20. These observations were not consistent with the
expression levels of VEGFA120 in the cells. Also, morphology changes were observed
between the cells lines and the VEGFA120 cell lines showed a decreased expression of EMT
markers such as p-catenin, E-cadherin and N-cadherin, however these are not consistent with
the VEGFA120 levels expressed within the cell lines. Further investigations are required to
validate if these changes are due to VEGFA120 expression or as a result of clonal selection.
This is particularly important as our results showed some clones had alterations in the
expression of VEGFA164, demonstrating the importance of careful characterisation of
expression of all VEGFA isoforms when generating cell lines designed only to have an
increase in a single isoform. As inhibition of VEGFA or VEGFRs will not be isoform
specific, alternative methods would need to be generated to validate that the effects are from
overexpression of the VEGFA isoform of interest. This could be through the use of an

inducible promoter e.g. Tet-on system, or through the use of isoform specific RNAI.

The clone ID8 120.5 was selected to continue with treatment response experiments as this
cell line showed the highest VEGFA120 expression levels without changes in the other
isoforms. Carboplatin kill curves showed no difference in treatment response between 1D8
WT and ID8 120.5 cells. Unfortunately, due to COVID-19 pandemic leading to cessation of
lab work, experiments to evaluate its response to anti-VEGFA therapy and carboplatin
combination therapy were interrupted, in addition to signalling studies looking at alterations
VEGFA-VEGEFR signalling that might regulate changes in proliferation and EMT markers.

Future studies will need to address this.

It is important to discuss that the methodology used in this work to overexpress VEGFA120
in mouse cells by transfection of a Piggy Bac transposon system had an impact on the
expression of the other VEGFA isoforms, which consequently can have an effect in the
interpretation of the experimental results. One of the limitations of this work is the lack of in
vitro strategies for the inhibition of specific isoforms that would help to uncover the function
of endogenous and modified variants, although VEGFA inhibitors such as B20 can be used in
in vitro studies, this inhibition would be targeting all VEGFA species. Additional controls

used to study the effect of proteins in vitro include the addition of exogenous components.
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The addition of VEGFA120 can be used in future work in order to study the effect that this

specific isoform has on cell proliferation, migration, treatment response and cell signalling.

Finally, previous works have described that ID8 cells express VEGFRI1 and 2 and co-
receptors such as NRP1 (Zhang, L. et al., 2003; Russell, 2015). Although the time within this
project did not allow the characterisation of these receptors in the created cell lines, it is
possible that changes in isoform expression can have an impact on VEGFRs and therefore
modulate VEGFA-VEGFR signalling. It has been described that protein expression of
VEGFR?2 can be modulated by treatment with VEGFA165 in endothelial cells while no effect
is observed with addition of VEGFA121 (Fearnley, G.W. et al., 2014). Future work should
characterise VEGF receptors in ovarian cancer cells and evaluate if VEGFA isoform changes

can modulate their expression and activation and consequently their biological function.
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Chapter 5

5. The role of VEGFA120 expression in response to

B20 in pre-clinical models of ovarian cancer

Pre-clinical models provide a valuable tool for the study of cancer biology and
response to treatments. Different pre-clinical models have been widely studied with the
objective of finding appropriate in vivo representations of the biology of human HGSOC and
response to therapy. One vital pre-clinical approach is to characterise the growth and
characteristics of ovarian cancer cell lines in mouse models to allow the translation of in vitro
research to an in vivo mammalian model and ultimately into the clinic. However, it has been
challenging to fully replicate the histopathological, molecular and genomic characteristics of
human HGSOC in mouse models. An additional complexity is added to this challenge when
considering the impact that the tumour microenvironment has on the progression of this

disease and its poor representation in immune compromised models.

In order to study the role of VEGFAI120 in ovarian cancer and response to anti-VEGFA
therapy, a metastatic model was created using ID8 cells overexpressing VEGFA120 in
immune competent mice. Subcutaneous and intraperitoneal syngeneic models were
established to characterise the in vivo growth of different ID8 clones expressing VEGFA120

and subsequently response to anti-VEGFA therapy.
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5.1 Introduction

Much work is being undertaken with the aim of creating mouse ovarian cancer
models that better represent the biology of human HGSOC. There have been advances in the
use of xenograft models that involve the inoculation of human ovarian cancer cell lines into
immunodeficient mice through subcutaneous, intraperitoneal or orthotopic implantation
(Lisio et al., 2019). Firstly, subcutaneous implantation is a practical tool to study tumour
formation and drug response, however the anatomic site lacks appropriate microenvironment
interactions that only partially represent human ovarian cancer (Arauchi et al., 2015).
Secondly, intraperitoneal implantation is a suitable model for the study of advanced ovarian
cancer that represents the metastatic spread of this disease through the peritoneum (Lisio et
al., 2019). Thirdly, orthotopic implantation better replicates the early phase of cancer
development and metastatic spread from the specific tissue of origin, however this requires
more complex techniques to establish tumours within the ovaries or fallopian tubes in mouse

models (Arauchi et al., 2015).

Unfortunately, most of the cell lines commonly used in xenograft models such as IGROV1
and SKOV3 poorly represent the genetic and molecular level of HGSOC (Domcke et al.,
2013). Recently, more effort has been placed in trying to characterise in vivo growth of
human cell lines that better represent the fundamental biology of HGSOC. Such an example
is the cell line COV362, however these cell lines grow poorly as subcutaneous tumours and
do not form intraperitoneal tumours in athymic (nude) mice (Mitra, A K. et al., 2015). This is
consistent with my preliminary data showing that COV362 cells grow poorly in severe
immunocompromised mice such SCID and NSG. My results showed that COV362 cells
occasionally formed intraperitoneal and subcutaneous tumours in NSG mice, however this
showed poor reproducibility in larger experiments and intraperitoneal tumours remained very
small (< 1 mm) (Fig. S17). Attempts to increase subcutaneous tumour formation from these
cells in NSG mice were performed by increasing cell number and using a matrigel matrix,

however no evidence of increased tumour formation was observed.

Genetically engineered mouse models have allowed researchers to replicate some of the
genetic events that initially occur in the development of ovarian cancer. However most of
these approaches have been mainly focused on the development of tumours from the ovarian
surface epithelium, rather than the fallopian tubes, which have recently been defined as the

site of origin for HGSOC (Lee, Y. et al., 2007). Tumours from these models do not therefore
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match the characteristics of human disease histologically (Lisio et al., 2019). Recent attempts
to address this issue have led to the creation of new genetically engineered mouse models that
develop HGSOC from the fallopian tubes and better represent the histology and molecular
features of human HGSOC, and offer the potential opportunity to understand early stages of
HGSOC development (Walton, J.B. et al., 2017; Maniati et al., 2020; Kim et al., 2020).

Patient Derived Xenografts (PDXs) have also been used to implant human cells or tumour
fragments from patients with HGSOC into immunodeficient mouse models. Orthotopic
implantation of HGSOC PDXs in NSG mice has shown high efficiency of tumour
implantation, close resemblance to the histological and molecular mechanisms of the human
disease including progression from initial ovarian cancer development to metastatic spread
into the peritoneum (George et al., 2017). However it has also been reported that there is still
a high variation in the efficiency of tumour engrafting after transplantation depending on the
tumour characteristics and specific mouse strain, with tumours taking up to six months to

establish and grow after initial implantation (Tudrej et al., 2019).

The impact that the immune landscape plays in the tumour microenvironment of HGSOC is
not fully reflected in these previous models. Syngeneic models use immunocompetent mice
that are implanted with ovarian cancer cells derived from the same host. These models allow
the study of tumour development and metastasis with the presence of the immune system
(Tudrej et al., 2019). One example of this model includes ID8 cells, which were
spontaneously transformed from normal ovarian surface epithelium from C57BL/6 mice.
Briefly, ovarian epithelial cells were isolated from ovaries of female mice and cultured in
vitro for more than 20 passages. However the genetic events driving this transformation are
not well understood (Roby et al., 2000). The main disadvantages of this model is the lack of
key genetic mutations that characterise HGSOC such as TP53 and BRCA, however recent
studies using genetic engineering have created new ID8 models with deletion of these genes
(Walton, J. et al., 2016). Due to the early results shown in the bioinformatics analysis in this
thesis, ID8 syngeneic models were used with the aim of studying the effect of VEGFA120 in

immune interactions and anti-VEGFA treatment response.

Some of the previously described models have been used to study VEGFA isoforms or anti-
angiogenic therapy. Intraperitoneal xenograft models with A2780 and Caov-3 cells have been
previously used to study the effects of anti-VEGFA treatment in combination with cisplatin

in ovarian cancer. Results showed that these treatments inhibit tumour growth and ascites
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development while prolonging survival when used as a maintenance treatment (Mabuchi et
al., 2008). Additionally, subcutaneous xenograft models using OVCAR-3 cells have
evaluated the role of VEGFAI165 in angiogenesis and macrophage infiltration in human
ovarian cancer (Duyndam et al., 2002). In syngeneic models it has been reported that
overexpression of VEGFA164 in ID8 cells increased tumour growth, ascites formation and
angiogenesis in C57BL/6 mice (Zhang, L. et al., 2002b). Similar models using ID8 cells
overexpressing VEGFA and Defb29 have been used to study the role of immune cells in

antitumor immunity and immunotherapy response (Hartl et al., 2019).

In order to study the effect of anti-VEGFA therapy in pre-clinical models, Genentech created
an anti-VEGFA antibody (B20-4.1.1) with similar binding affinity to the humanized version
used clinically, bevacizumab (Avastin™), that can only bind human VEGFA. (Liang et al.,
2006). This antibody was developed using the VEGFA antigen from human and murine
species and synthetic antibody libraries. Subsequently, antibody affinity was determined
using ELISAs and surface plasmon resonance assays and the interactions between antibody
and VEGFA characterised by crystallography. Finally, initial in vitro VEGFA inhibition was
characterised using HUVEC cells, while in vivo characterisation was performed in xenograft
models using human colorectal, pancreatic and sarcoma cells in nude mice (Liang et al.,

2006).
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5.2 Characterisation of subcutaneous tumour growth of ID8 cells

expressing VEGFA120

With the objective of evaluating the role of VEGFA120 in tumour progression and to
assess suitable models for further study of anti-VEGFA treatment response, we attempted to
establish subcutaneous tumours using ID8 WT and ID8 120 clones described in Chapter 4. It
has previously been reported that ID8 WT cells can form small subcutaneous tumours in
C57BL/6 mice (Hernandez et al., 2016; Janat-Amsbury et al., 2006b). However it has also
been described that VEGFA164 overexpression in ID8 cells can increase subcutaneous
tumour growth when compared to ID8 parental cells. (Janat-Amsbury et al., 2006a; Janat-
Amsbury et al., 2006b; Zhang, L. et al., 2002b). ID8 WT and ID8 120 cells were inoculated
subcutaneously in C57BL/6J mice for an initial pilot experiment and tumour volume was
monitored. After one week from injection, ID8 WT cells showed slightly larger tumours than
the rest of the ID8 120 cell lines, however after 30 days slower tumour growth was observed,
resulting in extremely small tumours and no difference in tumour volume across the different

cell lines was seen (Fig. 47).
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Figure 47. Tumour volumes of mice inoculated subcutaneously with ID8 cell lines expressing
VEGFA120.

A) Six C57BL/6J mice per group were inoculated with 5 x 10° cells and tumour size was measured
twice per week with calipers. Each line represents the tumour growth per group. All data values are
expressed as mean + standard error. B) Example image of an ID8 WT subcutaneous tumour on day
28.

144



5.3 Characterisation of intraperitoneal tumour growth as a model of

metastatic ovarian cancer using ID8 cells expressing VEGFA120

A metastatic model in immune competent mice was created in order to study the role
of VEGFAI120 in tumour progression. ID8 WT and ID8 120 cells were transplanted
intraperitoneally into C57BL/6J mice and monitored weekly by weight measurement or
ultrasound. While bioluminescence imaging is traditionally used as a tool to monitor tumour
growth in different in vivo cancer models, it has been reported that in advanced ovarian
cancer models the development of ascites restrict bioluminescence signal due to a higher
dilution of luciferin within the peritoneal fluid and therefore do not provide an appropriate
quantification of tumour load (Baert et al., 2015). It was therefore decided that weight
measurement or ultrasound would be a more accurate monitoring tool. A 30% weight

increase has been previously described as the onset of ascites accumulation after 6-8 weeks

when injecting 10 x 10° ID8-LUC cells in C57BL/6 J—Tyrc'zJ/J mice (Baert et al., 2015).
This provides a good starting point for monitoring tumour and ascites formation in our
models. Ultrasound was used in a limited number of mice in order to check intraperitoneal
tumours were forming when 30% weight increase had been exceeded and to investigate the
potential use of this technology for future monitoring of intraperitoneal tumour formation and

ascites development.

The first experiment was performed using the ID8 WT and ID8 120 clones expressing
different levels of total VEGFA and isoform expression as previously described in Chapter 4.
This was used to characterise the growth of these different cell lines in the peritoneal cavity,
with the aim of evaluating the best timeline for treatment and way to monitor tumour growth
and ascites formation. Intraperitoneal growth of the newly developed ID8 cell lines was
monitored by weight measurement and showed that after mice reached a 30% weight
increase, they began to show abdominal distension and a further exponential increase in
weight due to ascites formation (Fig. 48). This was observed in some of the mice implanted
with ID8 120.18 cells, which reached 30% weight increase 60 days post injection and reached
an endpoint 1-2 weeks after that, reaching a total weight increase of 50-60% (Fig. 49D-50). A
50-60% weight increase was decided as an appropriate endpoint to finish the protocol as from
this point mice began to show signs of physical distress such as impaired movement due to
increased abdominal distension, tremors and in some cases rapid weight loss. Most of the

remaining ID8.120 clones and ID8 WT models did not reach 30% weight increase within 80
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days of the protocol start (Fig. 49-50).

A)

B)

Figure 48. Comparison between C57BL/6] mice implanted with ID8 WT and ID8 120 cells with and
without ascites.

A) Example images of ID8 WT mice without ascites at 77 days post inoculation showing ~ 24-28%
weight increase. B) Example image of ID8 120.18 mice with noticeable ascites at 77 days post
inoculation showing 48-54% weight increase.
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Figure 49. Weight measurements of mice inoculated intraperitoneally with ID8 cell lines.

A-E) Six C57BL/6] mice per group were inoculated with 5 x 10°ID8 WT or ID8 120 cells. Body
weight was measured twice per week and percentage of original weight at inoculation point is shown.
Each line represents a mouse for each group. Average weights from JAX were used as a reference
measurement representing body weight information for healthy C57BL/6J mice at different weeks of
age.
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Figure 50. Average weight measurements of mice inoculated intraperitoneally with ID8 cell lines.

Six C57BL/6J mice per group were inoculated with 5 x 10°ID8 WT or ID8 120 cells. Body weight
was measured twice per week and percentage of original weight at inoculation point is shown. Each
line represents a specific group of mice. Average weights from JAX were used as a reference
measurement representing body weight information for healthy C57BL/6J mice at different weeks of
age. All data values are expressed as mean + standard error.
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Ultrasound has been described as an accurate and reliable tool to monitor ovarian tumours in
pre-clinical models. In syngeneic orthotopic mouse models, ultrasound has allowed the
detection and volume measurement of established ovarian tumours (Cho et al., 2013). More
recently, this technology has been used to detect intraperitoneal tumours in xenograft models
of epithelial ovarian cancer where it showed more sensitive results than bioluminescence in
vivo imaging systems (e.g. IVIS by Perkin Elmer) by detecting smaller tumour sizes and

ascites in a shorter period of time after cell implantation (Chambers et al., 2020).

Ultrasound imaging was used to confirm that tumours were present when mice showed
weight increase in this pilot experiment and to be evaluated as a prospective tool for
monitoring intraperitoneal tumour and ascites formation in our metastatic pre-clinical models.
In the clinic, the presence of ascites can be detected by ultrasound by looking for free fluid
collected around the different abdominal organs. The margin of the liver is usually easier to
detect and ascitic fluid tends to surround and contour the borders of the liver, making this
organ a suitable reference for detecting ascites. For each selected mouse, abdominal
ultrasound was performed weekly using Vevo3100 system as described in methods section
2.2.1 (Fig. 51A). At the beginning of the experiment, ultrasound imaging was taken from a
healthy mouse liver in order to have a baseline image to use a reference for future
comparisons (Fig. 51B). Ascites surrounding the liver were detected in ID8 120.18 mice 74
days post IP injection (Fig. 51C) and also tumours between the spleen and the kidney were

observed (Fig. 51D).
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Figure 51. Ultrasound imaging for monitoring tumour formation and ascites in syngeneic ovarian
cancer models.

A) Example image of transabdominal ultrasound setup using the Vevo3100 preclinical imaging
system. B) Representative ultrasound image from a normal mouse liver. C) Ascites detection
surrounding the liver area in an ID8 120.18 mouse at day 74 post intraperitoneal injection. D)
Ultrasound image from a metastatic ovarian tumour (in yellow) detected between the kidney and the
spleen in an ID8 120.18 mouse at day 74 post intraperitoneal injection.
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For comparison in this pilot study, all mice were sacrificed after 80 days when the first mouse
reached the established endpoint. Differences in ability to form tumours and ascites were
observed between the different ID8 cell lines implanted intraperitoneally. For example 1D8
120.5 and 120.18 cells formed tumours in approximately 80% of mice injected and showed
development of ascites in some, however ID8 120.14 cells did not show tumour formation or

ascites development within 80 days post-injection at all (Table 15).

Table 15. Intraperitoneal growth of ID8 WT and ID8 120 cell lines in C57BL/6J mice after 80 days of
implantation.

5 x 10° ID8 WT and 120 cells were injected intraperitoneally. VEGFA expression within each cell
line was quantified by ELISA and shown as ratio to its expression in WT cells. VEGFA isoform
expression was measured by AQRT-PCR and shown as ratio to its expression in WT cells. Percentage
of tumours and ascites is described as the number of mice showing visible abdominal tumour and
presence of ascites at the end of the protocol (80 days after injection).

VEGFA ratio to | Isoform ratio

Cell line IDS WT to IDS WT % Tumours % Ascites
(ELISA) (AQRT-PCR)
ID8 WT - - 50% (3/6) 0% (0/6)
120: 4:1
ID8 120.5 3.5:1 164: no change 83.3% (5/6) 50% (3/6)

188: no change

120: no change

1D8 120.14 3:1 164: no change 0% (0/6) 0% (0/6)
188: no change
120: 3:1

ID8 120.18 9:1 164: 3:1 83.3% (5/6) 100% (6/6)

188: no change

120: 2:1
ID8 120.20 7:1 164: 2:1 33.3% (2/6) 16.6% (1/6)
188: 2:1
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5.4 The role of increased VEGFA120 expression in response to B20 in a

metastatic model of ovarian cancer

A subsequent study was established to compare the response of ID8 WT and ID8
120.5 cells to anti-VEGFA therapy. ID8 120.5 cells were selected for this study, as this was
the clone that showed increased levels of VEGFA 120 without expression changes in the other
isoforms. As before, 5 x 10° cells were implanted intraperitoneally and body weight was
monitored. Mice were treated twice per week either with control IgG (antibody BES) or anti-
VEGFA antibody (B20-4.1.1) when each mouse showed a 30% weight increase (Fig. 52).
Based on the pilot studies described earlier, the endpoint was established as either 50%
weight increase or any other signs of distress such as rapid weight loss, hunched back,
tremors or reduced movement. Unlike the previous pilot study, the endpoint was determined

per individual animal rather that a final endpoint for the whole animal cohort.
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Figure 52. Weight measurements of mice inoculated intraperitoneally with ID8 cell lines treated with
anti-VEGFA therapy.

10 mice per group were inoculated with 5x 10° cells. Body weight was measured twice per week and
percentage of original weight at inoculation point is shown. Each line represents a mouse for each
treatment group. A-B) Mice inoculated with ID8 WT cells were treated at 30% weight increase with
either 5 mg/kg control IgG (BES) or B20-4.1.1. C-D) Mice inoculated with ID8 120.5 cells were
treated at 30% weight increase with either 5 mg/kg control IgG (BES5) or B20-4.1.1.
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Survival analysis was performed to assess response to anti-VEGFA therapy in the metastatic
ovarian cancer model. Treatment with the antibody B20-4.1.1 resulted in significantly
extended survival when compared with mice treated with control IgG for both ID8 WT (p-
value < 0.0001) and ID8 120.5 (p-value 0.0006). However, no significant difference was
observed for survival between these ID8 cell lines, neither with control IgG treatment (p-
value 0.1563) nor with B20-4.1.1 antibody (p-value 0.2245) (Fig. 53). Median survival were
5.5 days and 15 days for the control IgG ID8 and ID8 120.5 groups respectively, showing
increased VEGFA120 expression delayed time to the protocol end point, although not
statistically significant. While for the B20-4.1.1 treated groups, median survival was
determined as 35 days for the ID8 120.5 mice, however median survival was undetermined
for the ID8 WT group as more than 50% of the mice were still alive by the end of the
protocol, which although statistical significance was not reached, suggests increased

VEGFA120 expression may have reduced responsiveness to anti-VEGFA therapy.

— ID8 WT (BES)
4. D8 WT (B20-4.1.1) [
— ID8 120.5 (BE5) y

ID8 120.5 (B20-4.1.1) [

XHRF¥
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Figure 53. Survival in response to anti-VEGFA therapy in syngeneic ovarian cancer models
expressing increased VEGFA120.

Kaplan-Meier plots in C57BL/6J inoculated with 5 x 10° ID8 WT or ID8 120 cells and treated with
either control IgG (BES) or B20-4.1.1, measured from treatment start (30% weight increase) to
protocol endpoint as a surrogate for survival. 10 mice were used in each group. Long-rank test was
performed using GraphPad Prism 7.0. *** p-value <0.001, **** p-value < 0.0001
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In addition, tumour formation and ascites development was found to be similar between 1D8
WT and ID8 120.5 injected mice when end point was reached (Table 16). In 90% of the cases
for both cell lines, mice presented with intraperitoneal tumours surrounding the surface of
different organs such as the liver and the stomach and extending to the intestines and the
omentum. Tumours were also located on the abdominal wall and in some cases were found
covering the diaphragm, consistent with spread of HGSOC (Fig. 54 and not shown).
Although tumour formation in mice was not noticeably reduced by treatment with the B20-
4.1.1 antibody (Table 16), there was a significant reduction in ascites volume collected from
B20-4.1.1 treated mice when compared to the control IgG group and these results were
observed for both ID8 WT and ID8 120.5 cell lines (Fig. 55). The mechanism by which anti-
VEGF antibodies such as B20-4.1.1 reduce ascites is not completely understood. As
described in section 1.1.1, VEGFA plays an important role in the development of ascites by
increasing vascular permeability, which allows abnormal fluid accumulation within the
peritoneal cavity. B20-4.1.1 can target ascites formation by neutralising secreted tumour

VEGFA, blocking or restoring vascular permeability.

Table 16. Intraperitoneal growth of ID8 WT and ID8 120.5 cells in C57BL/6J mice when treated with
anti-VEGFA (B20-4.1.1) antibody.

5 x 10° ID8 WT and 120.5 cells were injected intraperitoneally. Mice were treated twice per week
either with 5 mg/kg control IgG (BES) or B20-4.1.1 when each mouse showed a 30% weight increase.
Percentage of tumours and ascites is described as the number of mice showing visible abdominal
tumour and presence of ascites at the end of the protocol (<50% weight increase or any other signs of
distress such as rapid weight loss, hunched back, tremors or reduced movement.).

Cell line Treatment % Tumours % Ascites
BES5 100% (10/10) 100% (10/10)
ID8 WT
B20-4.1.1 90% (9/10) 40% (4/10)
BES5 90% (9/10) 90% (9/10)
ID8 120.5
B20-4.1.1 88.8% (8/9) 33.3% (3/9)
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Figure 54. Intraperitoneal distribution of ID8 WT and ID8 120.5 tumours in C57B1/6J.

A) Example images of ID8 WT tumours in the peritoneum and abdominal wall 116 days after
inoculation. B) Example image of ID8 120.5 tumours in the peritoneum and abdominal wall 139 days
after inoculation.
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Figure 55. Ascites volumes in C57BL/6J mice implanted with ID8 WT and ID8 120.5 ovarian cancer
cells.

Ascites volumes from mice at the end of the protocol for ID8 WT or ID8 120.5 cells treated with
either control IgG (BES) (n= 10 per group) or B20-4.1.1 antibody (n=10 for ID8 WT and n=9 for ID8
120.5). Ascitic fluid was removed with a needle through a small dermal incision to the side of the
abdomen from mice under terminal anaesthesia (2-3% isofluorane in O,) and volume was measured in
millilitres. All data values are expressed as mean + standard error per group. A one-way ANOVA test
was performed followed by multiple comparisons using the Sidak’s test. *** p-value < 0.001.
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5.5 Summary

Based on the data obtained in this chapter, ID8 WT and ID8 120 cells overexpressing
different levels of total VEGFA or VEGFA isoforms form extremely small subcutaneous
tumours in C57BL/6J mice and no difference was observed in tumour size between the cell
lines within 30 days of implantation. Additionally, pilot experiments for metastatic ovarian
cancer using intraperitoneal implantation of ID8 WT and ID8 120 cells showed differences in
their ability to form tumours and ascites. However these observations were not consistent
with the total VEGFA expressed by ELISA or mRNA isoform expression levels within the
ID8 cell lines. In this experiment all mice were sacrificed after 80 days when the first mice
reached the established endpoint. From these results it was possible to determine that 30%
weight increase was a good reference for initial tumour and ascites formation and to establish
a 50-60% weight increase as endpoint for further experiments. Ultrasound imaging was
evaluated as a prospective tool for monitoring tumour and ascites formation in our pre-
clinical models. Although this proved to be a reliable tool, it was too time consuming for
routine use, with mice under anaesthesia for prolonged periods, and not cost-effective.

However it did confirm the 30% weight increase was a suitable point for start of treatment.

Finally, the metastatic model was used to evaluate the effect of anti-VEGFA treatment.
Treatment with B20-4.1.1 antibody resulted in significantly extended survival when
compared with mice treated with control IgG for both ID8 WT and ID8 120.5. Although no
significant difference was observed for survival between these ID8 cell lines, neither with
control IgG treatment nor with the B20-4.1.1 antibody, increased VEGFA120 expression
delayed the time to the protocol end point and suggested reduced responsiveness to anti-
VEGFA therapy. Additionally, tumour formation and ascites development was found to be
similar between ID8 WT and ID8 120.5 models. Due to the COVID-19 pandemic resulting in
laboratory lockdown, it was not possible to quantify VEGFA using ELISA and AQRT-PCR
in the tumours and ascites. Equally, further characterisation of the tumours in terms of cancer
cell proliferation, apoptosis or characterisation of the tumour microenvironment including

vascular biology and immune content could not be performed.
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6. Discussion and future directions

6.1 Potential impact of VEGFA isoform switching on HGSOC prognosis

The potential value of VEGFA as a prognostic and predictive biomarker has been
commonly studied in different cancers. In ovarian cancer, most of the studies looking at
associations between VEGFA levels and clinical outcome have mainly been focused on
epithelial ovarian cancer rather than the HGSOC subtype (Li, L. et al., 2004) (Dalal et al.,
2018) (Guo, B.Q. and Lu, 2018), however they do help highlight the potential value of this
growth factor as a prognostic tool. High levels of VEGFA, measured by IHC specifically in
HGSOC tissues, have been associated with poor overall survival and resistance to
chemotherapy but no association with progression-free survival has been found (Williams et
al., 2012). Our results from the TCGA ovarian cancer cohort did not show an association
between total levels of VEGFA mRNA and overall or progression-free survival. The main
difference between the Williams et al. study and our own relates to the detection methods
used and the disease stage characteristics included in the analyses. While studies by Williams
et al. used IHC in tissue samples from FIGO stage I-IV, our analysis is focused in RNAseq
measurements from stage IIIC tumours. It is not currently clear if an IHC based approach can
detect all VEGFA variants within the tissue. Experience of the English lab with commercially
available antibodies for ELISA or Western blot analysis suggests detection is weaker for
VEGFA188/189 than VEGFA120/121 and VEGFA164/VEGFA165. It is possible the IHC
results reflect a bias towards detection of the shorter isoforms. Further studies are needed to

correlate protein level detection and mRNA of VEGFA to determine if this is the case.

Analysis of TCGA and GTEx data from our work showed changes in VEGFA isoform
expression between normal and tumour ovarian tissue. It is important to mention than
transcript quantification in normal tissue within the GTEx data refers exclusively to ovarian
tissue and that there is no information regarding transcript expression in normal fallopian
tissue, thought to be a site of origin for HGSOC. It is unclear whether a difference in VEGFA
mRNA isoform expression exists between these anatomic sites. Recently, Ahmed et al.
profiled the molecular signatures of normal fallopian tube epithelium cells by single-cell
RNA sequencing in order to predict future HGSOC development. In this study, fallopian tube
samples were collected from patients both with HGSOC and without cancer conditions

during diagnostic biopsies (Hu et al., 2020). Although sequencing data from this study is not
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publically available, VEGFA transcript analysis from this type of studies could be used to
further study the VEGFA isoform expression changes between HGSOC and normal fallopian
tube tissue. Transcript level changes in VEGFA isoforms have been previously described
between normal and malignant tissue in oral, head and neck, lung and colon cancer patients,
which supports data presented in Chapter 3 showing an isoform expression switch may occur
between normal ovarian tissue and HGSOC (Patel et al., 2015; O-charoenrat et al., 2001;
Cheung et al., 1998). In light of these results, a potential avenue of future work could be to
evaluate if changes in circulating mRNA levels of diffusible VEGFA isoforms such as
VEGFA121 or VEGFA165 could be used as a diagnostic strategy to detect ovarian cancer at
earlier stages of the disease. For example, measurements of circulating mRNA in plasma
have been previously suggested as potential markers for prognosis and treatment response in

breast cancer patients (Garcia et al., 2008; Silva et al., 2007).

VEGFA mRNA isoform expression has been correlated with tumour progression and survival
in different cancers. High levels of VEGFA121 have been associated with increased overall
survival in patients with lymphoma (DLBCL) (Broseus et al., 2017). Increased levels of
VEGFA189 have been associated with worse survival and tumour angiogenesis in lung
cancer (Yuan et al., 2001). In ovarian cancer, increased protein levels of VEGFA165
measured in serum has been associated with poor overall and progression-free survival and
its levels have shown significant variation before and after surgery or chemotherapy (Mahner
et al., 2010). Our individual segregation model showed that low levels of VEGFA121, 165
and 189 are independently associated with worse overall survival in HGSOC patients when
compared with their high expression groups. This method, in accordance with the previously
mentioned VEGFA isoform studies, measures the expression of each VEGFA isoform in
isolation while omitting the rest. However it is known that multiple VEGFA isoforms are
simultaneously expressed in healthy and disease conditions and downstream signalling is
dependent on the ratio of these, therefore measuring individual isoform expression does not
fully represent the whole VEGFA isoform landscape and will not aid in understanding the

mechanisms by which VEGFA influences disease progression.

Recently, the relevance of alternative mRNA splicing has been increasingly studied in cancer.
It has been described that changes in isoform patterns can be observed between healthy and
disease conditions (Vitting-Seerup and Sandelin, 2017). These findings suggest that targeting

splicing mechanisms that are altered in cancer could be a potential treatment strategy.
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Different VEGFA isoform patterns have been described in colorectal (Tokunaga et al., 1998)
and hepatocellular cancer (Chesnokov et al., 2018). In the former study, a VEGFA pattern
including high VEGFA121 + VEGFA165 + VEGFA189 (type 3) detected by RT-PCR, is
associated with increased metastasis and poor prognosis (Tokunaga et al., 1998). Our
clustered segregation model has more specifically shown that higher levels of VEGFA121
when compared to levels of VEGFA165 and VEGFA189 are associated with worse overall
survival in HGSOC.

Comparisons between our two segregation models allowed us to explore associations
between VEGFA isoform expression and survival. Our observations suggest that regardless
of the method used to segregate patients, there is a notable trend for groups with levels of
VEGFAI121 higher than the other isoforms to show poor overall survival. However, the
opposite association is observed when patients were segregated based on the individual
expression of VEGFA121. There is not a clear explanation for this discrepancy between the
models studied, however future studies of differential gene expression in each of the
comparisons proposed might explain if there are other biological elements that could clarify
these observations. These could include expression of VEGFRs, co-receptors, ECM
components, other proteins within the VEGFA isoform signalling or genomic alterations.
Additionally, increasing the sample size, optimising cut-off values for mRNA VEGFA
isoform expression (e.g. middle 50% or tertiles) and performing analysis in an independent
patient cohort could help to understand differences in results between these models. Survival
outcomes were consistent when patient groups were segregated using mRNA expression of
the ECM-binding isoforms (VEGFA165 and 189), this suggests that the abundance of the
longer isoforms might have a stronger biological impact within the TME and therefore

increased clinical relevance than looking at the short, diffusible isoforms such as VEGFA121.

Measurement of VEGFA165 alone was selected as the segregation model to study survival
in more detail. Multivariate analysis showed that low VEGFA165 expression (and also high
VEGFAI121) is associated with decreased overall survival when compared with the high
VEGFA165 (and low VEGFA121) expression group independent of other clinical variables
such as age, grade and molecular subtype. The effects of treatments were not included due to
a lack of specific treatment information per patient within the TCGA data, however early
TCGA reports described that ovarian cancer clinical samples were collected before systemic

treatment which later included a platinum agent for all patients and a taxane compound in
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94% of the cases (Cancer Genome Atlas Research, 2011). It was therefore assumed that
treatment strategies were similar across all patients. Access to treatment strategies might
explain why a significant difference can be observed for overall survival but not for

progression-free survival between the studied groups.

Following VEGFA165 quartile segregation, GSEA analysis showed that enriched gene
signatures associated with the high VEGFA165 expression group included hypoxia,
angiogenesis and EMT processes. The PPI network of up-regulated genes in the high
VEGFA165 group showed CA9 and MTOR genes to be associated with a response to
hypoxia. CA9 expression has previously been suggested as being involved with an increased
hypoxic profile in HGSOC tissues (Williams et al., 2012), which is consistent with our
observation of a high hypoxic score in our high VEGFA165 group. In addition, VEGFA
expression in HGSOC patients has been directly linked with the MTOR pathways and has
been suggested as a potential biomarker for patient stratification for MTOR targeted therapies
(Andorfer et al., 2016). Based on this, our results suggest that VEGFA165 expression could
be selectively regulated under hypoxic conditions together with CA9 and MTOR. As
previously described, the VEGFA165 transcript has an extended 5° UTR encoding a longer
signal peptide which is not present in the other two isoforms, which potentially indicates the
presence of a specific regulation mechanism that allows an unique adaptation during hypoxia

(Rosenbaum-Dekel et al., 2005).

The DNA repair gene signature is enriched in patients with low levels of VEGFA165, the
group with decreased OS (Fig. 21). DNA repair mechanisms have been considered important
processes for preventing the cytotoxic effect of platinum compounds after formation of DNA
adducts (Ohmichi et al., 2005). DNA adducts caused by platinum compounds can be removed
through the nucleotide excision repair mechanism (Furuta et al., 2002) or though DNA
mismatch repair, which mediate the activation of cell cycle check points, allowing the
recovery of DNA repair mechanisms (Galluzzi et al., 2011). Increases in DNA repair
mechanisms have recently been associated with the development of chemoresistance in
cancer cells due to their ability to repair lesions induced by cytotoxic therapy (Kiwerska and
Szyfter, 2019). Taking into account these observations, the group of patients with low levels
of VEGFA165 could potentially present a greater risk of chemoresistance and in consequence
a reduced survival. Additionally, it has been suggested that PARP inhibitors such as Olaparib
might work in combination with VEGF-VEGFR targeting such as cediranib in BRCA
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mutated ovarian cancer (Liu, J.F. et al., 2020). Our results indicate that the group of patients
with high levels of VEGFA165 showed slightly increased HRD scores. Going forward it will
be important to evaluate if this group of patients can respond better to this combination

therapy.

Our cell population analysis suggests that tumours with low expression of VEGFA165 (and
high VEGFA121) have lower pericyte abundance when compared with tumours with high
VEGFA165 (and low VEGFAI121). These results are in line with previous studies that
indicate that in vivo model fibrosarcoma tumours expressing VEGFA120 had reduced
pericyte coverage than the corresponding tumours expressing VEGFA188 (Tozer et al., 2008;
English et al., 2017). These tumours also had a tendency towards increased hypoxia, although

this was not statistically significant (Akerman et al., 2013).

Our study measured VEGFA isoform mRNA expression within the tumour using RNAseq
and interestingly our results contradicted our starting hypothesis. Based upon the literature it
was hypothesised that patients with high levels of VEGFA121 would be more responsive to
bevacizumab treatment. A limitation of our investigations is that we did not have access to
tumour samples from patients treated with bevacizumab. In my studies, a gene signature that
indicates responsiveness to bevacizumab developed previously by Yin et al was used. Based
on this my results indicate that patients with high VEGFA165 expression (and also low
VEGFA121) have an enrichment in genes that correlate with an improved bevacizumab
response. Our analysis did not show any differential expression of previously described
markers for response to bevacizumab in ovarian cancer, such as CD31 or IL6, however these
markers were originally measured on tumour tissue and plasma respectively and this might be
the reason why we did not observe changes in the mRNA expression of these genes (Bais et
al., 2017; Alvarez Secord et al., 2020). Data obtained in the English lab shows MVD
determined through CD31 staining does not correlate with CD31 mRNA levels in
fibrosarcomas expressing VEGFA120 or VEGFA188 (W English, unpublished). In order for
accurate conclusions to be drawn, further work is needed to validate these results. This could
be achieved using additional RN Aseq databases or clinical samples, particularly from patients
treated with bevacizumab, to correlate with additional biomarkers for bevacizumab with
VEGFA isoform expression, for example mean vascular density as identified by Bais et al.
(2014) from the GOG-0218 study, or changes in circulating cytokines and growth factors as
characterised by Alvarez Secord et al. (2020).

162



6.2 Challenges in developing in vitro and in vivo models of HGSOC
expressing different VEGFA isoforms

Cancer cell lines express variable percentages of VEGFA isoforms. For example,
ovarian SKOV3 cancer cells express higher levels of VEGFA121 (70.5%) than VEGFA165
and VEGFA189 (24.5% and 5%, respectively) (Stimpfl et al., 2002). OVCAR-3 cells express
simultaneously higher levels of VEGFA121 and VEGFA165 (47% and 42.1%) than
VEGFA189 (6.1%) (Stimpfl et al., 2002). IGROV-1 cells show VEGFA189 levels higher
than VEGFA121 and VEGFA165 (Valluru M and English WR unpublished). ID8 cells used
in this study showed higher expression of VEGFA121 compared to VEGFA165 and
VEGFA189 and these observations are consistent with previous VEGFA isoform
characterisation using Tagman RT-PCR (Zhang, L. et al., 2002a). The common approach to
study the effect of individual VEGFA isoforms is to increase or inhibit its expression in
cancer cells, however this method does not take into consideration the functional background
that the other isoforms provide. It is therefore important to extensively characterise cell lines
for future studies looking at VEGFA isoforms not only in ovarian cancer but also in different

cancer types.

VEGFA is up-regulated by hypoxia (Ramakrishnan et al., 2014). In a similar way expression
of VEGFA variants is increased under hypoxic conditions in different types of cells such as
in astrocytes, retinal, endothelial and cancer cells (Watkins et al., 2013; Kazemi et al., 2016).
Data from this work showed that ID8 cells express increased levels of VEGFA120,
VEGFA164 and VEGFA188 under hypoxic conditions when compared to normal oxygen
levels, however across these isoforms VEGFA120 showed the highest expression in both 1%
and 21% O2 conditions in WT cells. This differs from observations in other cancer cell types
and endothelial cells where hypoxia induces higher changes in the expression of VEGFA165
(Kazemi et al., 2016).

Overexpression of the different VEGFA isoforms in MCF-7 breast cancer clones did not
show an effect on cell proliferation (Zhang, H et al., 2000). Additionally, fibrosarcoma cells
expressing VEGFA120 or VEGFA164 proliferate faster but migrate more slowly than those
expressing VEGFA188 (Tozer et al., 2008; Kanthou et al., 2014). Overexpression of
VEGFA165 does not have an effect on in vitro proliferation of OVCAR-3 cells when
compared with the WT cells (Duyndam et al., 2002). We observed a decrease in cell

proliferation and migration in clones ID8 120.5 and 120.20, where both clones showed
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increased expression ratio of VEGFA120 when compared with the WT cells. ID8 120.20 also
showed increased levels of VEGFA164 and VEGFA188. It is not clear if the observed
changes in these biological processes are a consequence of VEGFA isoform expression. In
order to investigate this further, studies inhibiting VEGFA isoform expression are required to
evaluate its effect in cell proliferation and migration. Selective inhibition of VEGFA isoforms
could be achieved using RNAI targeting specific exon-exon regions that characterise each

isoform.

Morphological changes were detected across the ID8 120 clones created. Clones with lower
VEGFA expression showed a more epithelial phenotype while those with the highest levels
of VEGFA were associated with a mesenchymal like phenotype. This observation was not
consistent with a specific VEGFA isoform expression level. Kanthou et al. described changes
in the morphology of fibrosarcoma cells expressing a single VEGFA isoform. Specifically, a
mesenchymal phenotype was observed in Fs188 cells but not in Fs164 or Fs120 cells and this
characteristic was more notable when cells were grown on surfaces coated with fibrillar
collagen (Kanthou et al., 2014). From our results it is clear that ID8 WT cells express both
epithelial and mesenchymal markers such as -catenin, E-cadherin, N-cadherin and vimentin.
This is consistent with what has been found in previous studies describing that ovarian cancer
cells can show high plasticity and present both epithelial and mesenchymal characteristics
(Loret et al., 2019). Additionally, changes in E-cadherin and N-cadherin expression were
observed between ID8 WT and ID8 120 clones. Decreased expression of E-cadherin has been
associated with metastasis of ovarian cancer by increasing cell adhesion and invasion via .-
integrin (Sawada et al., 2008). Loss of E-cadherin and N-cadherin do not follow the typical
changes observed during EMT, however it has been described that ovarian cancer cells can
be classified in intermediate epithelial or mesenchymal phenotypes based on the expression

levels of these cadherins (Rosso et al., 2017).

In vivo models designed to study the role of VEGFA isoforms have been previously
described in different cancers. Zhang et al. demonstrated that overexpression of VEGFA121
in MCF-7 cells induced faster subcutaneous tumour growth compared to WT cells or those
overexpressing the VEGFA 165 or 189 isoform in xenograft models using BALBc mice
(Zhang, H et al., 2000). Kazemi et al. using colorectal cancer and melanoma cells made
similar observations, where overexpression of VEGFAI121 using recombinant vectors

stimulates increased subcutaneous tumour growth in in vivo models (Kazemi et al., 2016). In
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several ovarian cancer studies, increased subcutaneous growth has been described for ID8
cells overexpressing VEGFA164 when compared with the WT cells implanted in C57BL/6
mice (Janat-Amsbury et al., 2006a; Janat-Amsbury et al., 2006b; Zhang, L. et al., 2002b).
These previous ovarian cancer studies with ID8 cells used retroviral systems to increase
VEGFA164 expression, however in most of the cases the characterisation of all VEGFA
isoforms within the cells or tumours was not considered. Our results did not show an effect of

VEGFA120 expression levels in subcutaneous growth using ID8 cells in C57BL/6J mice.

Intraperitoneal tumour growth in our metastatic model of ovarian cancer indicates that ID8
cells form tumours surrounding the surface of different organs such as the liver and the
stomach and extending to the intestines and the omentum. Tumours were also located on the
abdominal wall and in some cases were found covering the diaphragm. These results are
consistent with initial characterisation studies for the in vivo growth of ID8 cells performed
by Roby et al. (Roby et al., 2000). Additionally, our results from these models using either
ID8 WT or ID8 120 cells show similar tumour formation and ascites development between
these cell lines. A previous study reported that overexpression of VEGFA164 in ID8 cells
induces high volumes of ascites formation when compared with the WT in syngeneic mice
models (Zhang, L. et al., 2002b). In line with this study, we observed higher ascites
development in some mice implanted with clone ID8 120.18 in our initial intraperitoneal
characterisation when compared with the WT cells and the rest of the ID8 120 clones. It is
important to highlight the fact that the ID8 120.18 clone showed not only an increased
expression of VEGFA120 but also of VEGFA164, which might indicate that VEGFA164
could be accelerating ascites formation. Unfortunately, our experimental timeline did not

allow further conclusions to be drawn.

Survival analysis in our in vivo models showed that mice implanted with the ID8 120.5 clone,
that only had increased expression of VEGFA120, took more time to reach the protocol end
point when compared with the WT group. These results were obtained when increased weight
due to ascites was used as main endpoint together with other criteria such as physical
discomfort, abnormal behaviour or significant weight loss. Baert et al. have suggested that
ascites might not be a good reference point to determine survival outcome in ovarian cancer
in vivo models. This is mainly due to the fact that drainage of ascites can significantly
improve survival in mouse models in a similar way to the clinical setting (Baert et al., 2015).

Although the suggested strategy implies more complex experimental work, it is important for
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future work to consider the impact of draining ascitic fluid in mouse models for estimates of

survival with the objective to avoid the underestimation of this outcome.

Additional results from survival in in vivo models showed that the B20-4.1.1 antibody
significantly improved survival in treated mice when compared with the control IgG (BES)
group. These findings are in accordance with previous studies in xenograft ovarian cancer
models showing that bevacizumab improved animal survival either alone or in combination
with cytotoxic therapy such as cisplatin and paclitaxel (Shah et al., 2011; Oliva et al., 2012;
Mabuchi et al., 2008). Our observations also indicate that treatment with B20-4.1.1 decreased
ascites volume but not tumour formation in our metastatic ovarian mouse models. Oliva et al.
who described that bevacizumab as single agent reduces ascites but not tumour burden in
xenograft models, reached a similar conclusion. Their results however also showed that
reduced ascites and metastasis was achieved when bevacizumab treatment was administrated
with cisplatin and paclitaxel (Oliva et al., 2012). Increased survival and tumour growth
inhibition has also been observed in ovarian xenograft models when bevacizumab is used as
maintenance therapy after initial treatment with bevacizumab alongside cisplatin (Mabuchi et
al., 2008). Future work looking at the effect of VEGFA isoform expression and response to
anti-angiogenic therapy in ovarian cancer models should include treatment combinations with

chemotherapy commonly used in the clinical setting.

Although no significant difference was observed for the effect of B20-4.1.1 treatment
between ID8 WT and ID8 120.5 mouse models, survival analysis suggests that increased
VEGFA120 expression may reduce responsiveness to anti-VEGFA treatment. These results
contradict previous findings within the English’ lab, which suggested that tumours derived
from human ovarian cells with increased VEGFA121 expression showed a benefit response
from anti-VEGFA therapy as well as increased cachexia. It is important to mention that
subsequent characterisation of COV362-121 clone used for these experiments showed that
these cells were not only expressing increased levels of VEGFA121 but also higher levels of
VEGFA165 than the parental cell lines. This might be the reason why we did not observe an
increased response to B20-4.1.1 in our in vivo model using ID8 120.5. Time did not allow
investigations into the response of ID8 120.18 that also had increased expression of
VEGFA164. It remains unclear whether the bevacizumab response in the previous COV362
model was an effect of VEGFA121 overexpression or increased VEGFA165, or whether it is

due to the balance between the two. It is worth noting that in the majority of cases where cell
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lines were developed by other investigators to overexpress VEGFA isoforms, studies were
not conducted to see if the expression of endogenous isoforms also changed in their modified
cell lines. Considering our findings, this is clearly critical in interpreting results obtained in
vitro and in vivo. In the future, it will also be essential to characterise VEGFA isoform
expression not only in the cancer cells but also in tumours and ascites as it is not clear if

VEGFA isoform abundance remains similar in vitro and in vivo.

Two main limitations can be identified regarding the in vitro and in vivo models developed
for this study. The first one is associated with the use of ID8 cells to study HGSOC. These
cells lack the main genomic alterations that characterise this disease such as TP53 and BRCA
mutations. Future work should consider the use of genetically modified cells with TP53 or
BRCA depletion as a model to better represent HGSOC (Walton, J. et al., 2016). The second
limitation is related to the VEGFA isoform pattern observed within our bioinformatics
analysis. Unfortunately, in vitro and in vivo models in this work do not fully represent
VEGFA isoform changes observed in HGSOC patients within the TCGA. Although
overexpression of VEGFA120 was induced in ID8 cells, the WT cells already expressed high
levels of this isoform. Therefore new models should be developed not to increase a single
VEGFA isoform but to replicate the isoform switch present in cancer patients. As this will
require complex gene editing, probably including a combination of gene deletion and
overexpression of more than one VEGFA isoform within a cell line. It will be important that
future research investigates the use of models such as PDX that can retain the characteristics

of original tumours to study the role of VEGFA isoforms.

In conclusion, this work has shown that the predominant VEGFA isoforms in HGSOC are
VEGFA121, VEGFA165 and VEGFA189 and that expression of these are increased in
HGSOC when compare with normal ovary tissue. Additionally, different isoform expression
patterns can be found in HGSOC patients. Results from our bioinformatic analyses suggest
that patient segregation can be achieved using different methods either using individual or
clustered isoform expression, however, regardless of the method used, the impact of all
VEGFA isoforms expressed should be considered. TCGA data has allowed us to explore the
associations between VEGFA mRNA isoform and clinical outcomes. Low VEGFA165 (and
high VEGFA121) expression showed decreased progression-free survival when compared
with high VEGFA165 (and low VEGFA121) levels. Additionally, GSEA analysis suggested
that high VEGFA165 levels might be associated with increased benefit from bevacizumab
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therapy. Further studies should be done in order to explore these observations. Initial
experiments were performed using FFPE clinical samples from HGSOC patients in order to
validate the prognostic value of VEGFA isoforms and associations between potential
predictive biomarkers like MVD, however the time limit did not allow this work to be

completed.

Additionally, in vitro and in vivo models were created using a mouse ovarian cancer cell line
overexpressing VEGFA120. In order to characterise VEGFA isoform expression, an AQRT-
PCR assay was developed and VEGFA isoform were quantified in 1% and 21% O,. Although
some changes in proliferation, migration, morphology and EMT markers were observed in
vitro between some of the ID8 120 clones and the WT cells, it was not clear if these changes
were a consequence of VEGFA isoforms expression levels within the cells. Unfortunately,
due to the COVID-19 pandemic restricting lab access, experiments to evaluate the cell lines
response to anti-VEGFA therapy and VEGFA-VEGFR signalling were not completed. In
vivo characterisation using ID8 120 cells did not show tumour growth in subcutaneous
models, however intraperitoneal implantation showed differences in tumour formation and
ascites. Additionally, treatment with B20-4.1.1 antibody resulted in significant extended
survival and reduced ascites when compared with the control IgG group. Although no
significant difference was observed, increase VEGFA120 delayed time to protocol end point
and suggest reduced responsiveness to anti-VEGFA therapy. Unfortunately, further tumour
characterisation and VEGFA quantification from the in vivo models was also not possible due

to the COVID-19 pandemic.
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7. Supplementary data
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Figure S1. Map of the ZFN plasmids.

ZFN elements consist of two main functional domains: a chain of zinc finger proteins for DNA
binding and a nuclease domain (Fokl) for DNA cleavage. The designed ZFN system recognises a 15-
18 base pair sequence within the exon 4 of the VEGFA gene. Additionally, the endonuclease domain
cleaves within this recognition site at a specific DNA sequence (5° TGCGAT 3°).
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Figure S2. Overall survival for total VEGFA segregation groups.

Kaplan-Meier analysis for overall survival in patients with low and high total VEGFA expression
based on quartile segregation. Differences between groups were assessed using a long rank test and P-
values below 0.05 were considered statistically significant.
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Figure S3. Progression-free survival for total VEGFA segregation groups.

Kaplan-Meier analysis for progression-free survival in patients with low and high total VEGFA
expression based on quartile segregation. Differences between groups were assessed using a long rank
test and P-values below 0.05 were considered statistically significant.

171



Table S1. GSEA results. The hallmark gene sets (h.all.V7.1 MSigDB).

Name [ Size | ES | NES | p-value | FDR g-value
OXIDATIVE_PHOSPHORYLATION 182 06317771  -2.6123374 0 0
MYC_TARGETS_V1 188 -0.51903516  -2.1489573 0 0
MYC_TARGETS_V2 58 -0.46150544  -1.6031888  0.007481297 0.016318107
ALLOGRAFT_REJECTION 179 03793617  -1.5564154 0 0.021446683
FATTY_ACID_METABOLISM 141 038055494  -1.5257115 0 0.02284943
PEROXISOME 95  -0.3975846  -1.5254663  0.00273224  0.01904119
DNA_REPAIR 140 -0.37550208  -1.4863824 0 0.024099575

w, |ADIPOGENESIS 182 034566697  -1.4419718 0 0.031806026
E BILE_ACID_METABOLISM 97 036971352  -1.4066579  0.015625  0.040476985
% |PANCREAS_BETA_CELLS 25 044706714  -12912692  0.12785389  0.11151953
= | ANDROGEN_RESPONSE 94 031727812 -1.1900805  0.13002364  0.23157854
& |REACTIVE OXYGEN SPECIES PATHWAY 44 -036282647 -1.1823199 021212122 0.22552656
S |PROTEIN_SECRETION 95 029279822  -1.1026067 021798365 037230617
= |INTERFERON_GAMMA_RESPONSE 196 -0.24318652  -1.0051588  0.42296073  0.65203637
NOTCH_SIGNALING 32 031299964 095326704  0.52863437  0.8100687
APOPTOSIS 155 023506176 095105946  0.6045198  0.7693902
XENOBIOTIC_METABOLISM 166 023061712 -0.942889 06114458 075522876
INTERFERON_ALPHA_RESPONSE 92 02263158  -0.85332566  0.84010154  0.9764386
PI3K_AKT_MTOR_SIGNALING 100 -0.19977458 0752415 0.9701087 1
HEME_METABOLISM 168 -0.17921539  -0.7409682  0.9915254 1
COAGULATION 109 -0.17681946  -0.6876789 09951338 0.9862475
HYPOXIA 181 0.62167484 23726995 0 0
HEDGEHOG_SIGNALING 33 07641555 22676477 0 0
G2M_CHECKPOINT 183 0.56765145  2.1731038 0 0
ANGIOGENESIS 33 07115643 20923653 0 0
MITOTIC_SPINDLE 196 0.5336036 207577 0 0
TNFA_SIGNALING_VIA_NFKB 195 05127622 1.9908674 0 0.001034598
E2F_TARGETS 187 04983723  1.9023609 0 0.001664309
EPITHELIAL_MESENCHYMAL_TRANSITION 191 045673972 17574736 0 0.005942552
GLYCOLYSIS 189 045741388 1.7475789 0 0.006138033
WNT_BETA_CATENIN_SIGNALING 39 043173003 1309092  0.10375671  0.1694471
MYOGENESIS 172 034082133 13078643  0.048543688  0.15543717
iy |UNFOLDED_PROTEIN_RESPONSE 105 035914072 12802411 008866995  0.17591524
= |SPERMATOGENESIS 94 034976658  1.2344395  0.10517799  0.2308027
£ |UV_RESPONSE_DN 137 033390075 12185576  0.10856269  0.24084991
& |APICAL_JUNCTION 181 029788268  1.1310405  0.19359756  0.41116983
m [IL2_STATS_SIGNALING 188 029319438  1.1271068 020182094  0.39453956
S |ESTROGEN_RESPONSE_EARLY 188 029324636 11201351 02234957  0.38908747
T |KRAS_SIGNALING_DN 132 029865733 1.1079838  0.2388535  0.39461392
CHOLESTEROL_HOMEOSTASIS 71 031803963 10749828  0.29180887  0.45540604
MTORCI1_SIGNALING 192 02671858 10276651 038694993  0.55853486
TGF_BETA_SIGNALING 54 02915448 093823224  0.55791193  0.8128178
IL6_JAK_STAT3_SIGNALING 82 027230632 0928485 05870647  0.8076632
APICAL_SURFACE 40 03033882 090935546 059717315 0.8325199
INFLAMMATORY_RESPONSE 186 02112523 0805062  0.9036697 1
P53_PATHWAY 188 020344523 07692833  0.9596899 1
KRAS_SIGNALING_UP 181 0.18222696  0.69240016 1 1
COMPLEMENT 179 0.16972785  0.65234965 1 1
ESTROGEN_RESPONSE_LATE 190 0.15994492  0.61282444 1 1
UV_RESPONSE_UP 147 0.16380624  0.60822403 1 0.9960304
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Table S2. Up-regulated angiogenesis specific genes

Significantly up-regulated angiogenesis genes in patients with high VEGFA165 expression when
compared with the low VEGFA165 expression group within the individual VEGFA165 expression

model.

Gene Symbol logFC* p-value FDR*

ANGPT2 0.866361664 9.57E-08 0.000166929
ANGPTLA4 1.283107967 5.00E-06 0.002377187
COLA4AI 0.671547229 | 0.000135568 0.01371301
COLA4A2 0.581363419 | 0.000540155 | 0.025940647
DLL4 0.485706414 | 0.000191141 | 0.016492744
EPASI 0.501913167 | 0.001222211 | 0.038464132

ESM1 1.197600474 1.48E-10 7.76E-07
EXOC3L2 0.543639754 | 0.000149154 0.01428238

FLTI 0.915818916 2.89E-11 2.27E-07
KDR 0.642691188 9.47E-06 0.003379643
MCAM 0476941984 | 0.000510544 | 0.025133512
NFIB 0.566239296 | 0.000426988 | 0.023963516

NOTCH4 0.667022548 2.33E-08 5.23E-05

* FC = Fold Change, FDR = False Discovery Rate
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Sequence Analysis

5'Stul highlighted in Yellow
3'EcoRl highlighted in Pifilk

1. VEGFA-121: A 305 T 314 C 307 G 443 | GC%: 54.78% | Length: 1369
AGGCCTTCACCAGTGTTGATGGTGGAAAGCTTAGGGAAGTGCTTCAAACACAGTAGGAGGGACTTACGTTAGATTT
TGGAAGGACTTGCCTGATTCGGAAGCTCCAAAGAGTGGCATTACAGAGCTGGGTGGAGAGAGGGGCTAGCCATCT _
TTTGTGTCGCCCACCGGGCTCATGTGTCATCGCCTCTCATGCAGTGGTGAAGTTCATGGATGTCTATCAGCGCAGC
TACTGCCATCCAATCGAGACCCTGGTGGACATCTTCCAGGAGTACCCTGATGAGATCGAGTACATCTTCAAGCCAT [~ Exon3

CCTGTGTGCCCCTGATGCGATGCGGGGGCTGCTGCAATGACGAGGGCCTGGAGTGTGTGCCCACTGAGGAGTCC =
AACATCACCATGCAGATTATGCGGATCAAACCTCACCAAGGCCAGCACATAGGAGAGATGAGCTTCCTACAGCACA

ACAAATGTGAATGCAGACCAAAGAAAGATAGAGCAAGACAAGAAAAATGTGACAAGCCGAGGCGGTGATGACTGAC
TGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCAC | peletion
TCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTG
GGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTAT

G( GO0 A
CGTTTCCTGGCT. AGATITGCCTTGTCTGGCTCCTGCCCC GTTGCACAGGGGAGGTATGGTGGGGTCTI’ GCCTT
CTGTGGAGAAGATGCTTCATTCCCAGCCCAGGTTCCCAGCAA AACCATCTCCTTCTCCCTGATGGTTGCCC
ATGGGCTCAGGAGGGGACAGATGGATGCCTGTGTCAGGAGCCCC TCCCTCTCTTGGAGAGAGTCCTGAGTG
CCCCCCCTTCTTGGGGGCTTTGTTTGGGAAGCTGGATGAGCCTGGT AGAGTTTAAAAAGTCTTTTGGTGT
TACCTGGTAATGGGGCACATCTCAGCCCAGATAGGGTGGGAGGGAGCTGT! CACAGGGAGGGGGTTGCTTTC
GGGTATCTACTAGGAGTCAGGGTGAAGCCTAGAGAGGATGAAAGAAGGGGAG GGGGAGTGGTAAGAACC
TAGGA

71 nucleotides
sequence similarity

Figure S4. Donor pVEGFA121 sequence analysis.

Sequence analysis showing the 71 nucleotide sequence similarity within the pVEGFA121 vector and
the deleted sequence after mutation. Exon 3 is indicated in green and mutation region is indicated in
blue.
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Figure S5. PCLIIP-[HRE]x5-minCMV-VEGFA120 Forward Sequencing.

Chromatogram of forward sequencing of cloned PCLIIP-[HRE]x5-minCMV-VEGFA120 vector.
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Figure S6. PCLIIP-[HRE]x5-minCMV-VEGFA120 Reverse Sequencing.

Chromatogram of reverse sequencing of cloned PCLIIP-[HRE]x5-minCMV-VEGFA120 vector.
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Figure S7. PCLIIP-[HRE][x5-minCMV-VEGFA121 Forward Sequencing.

Chromatogram of forward sequencing of cloned PCLIIP-[HRE]x5-minCMV-VEGFA121 vector.
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Figure S8. PCLIIP-[HRE]x5-minCMV-VEGFA121 Reverse Sequencing.

Chromatogram of reverse sequencing of cloned PCLIIP-[HRE]x5-minCMV-VEGFA121 vector.
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Comment: n/a Direction: Native

Figure S9. Mouse cDNA VEGFA120 sequencing.
AQRT-PCR primer specificity was validated for mouse VEGFA120 by sequencing the resulting

cDNA products from the specific isoform primer pair after reverse transcription using RNA samples
from ID8 WT cells.
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Figure S10. Mouse cDNA VEGFA164 sequencing.

AQRT-PCR primer specificity was validated for mouse VEGFA164 by sequencing the resulting
cDNA products from the specific isoform primer pair after reverse transcription using RNA samples
from ID8 WT cells.
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Figure S11. Mouse cDNA VEGFA188 sequencing.

AQRT-PCR primer specificity was validated for mouse VEGFA188 by sequencing the resulting
cDNA products from the specific isoform primer pair after reverse transcription using RNA samples
from ID8 WT cells.
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Figure S12. Example of AQRT-PCR standard curves using plasmids.

A) VEGFAI120 standard curve using linearised [HRE]x5-minCMV-VEGFA120 plasmid. B)
VEGFA164 standard curve using linearised [HRE]x5-minCMV-VEGFA164 plasmid. C) VEGFA188
standard curve using linearised [HRE]x5-minCMV-VEGFA188 plasmid. 10-fold serial dilutions of
each linearised standard were used from of 2.5 copies to 250,000 copies.
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Figure S13. Example of VEGFA120 melt curves.

AQRT-PCR specificity was evaluated using a melt curve analysis in order to identify a single PCR
product within each analysed sample. This example is using RNA samples from ID8 WT cells.
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Figure S14. Example of VEGFA164 melt curves.

AQRT-PCR specificity was evaluated using a melt curve analysis in order to identify a single PCR
product within each analysed sample. This example is using RNA samples from ID8 WT cells.
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Figure S15. Example of VEGFA188 melt curves.

AQRT-PCR specificity was evaluated using a melt curve analysis in order to identify a single PCR
product within each analysed sample. This example is using RNA samples from ID8 WT cells.
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Figure S16. Western blot analysis of EMT markers in ID8 cells.

Example of Western blot images of A) (-catenin, B) E-cadherin, C) N-cadherin and D) Vimentin
across ID8 WT and ID8 120 clones. GAPDH was used as a loading control
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Figure S17. Intraperitoneal distribution of COV362 cells in NSG mice.

Example images of COV362 tumours in the peritoneum and abdominal organs 60 days after
inoculation. A) Image of the whole body of the live animal, B) Image of abdomen in necropsy, C)
Image of isolated ovaries, D) Image of intestines with mesentery. 6-8 weeks old NSG mice (n=4)
were injected with 1 x 10° COV362 cells expressing luciferase in 100l PBS intraperitoneally.
Tumour growth was monitored weekly using non-invasive bioluminescent imaging on the Xenogen
IVIS II.
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