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Abstract

Anti-VEGF therapies have not improved the overall survival in breast cancer and many
patients show no response to these treatments. The causes of this innate resistance need to
be investigated so that they can be targeted in order improve the efficacy of these treatments.
Additionally, identification of biomarkers can be utilised to select patients who are more likely
to respond to treatments. aB-crystallin is a small heat shock protein encoded by the CRYAB
gene and known to function as a chaperone protein. Its function is to protect misfolded
proteins from degradation and apoptosis under stress conditions. aB-crystallin is thought to
protect VEGF from degradation and support its stability. aB-crystallin is significantly
upregulated in tumour vasculature during angiogenesis and after anti-VEGF treatment.
Protecting VEGF from degradation and increasing its stability may stimulate tumour growth
and contribute to resistance to anti-VEGF therapies. Therefore, this project tests the
hypothesis that aB-crystallin contributes to the resistance to anti-VEGF therapies in breast
cancer. To test this hypothesis, | made transgenic triple negative, MDA-MB-231, breast cancer
cells that produce different levels of aB-crystallin (MDA-MB-231/CRYAB) and control cells that
do not produce aB-crystallin (MDA-MB-231/WT). These cells were compared with triple
negative breast cancer cells that naturally produce high amounts of aB-crystallin (MDA-MB-
468) and MDA-MB-468 cells in which levels of aB-crystallin have been reduced by siRNA. In
vitro, VEGF production from breast cancer cells expressing different levels of aB-crystallin
were measured by ELISA after heat shock (42°C/24h), or hypoxia (0.1% 02/24h) and sensitivity
to doxorubicin induced apoptosis was measured by flow cytometry. In vivo: MDA-MB-231/WT
and MDA-MB-231/CRYAB cells were administered by intra-ductal injection into BALB/c nude
mice 7-days prior to PBS (control), 4 mg/kg/week doxorubicin, 7.5 mg/kg/3X per week
bevacizumab or a combination of both. Tumour growth was measured using callipers,
tumour/microenvironmental VEGF analysed by ELISA and tumour microvascular density
(MVD) was assessed following CD31 and CD34 immunohistochemistry. The data showed that
under heat shock and hypoxia, overexpression of CRYAB in MDA-MB-231 cells reduced VEGF
expression compared to wild-type cells, whereas the knockdown of CRYAB in MDA-MB-468
resulted in more VEGF compared to wild-types cells. In vivo: MDA-MB-231/WT tumours grew
more rapidly and produced more VEGF compared with MDA-MB-231/CRYAB tumours.
Bevacizumab alone reduced tumour growth in MDA-MB-231/WT cells but not in MDA-MB-



231/CRYAB cells. However, resistance to Bevacizumab was overcome by the addition of
doxorubicin with the combination of doxorubicin and bevacizumab synergistically reducing
tumour volume and VEGF levels of MDA-MB-231/CRYAB tumours but not MDA-MB-231/WT
tumours. Furthermore, vascular marker expression was very low in MDA-MB-231/CRYAB
tumours compared to MDA-MB-231/WT tumours. The in vitro and in vivo results suggest that
aB-crystallin negatively regulates VEGF and breast cancer growth and angiogenesis. Overall,
aB-crystallin may act as a tumour suppressor protein in our system by inactivating VEGF

production. This needs further investigation to reveal its role in oncogenic-related pathways.
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Chapterl Introduction

Angiogenesis is the formation of new blood vessels from existing ones and is a critical process
associated with several physiological functions, including embryonic development and wound
healing. Angiogenesis also plays an important role in pathological conditions such as tumour
growth and progression. Vascular endothelial growth factor (VEGF) is a major inducer of
tumour angiogenesis and anti-angiogenic treatments that target VEGF have been used in
treating many cancers, including breast cancer. The use of these treatments, have differential
outcomes, depending on the cancer type. In breast cancer, anti-angiogenic agents are used
in combination with chemotherapies in treating metastatic disease. However, many patients
do not respond to these treatments and often the initial responsive patients develop
resistance. There is an urgent need to understand why patients develop resistance to these
treatments, so that resistance can be targeted. In addition, identifying the patients who are
more likely to respond to combination therapy with antiangiogenic agents is another

approach to maximise clinical benefit.

aB-crystallin is a heat shock protein that is highly expressed in aggressive types of breast
cancer such as basal like and triple negative breast cancer. aB-crystallin acts as anti-apoptotic
protein that prevents aggregation of proteins under stress conditions. In addition to heat, it
is upregulated by chemotherapeutic agents. Importantly, aB-crystallin stabilises VEGF and
promotes its secretion and is thought to act to promote angiogenesis in cancer. It is
hypothesised that aB-crystallin, through its protective function on VEGF, confers resistance
to anti-VEGF treatments. This introduction will start with a background on the various
subtypes of breast cancer, followed by a description of how angiogenesis develops in cancer,
the role of VEGF in tumour angiogenesis and how VEGF and angiogenesis can be targeted
with anti-angiogenic drugs. Mechanisms of resistance to anti-VEGF treatments and the
current approaches to overcome resistance will also be discussed. In addition, the role of aB-
crystallin as an anti-apoptotic and proangiogenic factor in breast cancer and its potential

contribution to resistance to anti-angiogenic treatments will be discussed.



1.1 Breast cancer

Between 2016 and 2018, there were around 55,920 new cases of breast cancer diagnosed in
the UK, and breast cancer is the most common cancer among females (UK 2018) . Breast
cancer is a heterogeneous disease that mainly arises from breast tissue that lines the milk
ducts or the lobules (Sharma et al. 2010).The traditional classification of breast cancer was
based on histological characteristics and tumour grade (Weigelt and Reis-Filho 2009).
Following the evolution of microarrays, breast cancers are classified according to their

molecular characteristics, which are based on gene expression patterns.

1.1.1 Histopathological classification

Histopathological classification divides breast cancer into two types; in situ (ductal and lobular)
and invasive breast cancer. There are more than 21 subtypes of invasive breast carcinoma,
and the most frequent type is Invasive Carcinoma of No Special Type (NST), also known as
invasive ductal carcinoma. NST constitutes around 60—75% of all breast cancers (Eliyatkin et
al. 2015) . The remaining tumour types are histological special types, which are
morphologically distinct including invasive lobular, tubular, mucinous and metaplastic
carcinoma, and carcinoma with medullary, neuroendocrine, or apocrine features and they all
constitute about 20—-25% of all breast cancers. Although the histological special types provide
prognostic information, they are relatively uncommon (Eliyatkin et al. 2015).

Histological tumour grade is determined by the degree of differentiation of the tumour tissue.
The grade is determined by assessing three morphological features: a) the degree of tubular
formation, b) the degree of nuclear pleomorphism, and c) the mitotic count. Each feature is
assigned a score and then combined to give a grade between 1-3, where grade 1 tumours are
the most differentiated and grade 3 are the least. This grading system is known as Nottingham
Grading System (NGS) and is combined with lymph node stage and tumour size to form
prognostic indices: the Nottingham Prognostic Index (NPI) (Rakha et al. 2010, Vuong et al.
2014).

Histopathological classification of breast cancer has some drawbacks, such as it is widely
subjective and depends on the pathologist’s decision. The biological and prognostic variations
of breast cancer and the development of gene expression techniques has resulted in the

development of other taxonomy based on gene expression profiles.



1.1.2 Microarray-based gene expression profiling of breast cancer

The taxonomy is based on the variations of gene expression patterns of breast tumour tissues,
using cDNA microarrays. Perou et al. (2000) first classified breast cancer based on molecular
characteristics into Luminal-like breast cancer (Oestrogen receptor positive ER-positive),
Human dermal receptor 2 (HER2) positive breast cancer, basal-like breast cancer, and normal-
like breast cancer. A further study divided the luminal-like breast cancer into luminal A and
Luminal B (Sgrlie 2004). Outcomes of patients were associated with specific molecular
subtypes, such as poor prognosis was associated with the basal-like subtype, suggesting that
the molecular-based classification has improved the prognosis of breast cancer. In clinical
practice, gene expression profiles are combined with other factors that can be identified by
immunohistochemistry. For example, the proliferation marker such as Ki67 is used beside the
gene expression profile to distinguish between luminal A and luminal B cancers. In addition,
to differentiate between "luminal", HER2+, and basal-like breast cancer, basal cytokeratins
(CK14 and CK5/6 and the epidermal growth factor receptor (EGFR) can also be used as
markers (Eliyatkin et al. 2015).

1.1.2.1 Luminal-like breast cancer

Luminal-like breast cancer is oestrogen receptor positive (ER-positive) and is subdivided into
Luminal A, and Luminal B. Around 50%-60% of all breast cancers are Luminal A and
characterized by lower levels of Ki67, positive or negative of progesterone receptor (PR), low
histological grade and are HER2-negative. Patients with Luminal A have an improved
prognosis, and treatments are hormone based. Luminal B comprises 15-20% of all breast
cancers, is of a higher-grade, PR-positive or negative, HER2-negative or positive and with high
levels of Ki67. Luminal B is associated with poor prognosis and increased relapsed rate
compared to luminal A. Treatments are also hormonal, however, Luminal B are less
responsive to hormonal therapy compared to Luminal A (Vuong et al. 2014, Yersal and

Barutca 2014).

1.1.2.2 Human dermal receptor 2 HER2 positive breast cancer

HER2-positive tumours account for 15-20% of breast cancer subtypes. They are characterised

by the high expression of the HER2 gene. These tumours have a poor prognosis and confer



more aggressive biological characteristics. They are highly proliferative and have a high

histological grade (Eliyatkin et al. 2015).

1.1.2.3 Basal Like breast cancer

Basal-like breast cancer represents between 8% to 37% of all breast cancers, and are
aggressive tumours, mostly grade 3. They are known with triple negative breast cancer due
to the lack of hormone receptors and HER2. They are characterised by high expression of high-
molecular-weight cytokeratins CK 5/6, CK14 and epidermal growth factor receptor (EGFR)
(Yersal and Barutca 2014). Triple negative breast cancer is not always a synonym of basal-like
breast cancer. Triple-negative breast cancer can be identified by immunohistochemistry and
has some subgroups that do not express basal cytokeratin genes, whereas the term “basal-
like breast cancer” is based on the gene expression profile. (Kreike et al. 2007). Claudin-low
tumours are another aggressive sub-type that show several common features with basal-like-
like tumours. This sub-type was identified by low expression of genes involved in tight
junctions and cell-cell adhesion, including Claudins 3, 4, 7, Occludin, and E-cadherin

(Herschkowitz et al. 2007).

1.1.2.4 Normal-like breast cancer

These tumours account for about 5%-10% of all breast carcinomas. They are classified as
triple-negative as they lack the expression of ER, PR and HER2, but they are not basal-like

cancer because they are negative for CK5 and EGFR (Yersal and Barutca 2014).

1.2 Next generation sequencing (NGS)

The development of NGS has advanced the genetics and genomes of breast cancer and has
revolutionised breast cancer prognosis. NGS involves sequencing the whole-genome, whole-
exome sequencing, cancer derived gene sequencing, and hotspot sequencing, which
sequences specific regions or regions with recurrent mutations of genes of interest. NGS has
been used to characterise genomic alterations such as copy number changes, loss/gain, and
mutations. It also helps to identify sub clonal mutations and in separating the "driver"
mutations that are thought to be important in the development of cancer from the
"passenger" mutations that do not appear to be important in the progression of the disease

(Yersal and Barutca 2014).



1.3 Development of a blood vessel network: embryonic vasculogenesis and angiogenesis

Primitive blood vessels are formed from mesoderm during the embryonic development by
the differentiation of mesodermal stem cells called angioblasts that form the primary capillary
plexus. This process is referred to as vasculogenesis (Risau and Flamme 1995). The established
capillary plexus undergoes differentiation and remodelling to generate new blood vessels
through a process called angiogenesis (Chung and Ferrara 2011, Kolte et al. 2016).
Angiogenesis is an active pathway during the developmental stage and becomes quiescent in
healthy adult tissues. However, in certain pathologies such as diabetic retinopathy and
proliferating tumours, the formation of new blood vessels increases (Chung and Ferrara 2011).
Angiogenesis is mediated by binding of proangiogenic factors to their receptors on
endothelial cells. The main mediator of angiogenesis is VEGF through its binding to vascular
endothelial growth factor receptor 2 (VEGFR2) as well as other VEGF receptors. In addition,
there are other pathways involve in the regulation of angiogenesis which will be discussed in
the subsequent section. Angiogenesis can occur by at least two mechanism; sprouting

angiogenesis and Intussusceptive angiogenesis (Risau 1997).

1.3.1 Sprouting angiogenesis

Sprouting angiogenesis is the formation of new capillary vessels out of pre-existing ones
(Figure 1.1 A) (Hillen and Griffioen 2007, Styp-Rekowska et al. 2011). It starts with binding of
proangiogenic factors with their receptors on endothelial cells. This activates a series of steps,
starting with degradation of the extracellular matrix and the basement membrane
surrounding the endothelial cells. This allows the migration of endothelial through the matrix.
Following this, the endothelial cells proliferate, form a lumen and create a new extracellular
matrix (Hillen and Griffioen 2007). In healthy tissues, angiogenesis is controlled by a balance
between pro-angiogenic molecules such as VEGF, fibroblast growth factors (FGFs), platelet-
derived growth factor (PDGF), epidermal growth factor (EGF), and antiangiogenic factors such
as thrombospondin-1, endostatin, tumstatin and canstatin (Bergers and Benjamin 2003,
Hillen and Griffioen 2007). The stimulation of angiogenesis starts with binding of
proangiogenic factor to its receptor on endothelial cells. The main mediator of this pathway
is VEGF through its binding to VEGFRs on endothelial cells. During this process, endothelial
cells differentiate into different phenotypes. Initially, endothelial cells differentiate into tip

cells that act to guide the migrating cells into an emerging sprout toward the proangiogenic



gradient. Following this, the endothelial cells called stalk cells migrate and proliferate along
the sprout, forming a lumen (Blanco and Gerhardt 2013). This process is controlled by the
Notch pathways that regulates endothelial cell fate determination. Tip cells migrate toward
the VEGF gradient and express high levels of delta-like ligand 4 (DLL-4) that binds to Notch in
adjacent stalk cells. This interaction leads to downregulation of VEGFR2 expression in these
cells. Thisis an important regulatory step to prevent the formation of new tip cells and favours
their differentiation into stalk cells. In addition, stalk cells express Jagged-1, which is a
proangiogenic factor that antagonises the DIlI4 Notch pathway. Stalk cells also express high
level of vascular endothelial growth factor receptor-1 (VEGFR1) which traps VEGF and
prevents the formation of new tip cells. Stalk cells then proliferate and migrate into the
emerging sprout, forming a lumen, a basement membrane and recruit mural cells (pericytes)
for stabilisation of the blood vessel. This pathway of Notch is thought to be transient and tip
cells then change into a phalanx phenotype, which integrate into the endothelial cell lining of
adjacent capillaries in a process called anastomosis (Risau 1997, Thurston and Kitajewski 2008,

Chung and Ferrara 2011, Ribatti and Crivellato 2012, Blanco and Gerhardt 2013).

1.3.2 Intussusceptive angiogenesis

Intussusceptive angiogenesis is a type of angiogenesis that is distinct from sprouting (Figure
1.1 B) (Styp-Rekowska et al. 2011). This process involves splitting of pre-existing vessels into
two new vessels by the formation of a transvascular tissue pillar into the lumen of the vessel.
This type of angiogenesis starts by splitting of the blood vessels by transluminal pillars, which
are then covered by pericytes and myofibroblasts. At the final stage, the endothelial cells
retract, the pillars enlarge, and two separated vessels are produced (Hillen and Griffioen 2007,

Ribatti and Crivellato 2012).

1.4 Tumour Angiogenesis

In 1971, there was a significant advancement in tumour angiogenesis research through the
seminal research of Judah Folkman, who hypothesised that a tumour is dependent on
angiogenesis for continued growth. He also predicted that tumour cells produce diffusible
tumour angiogenic factors (TAFs) and proposed the idea of antiangiogenesis with a TAF

antibody, as a form of cancer treatment (Folkman 1971, Folkman 2008).



1.4.1 Angiogenic switch

Folkman proposed that tumours do not grow beyond few millimetre in the absence of a
vasculature and remain dormant (Folkman 1971). Tumours become vascularised in response
to growth factors produced by the cancer cells that lead to the differentiation and sprouting
of endothelial cells. The rapid and continued growth of the tumour leads to an imbalance
between oxygen supply and consumption and that causes hypoxia in the tumour
microenvironment. Tumour angiogenesis is controlled by the balance between proangiogenic
factors and antiangiogenic factors. To meet the metabolic demands of a hypoxic
microenvironment, production of pro-angiogenic growth factors and activation of several
downstream signalling factors increase, hence the angiogenic switch is established in the
tumour microenvironment (Bergers and Benjamin 2003, Verheul et al. 2004). VEGF signalling
pathways are upregulated to activate the sprouting of new blood vessels. Blood vessel
proliferation and sprouting in the tumour microenvironment results in an increase in the
permeability of tumour blood vessels. Endothelial cells in the tumour microenvironment
continuously remodel and differentiate, vessels become leaky and more permeable, which
can attract platelets and activate them. Activated platelets then release growth factors, for
instance platelet derived growth factor (PDGF) (Bergers and Benjamin 2003) that support
further angiogenesis and tumour growth. The increasing rate of these sequential events
generate weak vessels with less abundant perivascular cells (pericytes). The perivascular
coverage is important in blood vessel maturation. However, the perivascular cells in the
tumour vasculature associate loosely with the endothelial cells and do not function properly
(Morikawa et al. 2002). The disruption of these functions mediates irregular blood flow in the
tumour. In addition, other growth factors are recruited to tumour site such as FGF.
Furthermore, inflammatory cells start to deposit in the stroma as a response to this
inflammation where they release cytokines and growth factors (Bergers and Benjamin 2003,
Komohara and Takeya 2017). In contrast to the normal physiological function of angiogenesis,
the tumour vasculature continues growing and remodelling and losses the balance between
the positive and negative control, hence it is described as a ‘wound that never heals’ (Dvorak

1986, Bergers and Benjamin 2003).



1.4.2 Structural and functional characteristics of tumour blood vessels

As a consequence of aberrant angiogenesis, tumour blood vessels are different from normal
blood vessels in terms of their structure, organisation and function (Fukumura and Jain 2007).
Unlike the normal vasculature which is arranged in a hierarchical order with well-
differentiated arterioles, capillaries, and venules, the tumour vasculature is disorganised,
chaotic, dilated, and tortuous. Normal vasculature has dichotomous branching with even
diameters, but tumour vasculature has trifurcations and branches with variable sizes. The
pericytes in tumour blood vessels exhibit aberrant shape and show less association with blood
vessels. In addition, the tumour vasculature has widened and weak inter-endothelial
junctions, an increased number of fenestrations, vesicles, and vesico-vacuolar channels, and
lacks a normal basement membrane (Dvorak 2002, Azzi et al. 2013). Because of these
characteristics, tumour blood vessels are often described as immature, and their function is
abnormal. The defective tumour vessels exhibit hyperpermeability due to their poor
endothelial junctions and poor pericyte coverage and the constant production of
proangiogenic factors. VEGF which is a potent pro-angiogenic factor is also known for its
vascular permeability inducing properties. Aberrant expression of VEGF in the tumour
contributes to the immature and abnormal characteristics of the tumour blood vessels. In
addition, tumour blood flow is poorly distributed, changes over time and can stop altogether,
and flow can even reverse direction in some vessels. (Fukumura and Jain 2007). As a
consequence, regions with poor or no perfusion are prevalent, which results in hypoxia in the
tumour microenvironment (Azzi et al. 2013). In addition to the defective blood vessels, the
tumour microenvironment lacks or has non-functional lymphatic vessels, which can lead to
poor drainage of fluid and interstitial proteins from the tumour tissue, which increase the
interstitial fluid pressure (Heldin et al. 2004). Taken together, the abnormal morphology and
characteristics of tumour vasculature contribute to non-functional blood vessels and the

hypoxic nature of the tumour microenvironment.

1.5 Hypoxia and hypoxia inducible factors

It is well known that most solid tumours develop hypoxia, which results from the imbalance
created due to the low oxygen supply and high oxygen and nutrient consumption by growing

tumour cells. The dysfunctional vasculature in the tumour microenvironment impairs blood



flow and increases hypoxia. Hypoxia leads to a complex microenvironment and is considered

as a poor prognosis factor.

In a hypoxic microenvironment, hypoxia-inducible transcription factor 1 (HIF-1) is induced
and activates different gene targets, including VEGF (Harris 2002). HIF-1 is a heterodimeric
protein consisting of HIF-a and HIF-1f3 subunits. HIF-1B is present in tissues under all oxygen
levels, while HIF-a is found under hypoxic conditions. HIF-a levels must be induced, for the
HIF-1 transcriptional complex to be functional. The Spl transcription factor is primarily
responsible for the constitutive expression of the HIF-1 gene. Other transcription factor
binding sites, such as AP-1 and 2, NF-1, and NF-KB, can also be found in the promoter region
of the HIF-1 gene. Oxygen levels influence the stability of the HIF1-a subunit. Under normal
oxygen levels, three specific oxygen-dependent proline-hydroxylases (PHD 1-3) hydroxylate
two key proline residues in HIF1-a within its oxygen-dependent degradation domain. The
hydroxylated HIF1-a is recognised by the von Hippel—-Lindau tumour suppressor protein (pVHL)
and E3 ubiquitin ligase complex, which leads to ubiquitylation of HIF-1a, hence leading to its
proteasomal degradation. In hypoxic conditions, the PHD enzymes are inhibited due to the
lack of oxygen, therefore HIF1-a is not targeted for degradation. Once stabilised, HIF1-a
transfers to the nucleus and can dimerise with HIF-1B. The HIF-1 heterodimer that is formed
then binds to hypoxic response elements in the promoter regions of its target genes such as
VEGF, activating their expression. In addition, HIF-a can be hydroxylated by factor inhibiting
HIF-1 (FIH) at an asparagine residue and this inhibits its interaction with the coactivator
p300/CBP, therefore inhibiting transcriptional activation (Déry et al. 2005, Ziello et al. 2007,
Jing et al. 2019).

HIF-1 also undergoes hypoxia-independent regulation (Maxwell et al. 1999, Richard et al.
1999, Semenza 2003, Déry et al. 2005, Tanaka et al. 2006, Ziello et al. 2007). For example,
phosphorylation by p42/p44-mitogen-activated protein kinases results in increased
transcriptional activity of the HIF-1 complex (Richard et al. 1999). Moreover, HIF-1 can also
accumulate due to excessive translation (Déry et al. 2005). The increase in protein translation
appears to be sufficient to tip the balance between synthesis and degradation in favour of
normoxic HIF-1 accumulation (Déry et al. 2005). Genetic alteration in von Hippel-Lindau (VHL),
which encodes the von Hippel-Lindau tumour suppressor protein (pVHL), has been reported

to be responsible for the stabilization of HIF-1a subunits (Maxwell et al. 1999). This led to the
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hypoxia-independent activation of HIF-1 in two VHL-deficient renal carcinoma cell lines, RCC4
and 786-0. Consequently, this activation upregulated mRNAs responsible for encoding
hypoxically inducible proteins such as VEGF and glucose transporter 1 in these tumour cells
(Maxwell et al. 1999). The PI3K/Akt and MAPK signalling pathways activate mammalian target
of rapamycin and the protein-synthesizing machinery, which in turn promotes HIF-1
expression and activation. HIF-1 can be activated by autocrine processes since it
transactivates growth factor genes such as VEGF, insulin-like growth factor 2, and
transforming growth factor, the products of which can activate PI3K/Akt and MAPK signalling
(Semenza 2003). HIF-1 expression was significantly reduced in mouse hepatocellular
carcinoma (HCC) cell lines after treatment with the PI3K inhibitor LY294002, demonstrating

that HIF-1 expression is dependent on PI3K/Akt signalling (Tanaka et al. 2006).

1.6 Methods of tumour vascularisation other than angiogenesis

In addition to angiogenesis, tumours can acquire a blood vessel network through other
mechanisms. These include vessel co-option, vasculogenic mimicry and vasculogenesis (Figure

1.1).

1.6.1 Vessel co-option

Vessel co-option occurs when the tumour cells do not induce an angiogenic response, but
instead grow along the pre-existing vessels of normal tissues and/or tumour cells may invade
the space between the pre-existing vasculature, leading to the incorporation of blood vessels
into the tumour mass (Figure 1.1 C). This vascular phenotype was observed with tumours in
highly vascularised organs to facilitate in the metabolic demand and potential for metastasis
without inducing angiogenesis (Holash et al. 1999, Stessels et al. 2004, Hillen and Griffioen
2007). Vessel co-option has been observed in various primary and metastatic cancers such as
breast cancer that metastasised to liver, melanomas, and lung carcinoma (Dome et al. 2002,
Stessels et al. 2004, Travis et al. 2011). Vessel co-option was detected in a glioma model in
which tumour cell early growth utilized co-option followed by an angiogenic response. Initially,
tumour cells were co-opted to the existing host blood vessels (Holash et al. 1999). The co-
opted vessels then underwent high regression, which is thought to be a host defensive
mechanism. The remaining tumour cells then activated an angiogenic response (Holash et al.
1999). This process in which co-option is followed by angiogenesis is only one form of co-

option and the process is highly varied dependent on the cancer cell type or the site of vessel
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co-option. Another form of co-option was observed in bronchoalveolar carcinoma, a non-
small cell lung cancer subtype, where lung cancer cells were observed to grow along the
alveolar walls and replaced the alveolar epithelium, but preserved the alveolar walls (Travis

etal 2011).

1.6.2 Vasculogenic mimicry

Vasculogenic mimicry is another mechanism that tumour cells exploit to induce a blood
supply (Figure 1.1 D). This process has been observed in aggressive malignancies in which
tumour cells generate a vasculogenic network lined with non-endothelial cells and composed
of extracellular matrix. Maniotis et al. (1999) described microcirculatory channels combined
with extracellular matrix in aggressive melanomas. These channels were lined with tumour
cells; expressed endothelial cell associated genes and differentiated into vasculogenic-like
networks. This vasculogenic network is thought to act independently or alongside other form
of vascularisation to support blood perfusion and dissemination of cancer cells (Maniotis et

al. 1999, Hendrix et al. 2003, Williamson et al. 2016).

1.6.3 Tumour vasculogenesis

Vasculogenesis is another mechanism through which tumours become vascularised through
new blood vessels formation and the recruitment of endothelial progenitor cells (EPCs) also
known as angioblasts into the tumour site (Figure 1.1 E). This process is regulated by several
growth factors and cytokines that are produced during tumour progression. Tumour
vasculogenesis is a multistep process and each step is regulated by growth factors and
cytokines, which induce the recruitment of EPCs. It starts with chemoattraction and
mobilisation of EPCs from bone marrow into the circulation. The EPCs then home via the
angiogenic vasculature before they differentiate into endothelial cells (Hillen and Griffioen
2007, Ding et al. 2008). The proangiogenic growth factor VEGF activates the differentiation of
EPCs into endothelial cells, whereas platelet-derived growth factor-BB (PDGF-BB) attracts
mural cells that contribute to the maturation and maintenance of stabilised blood vessels
(Miyata et al. 2005).The involvement of EPCs in the tumour vasculature remains controversial.
There are studies demonstrating a substantial role of EPCs in the tumour vasculature,
whereas there are other reports of a modest contribution of EPCs in developing of tumour
blood vessels (Asahara et al. 1999, Machein et al. 2003) . For instance, mice transplanted with

bone marrow cells that highly express B-galactosidase (lacZ) cells under the transcriptional
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regulation of fetal liver kinase-1 (FIk-1) and Tie-2 (endothelial-specific promoters) were used
to study the contribution of EPCs in the vasculature of colon cancer. The study demonstrated
that there are abundant Flk-1 or Tie-2 expressing EPCs at the tumour periphery and in the
vascularised region of developing tumours, suggesting that these EPCs were mobilised and
recruited to contribute to tumour vascularisation (Asahara et al. 1999). Tie-2 progenitor cells
integrate at the tumour periphery in the vascular bed, however, they minimally contributed
to vessel formation in a murine glioma tumour model (Machein et al. 2003). Taken together,
these conflicting studies suggest that EPCs incorporate into tumour vasculature of specific

tumours, but the mechanism of this is as yet undetermined.
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Figure 1.1 Different methods of tumour vascularisation. Tumours induce blood vessel
formation through different mechanisms. A) New blood vessels are formed from pre-existing
ones by sprouting angiogenesis. B) Intussuceptive angiogenesis in which a new transvascular
pillar is formed and then it splits into a new lumen. C) Tumours can co-opt and grow along a
pre-existing vessel of normal tissues. D) Vasculogenic mimicry in which tumour cells mimic
the endothelial cells and generate a vasculogenic network lined with tumour cells. E) Tumour
vasculogenesis involves the recruitment of endothelial progenitor cells from bone marrow
and their differentiation into endothelial cells.
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1.7 Vascular endothelial growth factor (VEGF)

VEGF is the most potent angiogenic factor and is essential in physiological and pathological
angiogenesis. The VEGF family consists of several members including VEGF-A, VEGF-B, VEGF-
C, VEGF-D and placenta growth factor (PIGF) (Ferrara et al. 2003, Vempati et al. 2014, Ahmad
and Nawaz 2022). VEGF-A is a key regulator of angiogenesis, while lymphangiogenesis is
regulated by VEGFC and VEGFD (Ferrara et al. 2003, Apte et al. 2019, Ahmad and Nawaz 2022).
The various VEGF family members bind to tyrosine kinase VEGF receptors VEGFR-1, VEGFR-2
and VEGFR-3 expressed by endothelial cells in an overlapping pattern to activate signal
transduction and various biological functions (Figure 1.2) (Li and Eriksson 2001). VEGF-A
(referred to as VEGF) triggers multiple functions in endothelial cells, including proliferation,
migration and vascular permeability (Hicklin and Ellis 2005). VEGF is a prognostic factor in
several malignancies as high levels of VEGF are associated with the progression of disease and
poor survival (George et al. 2001, Bando et al. 2005, Hsu et al. 2009). The VEGF-A gene
generates at least six different isoforms (by alternative splicing), including isoforms with 121,
165, 189, and 206 amino acids in the human and 120, 164, 188, and 205 in mice (Hicklin and
Ellis 2005). The isoforms differ in the presence of a heparin binding domain which is encoded
by exon 6 and exon 7. The heparin binding domain ensures their binding to the extracellular
matrix on the cell surface. For example, VEGF121 is diffusible and not bound to the
extracellular matrix due to the absence of the heparin binding domain. VEGF189 has a high
affinity to heparin sulphate proteoglycans and can bind to cell surface glycosaminoglycans.
VEGF165 has intermediate properties in terms of matrix binding. The different isoforms differ
in terms of their activities and give rise to different vascular structures with different
branching patterns during embryonic development (Hicklin and Ellis 2005). The different roles
of the isoforms in also directing tumour blood vessel development have been evaluated by
Tozer et al using fibrosarcoma cell lines that each express only one of the major isoforms of
VEGF ie VEGFA120, VEGFA164 or VEGFA188 (Tozer et al. 2008). The study revealed different
functions of VEGF isoforms in vascular growth and morphology during fibrosarcoma growth.
When implanted into mice the VEGF188 fibrosarcoma cells developed into tumours with a
more stabilized and mature vascular phenotype compared to those developed by VEGF164
and VEGF120 expressing fibrosarcoma cells. VEGFA120 expressing- fibrosarcomas had leaky

vessels and developed haemorrhage (Tozer et al. 2008). Therefore, it appears that VEGF
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isoforms play an essential role in tumour angiogenesis as well as normal vascular

development in the embryo.

1.7.1 Regulation of VEGF expression, secretion, and degradation

VEGF is a potent growth factor that is regulated at the transcriptional, post-transcriptional
and post-translational levels (Pagés and Pouysségur 2005). In the tumour microenvironment,
hypoxia is a key factor responsible for transcriptional regulation of VEGF but also various
effectors including growth factors, hormones, cytokines, oncogenes, tumour suppressors and
cellular stress are known to promote VEGF transcription. Hypoxia, through the activation of
HIF-1, is a main regulator of VEGF gene expression (Pages and Pouysségur 2005). As described
in section 1.5, the HIF-1 heterodimer binds to the hypoxia-responsive element (HRE) site on
the VEGF promoter to upregulate VEGF transcription (Richard et al. 1999, Maxwell et al. 2001,
Loureiro and D’Amore 2005). The mitogen activated protein kinase p42/p44 MAP pathway,
itself activated by many growth factors, cytokines and oncogenes such as RAS was reported
to activate the gene expression of VEGF (Berra et al. 2000). In non-hypoxic conditions p42/p44
MAP activates VEGF promoter by recruiting Sp1/AP-2 transcription factors that bind and
upregulate the expression of VEGF. Moreover, in hypoxia, p42/p44 MAP induces the
phosphorylation of HIF-1, which activates the transcriptional- expression of VEGF (Berra et al.
2000). TNF-a is a macrophage/monocyte derived cytokine that is found to induce
angiogenesis through activation of the gene expression of VEGF as well as other pro-
angiogenic factors including interleukin-8 (IL-8) and bFGF (Yoshida et al. 1997). In human
microvascular endothelial cells that were treated with TNF-a, mRNA of these growth factors
and their receptors increased. In addition, anti-IL-8, anti-VEGF, and anti-bFGF antibodies all
decreased TNF-dependent tubular morphogenesis in vascular endothelial cells, and
coadministration of all three antibodies almost totally blocked tubular formation indicating
reduced angiogenic activity (Yoshida et al. 1997). In terms of hormonal regulation of VEGF,
oestrogen and androgens were shown to stimulate VEGF expression by increasing the gene

transcription and mRNA stability (Ruohola et al. 1999).

At the post-transcriptional level, VEGF is regulated by the alternative splicing of mRNA as
described in the previous section. At the post-translational level, VEGF undergoes different
post-translation regulations such as glycosylation. VEGF is glycoprotein contains N-

glycosylation site (Kang et al. 2013). VEGF Glycosylation has been reported to increase VEGF
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bioactivity and secretion (Brandner et al. 2006, Kang et al. 2013). Moreover, the proteolytic
processing of VEGF by matrix metalloproteinases (MMPs) plays a critical role in VEGF
regulation. MMPs are a class of zinc-dependent extracellular matrix (ECM) remodelling
endopeptidases that may degrade nearly every ECM component (Cabral-Pacheco et al. 2020).
Specifically for the extracellular-bound long VEGF isoforms, MMPs cleave ECM and process
VEGF and help to release it from the matrix and enhance its bioavailability (Lee et al. 2005).
Lee et al, 2005 showed that MMP-cleaved VEGF induced a distinct blood vessels structure
that differ from MMP resistant-VEGF constructs, suggesting that MMPs are key regulators of
VEGF bioavailability (Lee et al. 2005). As described in the previous section, VEGF isoforms
differ in their affinities to heparan sulfate proteoglycans. The longer VEGF isoforms with
heparan binding affinity, when they are secreted, they remain sequestered in the ECM and
remain more protected from proteolytic degradation (Vempati et al. 2014). VEGF can be
targeted by endogenous inhibitors, such as soluble receptor- VEGFR1, a secreted isoform of
the membrane VEGF receptor VEGFR1. This soluble VEGFR1 is considered as a key regulatory
factor that can lead to inactivation of VEGF and limit its activity, hence promoting vascular
qguiescence (Vempati et al. 2014). High circulating soluble VEGF1 levels have been found to
be associated with better prognosis in cancer patients (Aoyagi et al. 2010). Loss of VEGF can
also occur through clearance and degradation and these are also important mechanisms for
limiting VEGF activity. Relevant pathways include lymphatic drainage, transvascular transfer
into the bloodstream, proteolytic breakdown and cellular endocytosis; however, their relative

relevance in cancer is unknown (Vempati et al. 2014).

1.7.2 VEGF receptors

VEGF binds to tyrosine kinase receptors that consist of seven extracellular immunoglobulin
domains, and a tyrosine-kinase site in the cytoplasmic domain (Hicklin and Ellis 2005, Apte et
al. 2019, Ahmad and Nawaz 2022). VEGFR-1 and VEGFR-2 are identified mainly on the cell
membrane of endothelial cells and hematopoietic cells, and VEGFR-3 is primarily expressed
by lymphatic endothelial cells (Figure 1.2). VEGF also binds to neuropilin-1, neuropilin-2 that
act as co-receptors and the longer VEGF isoforms also bind to heparin-sulphate proteoglycan.
Interactions of VEGF with the neuropilins enhance its binding to the tyrosine kinase VEGFRs
and alter VEGF signalling (Hicklin and Ellis 2005, Apte et al. 2019). It should be noted that
different VEGF ligands bind to different VEGFRs with different affinities. For example, VEGF-
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A has high binding affinity for VEGFR1 and VEGFR2, VEGF-B and PIGF interact with VEGFR1,
whilst VEGFC and VEGFD bind to VEGFR3 in lymphatic vessels (Figure 1.2). The biological
response of the interactions between VEGFRs and their ligands transduce signals for cell
proliferation, cell survival, and cell migration. However, the transduced biological responses
are different between VEGFRs owing to differences in the responses of the ligand binding.
VEGFR2 is a key mediator of angiogenesis; additionally the kinase activity of VEGFR2 is
stronger than VEGFR1 (Shibuya and Claesson-Welsh 2006). Binding of VEGF leads to the
dimerization of the VEGF receptor followed by kinase activation and auto phosphorylation of
specific tyrosine residues, and many cytoplasmic proteins. Several effectors are then
activated and bind to the phosphorylated tyrosine residues which results in signal
transduction and biological functions including migration, proliferation, and cell survival

(Kowanetz and Ferrara 2006).

1.7.2.1 VEGFR1

VEGFR1 is a receptor for VEGFA, VEGF- B and PIGF (Figure 1.2). Binding to VEGFA induces
signal transduction for growth and survival of endothelial cells. VEGFR1 is important for
vascular organisation during embryogenesis. Fong et al demonstrated that VEGFR1 knock out
leads to vascular malformations in mouse embryos (Fong et al. 1995) . However, VEGFR1
triggers weak mitogenic effects in endothelial cells. A study by Gille et al investigated the
signal transduction produced by both VEGF1 and VEGFR2 (Gille et al. 2000). They used
engineered VEGF-A to bind selectively to either VEGR1 or VEGFR2, and demonstrated that
migration, differentiation, and proliferation of endothelial cells was transduced mainly
through VEGFA binding to VEGFR2, but not VEGFR1. Cells other than endothelial cells also
express VEGF receptors such as for example monocytes that express VEGFR1 which
stimulates their migration through binding to VEGF-A (Gille et al. 2000, Matsumoto and
Claesson-Welsh 2001). It is worth noting that VEGFR1 may serve as a negative regulator of
angiogenesis by binding VEGF, hence decreasing its binding to VEGFR2, thus resulting in

downregulation of angiogenic signalling (Koch and Claesson-Welsh 2012).

1.7.2.2 VEGFR2

VEGFR2 binds VEGFA, VEGFC, VEGFD and VEGFE (Figure 1.2). The effector molecules bind via

their Src homology-2 domain with the autophosphorylated binding site in tyrosine residues,
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and this interaction leads to different biological functions. VEGFR2 has a crucial role in
haematopoiesis and the formation of blood vessels during embryogenesis. Shalby and
colleagues demonstrated this finding using mice with a mutation in VEGFR2 (Shalaby et al.
1995). They reported that mutated embryos die between 8.5 and 9.5 days due to the absence
of blood vessels in the yolk sac and the decreased number of haematopoietic progenitors.
This finding indicates that VEGFR2 has an essential role in vascular formation during the
embryogenesis (Shalaby et al. 1995). The physiological and pathological effects of VEGFA on
endothelial cells, mediated by interactions with VEGFR2 include proliferation, migration,
survival, and vascular permeability. VEGFR2 induces proliferation via the phosphorylation of
tyrosine 1175 that triggers the PLC-y pathway and then activation of the protein kinase C (PKC)
pathway leading to inositol trisphosphate generation and calcium mobilization. Additionally,
this pathway activates PKCB, which in turn stimulates many effectors such as Raf, MEK, and
MAPK involved in DNA synthesis and cell proliferation. In addition, VEGFR2 activates the
Akt/PKB via the tyrosine pathway which promotes cell survival by inhibiting the activity of
proapoptotic proteins B-cell lymphoma 2 (Bcl-2)-associated death promoter homologue
(Maksimiuk et al.) and Caspase 9 (Gerber et al. 1998, Cross et al. 2003, Shibuya and Claesson-
Welsh 2006). In addition, Tyrosine kinase 1175 phosphorylation triggers binding and
activation of Shb adapter protein which regulate the focal adhesion and migration of
endothelial cells (Holmquvist et al. 2004) . Activation of AKT/PKB pathways is also implicated
in the increase of vascular permeability through stimulation of endothelial nitric oxide
synthase (eNOS) which generates nitric oxide and activation of cellular permeability
(Dimmeler et al. 1999, Shibuya and Claesson-Welsh 2006). Moreover, binding of VEGF to
VEGFR2 regulates the migration of endothelial cells through the phosphorylation of tyrosine
951 (Matsumoto et al. 2005). Tyrosine 951 Phosphorylation activates the binding of T cell
specific adapter (TSAd) protein. Activation of TSAD pathway induces actin stress fibre

formation, mediating endothelial cell migration (Figure 1.2) (Matsumoto et al. 2005).
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Figure 1.2 Biological functions mediated by VEGF receptors. The regulation of angiogenesis
occurs mainly through VEGF-VEGFR2 binding and signalling. VEGF-A binds to VEGFR2 and
activates different tyrosine residues which in turn activate several functions in endothelial cells
including proliferation, survival, migration and vascular permeability. The phosphorylation of
tyrosine 1175 (Y1175) triggers proliferation, survival, migration and permeability. Migration of
endothelial cells can also be activated through phosphorylation of tyrosine 951 (Y951). VEGFR1
stimulates monocyte migration through binding to VEGF-A, VEGF-B and PLGF.
Lymphangiogenesis is regulated by VEGF-C and VEGF-D binding to VEGFR3.
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1.8 Anti-VEGF therapies

Targeting VEGF became an attractive therapeutic strategy after the role of VEGF as an
angiogenic growth factor was established (Ferrara 2005). Kim et al, 1993 investigated the
role of VEGF as a tumour angiogenic factor in vivo. They tested the effect of an antibody that
neutralized VEGF on the growth of human tumour xenografts of rhabdomyosarcoma, and
glioblastoma multiform. The antibody inhibited both tumour growth and angiogenesis in a
dose dependent manner (Kim et al. 1993). The antibody was later humanised (known as
bevacizumab) and was tested in clinical trials (Presta et al. 1997). The US FDA first approved
bevacizumab for treating previously untreated metastatic colorectal cancer in February 2004
(Hurwitz et al. 2004). Subsequently, FDA and regulatory bodies in other countries approved
bevacizumab for up to six malignancies, including non-squamous non-small cell lung
carcinoma (NSCLC), glioblastoma multiforme, renal cell carcinoma (RCC), cervical cancer,
ovarian cancer and breast cancer. Several other agents were developed later to target the
VEGF pathway, including VEGF receptor tyrosine kinase inhibitors (TKls), an antibody
targeting VEGFR2 activity and a chimeric soluble VEGF receptor (Apte et al. 2019). There are
some of these agents are used in combination with chemotherapeutic agents and some are

used as a single agent (Table 1.1) (Kanthou and Tozer 2018, Jaszai and Schmidt 2019).
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Table 1-1 FDA- approved anti-VEGF agents for cancer treatment, their targets and

indications
Antiangiogenic Target | Indication Clinical use Year Reference
agent/Class of s
FDA
appro
val
Bevacizumab/monoc | VEGF Metastatic CRC With 2004, | (Hurwitz
chemotherapy | 2006 | etal.
lonal Ab , first and 2004,
second line Cohen et
al. 2007)
Recurrent or With 2006 | (Cohen et
metastatic NSCLC | chemotherapy al. 2007)
, first line
Recurrent With 2009 | (Garcia et
glioblastoma chemotherapy al. 2020)
Recurrent ovarian, | With 2014 | (Pujade-
fallopian or chemotherapy Lauraine
peritoneal cancer. etal.
2014)
Metastatic RCC. With 2009 | (Escudier
interferon alfa etal.
2b, single 2010,
agent Garcia et
al. 2020)
Recurrent or With 2014 | (Tewari et
metastatic cervical | chemotherapy al. 2014)
cancer.
Ramucirumab/mono | VEGFR | Metastatic CRC With FOLFIRI 2015 | (Goel et
clonal Ab 2 chemotherapy al. 2016)
Metastatic NSCLC | With 2014 | (Das and
docedaxel Wakelee
2014)
Metastatic gastric | Single agent or | 2014 | (Casak et
or combined al. 2015)
gastroesophageal | with paclitaxel
in advanced
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junction disease
adenocarcinoma
Ziv-aflibercept/VEGF | VEGF- | Metastatic CRC With FOLFIRI 2012 | (Ricci et
Trap Recombinant A chemotherapy al. 2015)
fusion protein ’
VEGF-
B,
PIGF
Sorafenib/RTKi VEGFR | RCC Single agent 2005 | (Wilhelm
-2,3 etal.
PDGFR 2006)
s, RAF,
KIT, HCC Single agent 2007 | (Kim et al.
FLT-3 | (Unresectable) 2017)
metastatic thyroid | Single agent 2013 | (McFarlan
carcinoma dand
Misiukiew
icz 2014)
Pazopanib/ RTKi VEGFR | Advanced soft | Single agent 2012 | (Van Der
1-3 tissue carcinoma Graaf et
al. 2012,
FGFRs, Lee et al.
KIT 2019)
Advanced RCC Single agent 2009 | (Ward
and
Stadler
2010)
Sunitinib VEGFR | Metastatic Single agent 2006 | (Adams
1-3 gastrointestinal and
Leggas
PDGFR | stromal tumours 2007)
FGFR1
KIT Metastatic RCC Single agent 2006 | (Adams
’ and
RET, Leggas
FLT3 2007)
Metastatic/progre | Single agent 2011 | (Raymond
ssive pancreatic etal.
cancer 2011)
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Axitinib VEGFR | Advanced RCC Single agent 2012 | (Tyler
1-3 2012)
Vandetanib VEGFR | Advanced/metast | Single agent 2011 | (Chauand
1-3, atic medullary Haddad
Tie-2, | thyroid cancer 2013)
EGFR,
RET
Cabozantinib-S- VEGFR | Metastatic Single agent 2012 | (Weitzma
malate s, RET, | medullary thyroid n and
MET, cancer Cabanillas
Tie-2, 2015)
FLT-3
Advanced RCC Single agent 2016 | (Escudier
etal.
2016)
HCC Single agent 2019 | (Personen
ietal
2019)
Regorafenib VEGFR | Refractory and Single agent 2012 | (Caietal
1-3, metastatic CRC 2018)
FGFR,
PDGFR | HCC Single agent 2017 | (Heo and
, KIT, Syed
TIE-2, 2018)
Raf
Locally advanced, | Single agent 2013 | (Cronaet
unresectable or al. 2013)
metastatic
gastrointestinal
stromal tumour
Lenvatinib VEGFR | Differentiated and | Single agent 2015 | (Nair et
RTKi -1-3 refractory to al. 2015)
FGFR- | radioactive iodine
1, thyroid carcinoma
PDGFR | Unresectable HCC | Single agent 2018 | (Haoand
s, KIT Wang
2020)
RCC With 2016 | (Lietal.
everolimus 2020)
endometrial With 2019 | (Walker
carcinoma pembrolizuma etal.
b 2023)

23



AB, Antibody; CRC, colorectal cancer; HCC, hepatocellular carcinoma; NSCLC, non-small cell
lung cancer; RCC, renal cell carcinoma; EGFR, epidermal growth factor receptor; FGFR,
fibroblast growth factor receptor; mTOR, mammalian target of rapamycin; FLT-3, fms like
tyrosine kinase 3; KIT, v-kit Hardy—Zuckerman 4 feline sarcoma viral oncogene homolog; MET,
mesenchymal-epithelial transition proto-oncogene; PIGF, placental growth factor; PDGFR,
platelet-derived growth factor receptor; TIE2, tyrosine kinase with immunoglobulin-like and
EGF-like domains 2; RET, receptor tyrosine kinase proto-oncogene; VEGF, vascular endothelial

growth factor; VEGFR, vascular endothelial growth factor receptor.
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1.8.1 Anti- VEGF therapies for breast cancer

Bevacizumab was the first anti-VEGF therapy used to treat breast cancer patients. This is a
monoclonal antibody that binds VEGF and was approved for the treatment of human
epidermal growth factor receptor type 2 (HER2)—negative breast cancer, in combination with
paclitaxel, a chemotherapeutic agent The combination showed a significant increase in
progression-free survival (PFS) compared to using chemotherapy alone (Miller et al. 2007,
Ayoub et al. 2022). This led to the European Medicines Agency (EMEA) and Food and Drug
Administration (FDA) approval of using bevacizumab as a treatment for HER2-negative breast
cancer in 2007 and 2008 respectively. Despite this, little or no improvement has been made
in terms of overall survival for patients using paclitaxel plus bevacizumab versus paclitaxel
alone (Kristensen et al. 2014) . Another significant issue with this drug is the high toxicity and
adverse effects for patients, including hypertension, bleeding events and proteinuria.
Subsequently, bevacizumab is no longer used in the United States for treatment of HER2—
negative breast cancer, as the FDA withdrew the approval. Contrary to this, EMEA has
maintained the approval (Kristensen et al. 2014). Different chemotherapy regimens have
been combined with bevacizumab (Avastin), such as Avastin plus Docetaxel (AVADO) trial
(Miles et al. 2010) and RIBBON-1 (Regimens in Bevacizumab for Breast Oncology) trial (Robert
et al. 2011). All these trials showed a significant benefit in the PFS but not in overall survival
of breast cancer patients (Sledge 2015). A recent clinical trial analysed data of two identical
clinical trials tested the addition of bevacizumab to endocrine therapy as first-line treatment
in metastatic hormone receptor-positive breast cancer. The addition of bevacizumab to
endocrine therapy improved PFS but not the OS compared to endocrine therapy alone.

However, patients displayed high toxicity with combination treatment (Martin et al. 2019).

In addition to using antibodies, other types of anti VEGF treatments inhibit tyrosine kinase
activity of VEGFR2. Sunitinib is a TKI that targets VEGF receptors and platelet derived growth
factor (PDGFR), c-kit (KIT), and Flt-3 receptors (Barrios et al. 2010). Sunitinib was used as a
monotherapy for treating HER2-negative breast cancer in a phase lll trial. Sunitinib did not
improve PFS and was associated with higher severities of many common adverse events

compared with a chemotherapeutic agent (Barrios et al. 2010).

Sorafenib, another TKI was used in combination with anti-hormone therapy for treating

metastatic breast cancer in a phase Il clinical trial. The combination showed improvement in
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clinical benefit rate , but significant toxicity of treatment resulted in discontinuing treatment
in many patients (Isaacs et al. 2011). A recent clinical trial demonstrated that no benefit in
terms of survival outcomes for the addition of sorafenib to letrozole (hormone therapy) and
cyclophosphamide (chemotherapeutic agent) in locally advanced HER2 negative breast
cancer patients. In addition, large number of patients who received combination therapies

containing sorafenib displayed disease progression (lanza et al. 2020).

It is widely acknowledged that VEGF inhibitors have considerable benefits in many patients,
including metastatic colorectal cancer and renal cell carcinoma (Jain et al. 2009, Sledge 2015).
However, the outcomes of anti-VEGF treatments in breast cancer are modest (Jain et al. 2009,
Sledge 2015). It is unclear the reasons for good response in some types of cancer and not in
other types and this represents one of the challenges in the use of anti-VEGF inhibitors.
Another challenge with using anti-VEGF treatments is the resistance observed to this type of
treatment. Some patients show an initial transitory response, in the form of tumour
regression. However, the initial response is followed by tumour regrowth and sign of toxicities
while other patients showed no response at all (Bergers and Hanahan 2008, Jayson et al. 2016,
Oguntade et al. 2021). Understanding mechanisms of resistance could explain the reasons of

no response or relapse in a large proportion of patients.

1.9 Resistance to anti-VEGF treatments

Resistance to VEGF pathway inhibitors has become the topic of extensive research. There is
an initial response, which may be followed by adaptive resistance; this could be referred as
acquired resistance (evasive). On the other hand, there are some patients who do not show
any response, indicating that an intrinsic (pre-existing) resistance may exist (Bergers and

Hanahan 2008, Loges et al. 2010, Weathers and De Groot 2014) .

Experimental work has suggested several mechanisms through which resistance to
antiangiogenic agents may be acquired (Bergers and Hanahan 2008). These include
upregulation of alternative proangiogenic signalling pathways, and recruitment of bone
marrow derived progenitor cells that can activate VEGF-independent angiogenesis. In
addition, increased tumour growth but also metastasis and invasion are likely because of
hypoxia (Bergers and Hanahan 2008). Moreover, tumours become less dependent on VEGF

by increasing the pericyte coverage of the tumour vasculature, which decreases the activation
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of VEGF signalling (Bergers and Hanahan 2008, Weathers and De Groot 2014). Antiangiogenic
therapies if given for extended periods, cause extensive destruction of the tumour blood
vessels, which led to hypoxia and subsequent activation of proangiogenic growth factors (Jain

2005, Ribatti et al. 2019).

1.9.1 Evasive (adaptive) resistance

1.9.1.1 Upregulation of alternative proangiogenic signalling pathways

In this situation, tumour cells and stromal cells may use VEGF-independent angiogenesis using
alternative proangiogenic factors such as PDGF, FGF, IL-8 and Insulin like Growth Factor (IGF)
to induce tumour vessel growth. For instance, IL-8 is a proangiogenic chemokine and was
found to be upregulated after the knockdown of HIF-1a in mice (Mizukami et al. 2005) . HIF-
la is the main regulator of VEGF signalling pathway. The partial blockade of the hypoxic
induction of VEGF led to compensatory activation of proangiogenic pathway via IL-8
(Mizukami et al. 2005). Another study reported an increase in PIGF and VEGFD in colorectal
cancer patients during the progression phase of the disease after treatment with
bevacizumab combined with chemotherapy, suggesting that tumours utilised alternative
proangiogenic pathways (Lieu et al. 2013). A clinical investigation reported that glioblastoma
patients treated with the VEGFR inhibitor AZD2171 demonstrated a response phase followed
by a relapse. FGF and stromal cell-derived factor 1a (SDF1 a) levels were found to be higher
in the blood during the relapse phase compared to that during the response phase in the
same patients, suggesting the upregulation of alternative proangiogenic pathways. This study
proposed FGF and SDFla as biomarkers and suggested targeting these molecules in
combination with AZD2171 to maximise benefit (Batchelor et al. 2007). Human glioblastoma-
associated endothelial cells showed resistance to both VEGFR inhibitor (ki8751) and the VEGF
blocking antibody (B20) (Liu et al. 2018) . Notably, these cells were found to express less
VEGFR-2 compared to normal endothelial cells, suggesting a mechanism of resistance to anti-
VEGF therapy. Interestingly, it was found that these cells acquired the characteristics of
mesenchymal cells. PDGF was implicated in acquiring the cells the mesenchymal phenotype
and in the downregulation of VEGFR-2 in glioblastoma-endothelial cells. Therefore, PDGF
renders glioblastoma-endothelial cells resistant to anti-VEGF treatments by these
mechanisms. Combining the PDGFR inhibitor (crenolanib) with VEGFR-2 (ki8751), inhibited

endothelial cell viability. Similarly, in a glioblastoma mouse model, dual inhibition using the
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two treatments demonstrated anti-tumour effect in terms of increased mouse survival and
inhibition of tumour growth, suggesting that PDGF inhibition renders the glioblastoma

endothelial cells sensitive to anti-VEGF treatment (Liu et al. 2018).

1.9.1.2 Excessive vessel pruning and hypoxia.

Most antiangiogenic therapies aim to ‘normalize’ the abnormal tumour vasculature. This
process initially leads to pruning and remodelling of the small and leaky blood vessels, leaving
the mature and functional blood vessels. Consequently, this partially alleviates interstitial
hypertension and leads to a normal vasculature, which is better oxygenated. Enhanced
oxygenated areas in a tumour can improve delivery of chemotherapeutic drugs and improve
the radiation response. Therefore, it is thought that combining these conventional therapies
(chemotherapy and radiotherapy) with antiangiogenic agents may act in a synergistic manner.
However, the process of “vascular normalisation” could be reversed, and hence the
antiangiogenic treatments can increase a hypoxic microenvironment due to continued and
extensive destruction of the tumour blood vessels. In addition, chemotherapy and
radiotherapy may be less effective. Excessive vessel pruning impairs oxygen delivery to the
tumour and promotes hypoxia and leads to increased production of angiogenic growth
factors as well as selection for more aggressive malignant cells (Winkler et al. 2004, Jain 2005,
Batchelor et al. 2007, El Alaoui-Lasmaili and Faivre 2018). For instance, VEGF levels and
interleukin-8/CXCLS8, pro-angiogenic factors were increased in renal cell carcinomas (RCCs)
after treatment with bevacizumab compared with normal tissues. In addition, treatment with
bevacizumab in nude mice enhanced the growth of RCCs in vivo, with selection of tumour
cells with a high growth capacity (Grepin et al. 2012). Furthermore, hypoxia enhanced the
invasion and metastasis of tumour cells to distant sites once tumour cells escaped from the
initial treatment (Grepin et al. 2012). Several studies have reported metastasis following the
development of resistance to anti-VEGF therapy. Shojaei et al investigated metastatic
induction after treatment with sunitinib in several tumour cell lines including breast, lung and
colorectal cell lines, with metastasis demonstrated in breast and colorectal cell lines,
suggesting that sunitinib- induced metastasis is tumour dependent (Shojaei et al. 2012).
Furthermore, one study investigated invasion and metastasis of tumour cells in a mouse
model of pancreatic neuroendocrine carcinoma after treatment with a VEGF receptor

inhibitor (DC101) (Paez-Ribes et al. 2009). After an initial anti-tumour response, tumours
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adapted to the treatment, and invaded and metastasised to a distant site. This study observed
hypoxia in the metastatic tumour microenvironment after treatment with angiogenesis
inhibitors compared with untreated tumours, suggesting that hypoxia may be implicated in

this treatment resistance (Paez-Ribes et al. 2009).

1.9.1.3 Recruitment of bone marrow progenitor cells

Hypoxia induced after treatment with anti-VEGF inhibitors, stimulates release of pro-
angiogenic factors and cytokines from both tumour and stromal cells that promote neo-
vascularisation by recruitment of bone marrow derived cells (Giuliano and Pages 2013).
Several studies have detected progenitor cells after antiangiogenic treatment. Circulating
endothelial progenitor cells (CEPs) have been shown to accumulate in the viable tumour rim
after treatment of tumour-bearing mice with vascular disrupting agents (VDAs) (Gaya and
Rustin 2005). The VDAs caused acute destruction of existing blood vessels leading to a rapid
necrosis and then hypoxia (Gaya and Rustin 2005). Tumour regrowth and mobilization of CEPs
were demonstrated rapidly after VDA treatment. This study proposed that recruitment of
CEPs might contribute to the rapid growth of tumours and development of resistance (Shaked
et al. 2006). Furthermore, AZD2171 a tyrosine kinase inhibitor against VEGFR used in
recurrent glioblastoma patients, showed an increase in circulating progenitor cells (CPCs)
after treatment and suggested that the CPCs might be CEPs and may consequently contribute
to revascularisation (Batchelor et al. 2007). These data collectively suggest that an adaptive
response is activated post treatment with antiangiogenic agents. Furthermore, HIFla
activation during hypoxia leads to downstream signalling of chemokine stromal-cell derived
factor-1 SDFla that triggers the recruitment of CXCR4+VEGFR1+ hematopoietic cells.
CXCR4+VEGFR1+ hematopoietic cells supports the neo-vascularization of tumour growth and
ischemic tissues (Petit et al. 2007). Hypoxia post anti-VEGF treatment may induce the SDF-1—

CXCR4 pathway that facilitates the revascularisation of tumours.

1.9.1.4 Escaping the anti-angiogenic treatments by increasing pericyte coverage

Pericytes are an important constituent for vessel maturation. The pericytes cover endothelial
cells, leading to maturation and stabilisation of newly formed vascular structures. The
endothelial cells at this stage inhibit proliferation and become quiescent. In contrast, in

tumour tissues this process is aberrant due to the continuous secretion of proangiogenic
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factors from the growing tumour. Notably, as the anti-VEGF treatments target the
proliferating endothelial cells in the tumour microenvironment, tumours can escape anti-
VEGF treatments by increasing the coverage of pericytes, making blood vessels more stable,
guiescent, and less susceptible to targeting by anti-VEGF treatments (Bergers and Hanahan
2008, Zarrin et al. 2017). This concept was explained in a study which found that SU5416 an
inhibitor of VEGFRs has an effect on the tumour at an early stage but not at late stage tumours
with functional pericyte-covered blood vessels (Bergers et al. 2003). Tumour regrowth was
detected in tumour mouse models after treatment with a VEGF receptor signalling inhibitor
AG-013736 or AG-028262 (Mancuso et al. 2006). Although the treatments caused a massive
reduction in blood vessels, pericytes and basement membrane remained behind intact and
restored the tumour vasculature within 7 days after treatment stopped. Interestingly, the
regrown tumour vasculature re-induced VEGF-dependent angiogenesis, suggesting that
tumours may also utilize pericytes as a scaffold for inducing new sprouts (Mancuso et al.

2006).

1.9.2 Intrinsic resistance

In intrinsic resistance, tumour cells themselves activate intrinsic resistance mechanisms
during their progression. These mechanisms are developed independent to treatments and
contribute to non-responsive outcome. The complex tumour microenvironment with
redundancy of growth factors produced by tumour cells or stromal cells represents one of
these mechanisms. When the tumour cells or surrounding stroma activate a plethora of
proangiogenic signalling pathways, blocking the VEGF signalling pathway may not be
sufficient to halt angiogenesis and tumour growth. Tumour stroma consists of several cells
that trigger redundancy of proangiogenic signalling pathways. Therefore, a tumour can
survive after blockade of one proangiogenic pathway (Bergers and Hanahan 2008, Loges et al.
2010, Huijbers et al. 2016) . A study on breast cancer tissues showed high expression levels
of different proangiogenic factors, including FGF, Placenta growth factor (PIGF) when
compared to normal tissues (Relf et al. 1997). It has been reported that PIGF expression
increased in different tumour models and was expressed by tumour cells and stromal cells.
Targeting PIGF in tumour but not in healthy tissues led to decreased angiogenesis suggesting

that PIGF is a major proangiogenic factor in tumours (Fischer et al. 2007).
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The components of tumour stroma have a major role in the refractoriness to antiangiogenic
therapies. Tumour stroma consists of different cell types, including tumour-associated
fibroblasts (TAF), pericytes, endothelial progenitor cells and inflammatory cells such as
myeloid cells. Preclinical and clinical data showed the involvement of these cells in resistance
to antiangiogenic treatments. This is because tumour stroma induces several proangiogenic
signalling pathways that contribute to angiogenesis (Orimo et al. 2005, Shojaei and Ferrara
2008, Crawford and Ferrara 2009, Loges et al. 2010, Jaszai and Schmidt 2019). TAF produce
angiogenic factors that stimulate angiogenesis. TAF isolated from a tumour resistant to an
anti-VEGF treatment, expressed high levels of platelet-derived growth factor C (PDGF-C) that
was found to stimulate angiogenesis. Combining anti-VEGF with PDGF-C-neutralizing
antibodies inhibited angiogenesis (Crawford et al. 2009). Beside stimulation of angiogenesis,
TAFs produce SDF1 that stimulates the recruitment of bone marrow derived EPCs which in
turn promotes vasculogenesis (Orimo et al. 2005). In addition, accumulation of fibroblasts
increases the secretion of extracellular proteins, causing desmoplasia. Desmoplasia is also
characterised by lack of vasculature, which contributes to resistance to anti-VEGF therapies
and other conventional therapies. The lack of vasculature and accumulation of stroma cells
impede the blood flow in tumour parenchyma, hence the treatments cannot be easily
delivered into the tumour. Pancreatic cancer is known to be highly desmoplastic, and the
outcome of anti-angiogenic therapies is poor in pancreatic cancer. The lack of response to
antiangiogenic therapies is proposed to be because of desmoplasia (Tamburrino et al. 2013,
Li et al. 2019). Taken together, it is tempting to speculate that tumour stroma with abundant
fibroblasts may represent a challenge and cause resistance to anti-angiogenic therapies via

different mechanismes.

Moreover, accumulation of inflammatory cells in tumour stroma which fuel the tumour with
growth factors and cytokines mediate angiogenesis. For instance, a preclinical experiment
using murine- transplanted tumours showed an increase in CD11b+Grl+ myeloid cells in a
subset of tumours, which showed no response to an anti-VEGF monoclonal antibody (G6.23).
Notably, the accumulation of CD11b+Grl+ myeloid cells was independent of treatment,

suggesting that the mechanism of resistance in this case is inherent (Shojaei et al. 2007).

Some tumours are refractory to anti-angiogenic therapies because they do not rely on the

tumour vasculature that is ideal target of anti-angiogenic treatments. Instead, they co-opt to
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pre-existing established host vessels. This kind of resistance was observed in a clinical study
on colorectal cancer liver metastases patients treated with bevacizumab. In patients who
showed poor response to bevacizumab in terms of overall survival, tumour cells were found
to co-opt to sinusoidal blood vessels. The study also found that breast cancer liver metastatic
tumours showed the same pattern of angiogenesis, suggesting a potential explanation of
resistance to bevacizumab in breast cancer patient may be in part as a result of inducing co-

option vasculature (Frentzas et al. 2016).

1.10 Current approaches to overcome resistance to anti-angiogenic treatments.

Currently, multiple approaches have been suggested to overcome resistance to anti-VEGF
treatments or to increase their efficacy. Combining conventional radiotherapy or
chemotherapy treatments with antiangiogenic agents can result in improved responses
through different mechanisms. Chemotherapy and radiotherapy kill the cancer directly and
the antiangiogenic drugs starve the tumours of oxygen and therefore kill the cancer cells
indirectly (Teicher 1996). Combining antiangiogenic treatments with conventional therapies
may be more effective especially if given during the normalisation phase (Jain 2005, Carmeliet
and Jain 2011). Establishing the “normalisation window” is therefore a proposed approach to
evaluate the benefit from conventional therapies (Jain 2005, Batchelor et al. 2007, El Alaoui-
Lasmaili and Faivre 2018). The normalisation window refers to the period after antiangiogenic
therapies when the treatment prunes the dysfunctional and leaky blood vessels and remodel
the remaining ones. As a result, remaining vessels are normalised with improved blood flow
and oxygen delivery. They are better invested with pericytes, enabling enhanced delivery of
cytotoxic agents and better response to radiotherapy, which requires oxygen for the
generation of reactive oxygen species to kill cancer cells. However, if the antiangiogenic
treatments are prolonged, massive destruction in the vasculature can occur, leading to
hypoxia and poor blood flow (Jain 2005). In glioblastoma xenograft models, radiotherapy was
found to be most effective when administered during the "normalisation window" (Winkler
et al. 2004). Giving radiation therapy between days 4 and 6 after starting DC101 (a VEGFR2-
specific monoclonal antibody) resulted in a significant delay in tumour growth. This effect was
found to be due to a significant decrease in hypoxia and improved tumour oxygenation
induced by DC101. The best timing for radiation coincided with the peak tumour oxygenation

during DC101 treatment (Winkler et al. 2004). It is important to assess normalisation after
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antiangiogenic therapy in human cancers and imaging approaches are being employed. A
Phase Il clinical trial in recurrent glioblastomas, used MRI to assess vessel architecture and
caliber and found that treatment with the antiangiogenic agent cediranib increased oxygen
saturation, and reduced vessel caliber, suggesting normalisation of blood vessels (Emblem et
al. 2013). Additionally, the patients with these responses experienced prolonged survival
(Emblem et al. 2013). In another clinical trial, MRI was used to measure relative vessel size
and permeability, and edema-associated parameters (Batchelor et al. 2007). The data showed
that AZD2171, a tyrosine kinase antiangiogenic agent, induced blood vessel normalisation one
day after starting treatment and lasted up to 28 days, which was proposed to be the optimal
timing for combining with a cycle of concurrent chemotherapy or radiotherapy. The blood
vessel normalisation was evident with the alleviation of brain edema and significant decrease
in blood vessel size. Nevertheless, new abnormal vessels were developed following drug
withdrawal in cases of toxicities, but returned to a normalised state when drug treatment
was resumed. (Batchelor et al. 2007). Measuring vessel size, vessel permeability and blood
flow by medical imaging methods such as MRI computerized tomography (CT), positron
emission tomography (PET) are therefore proposed for establishing the optimal dose and
schedule of antiangiogenic treatments (Jain 2005, Batchelor et al. 2007). However, the
normalisation period can be different between patients and therefore, more studies are
needed to validate this approach (Goel et al. 2011). In addition, it is challenging to confirm
the accuracy of these methods, and often, different medical centres do not agree on the best

ways to collect and analyse data for a particular end-point (O'connor et al. 2017).

Bevacizumab with several standard chemotherapeutic agents increased the PFS rate in HER2-
negative metastatic breast cancer patients compared to chemotherapeutic agents alone
(Robert et al. 2011). Bevacizumab in combination with chemotherapy increased the survival
significantly in patients with metastatic colorectal cancer (Hurwitz et al. 2004). A study of
breast and colon tumour mouse models used thalidomide an anti-angiogenic agent and
showed that thalidomide inhibited the tumour growth, normalised blood vessels, and
promoted blood vessels maturation. As part of the normalisation effect, thalidomide
increased tumour perfusion and decreased vascular leakiness, increasing the delivery of

chemotherapy (Cisplatin) (Shen et al. 2019).
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Another promising approach to combat resistance to anti-VEGF therapies is to target
proangiogenic factors other than VEGF. This is because tumours may utilize other
proangiogenic factors to escape treatment against the VEGF pathways. An antibody against
PIGF showed promising results and increased the effect of chemotherapy and VEGFR inhibitor
(Fischer et al. 2007). PIGF was reported to be increased after treatment with antiangiogenic
treatments and was suggested to contribute to re-vascularisation (Fischer et al. 2007, Lieu et
al. 2013). Therefore, targeting alternative angiogenic factors may increase the efficacy of
antiangiogenic treatments. Moreover, using agents that target multiple angiogenic pathways
is another way to increase the efficacy of antiangiogenic agents. These agents aim to
simultaneously target the pathways of multiple angiogenic factors (Ballas and Chachoua 2011,
Zhao and Adjei 2015). For example, regorafenib targets the activity of VEGFR1/2/3, PIGFR and
FGFR and has shown anti-tumour and anti-angiogenesis effects (Abou-Elkacem et al. 2013,
Zhao and Adjei 2015). A pre-clinical study showed that regorafenib, a multikinase inhibitor,
suppressed tumour growth, vascularisation and metastasis in a murine CT26 metastatic colon
cancer model compared to the angiogenesis inhibitor DC101 (Abou-Elkacem et al. 2013).
Regorafenib is now approved for use in the clinic for the treatment of metastatic colorectal
cancer, hepatocellular carcinoma, and metastatic gastrointestinal stromal tumours (see Table
1) (Crona et al. 2013, Cai et al. 2018, Heo and Syed 2018). A novel decoy receptor VE-Trap
fusion protein that binds to VEGF and bFGF, simultaneously showed synergistic anti-tumour
effect in terms of inhibiting proliferation and migration of VEGF and FGF-induced endothelial
cells. Similarly, in a mouse model, VE-Trap demonstrated a significant inhibition of renal and
lung xenograft tumour growth compared to mice treated with either the single VEGF inhibitor
or bFGF inhibitor (Li et al. 2016). Taken together, targeting multiple proangiogenic factors

augments the effect of anti-VEGF inhibitors.

Another therapeutic target is combining the VEGF-pathway inhibitors with immunotherapies.
This strategy has been applied in the clinic and has demonstrated anti-tumour responses.
Angiogenic factors especially VEGF activates an immunosuppressive microenvironment
through different mechanisms. VEGF inhibits the normal activation and maturation of
dendritic cells, leading to immune evasion by tumours. Moreover, the abnormal tumour
vasculature prevents the infiltration of cytotoxic T-cells. Additionally, VEGF triggers the

infiltration of immunosuppressive cells such as T-regulatory cells and myeloid-derived
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suppressor cells into the tumour (Khan and Kerbel 2018, Teleanu et al. 2019, Hack et al. 2020,
Lopes-Coelho et al. 2021). Tumour cells have been shown to activate the programmed cell
death 1 (PD-1) pathway an immune checkpoint pathway. PD-1 is a negative regulator of
immune cells that mediate immune responses such as T cytotoxic cells, dendritic cells and
natural killer cells. PD-1 receptor on these cells binds to their corresponding ligands PD-L1
that are expressed on tumour cells, endothelial cells and other immune cells. The activated
pathway inhibits the anti-tumour response of T cells; hence, tumour cells evade targeting by
T cells and progress. Inhibitors of the PD-1/PD-L1 pathway are immunotherapies designed to
block this pathways, hence tumour cells can be targeted by T cytotoxic cells (Akinleye and
Rasool 2019, Lopes-Coelho et al. 2021). Combining antiangiogenic therapies with
immunotherapies demonstrated a profound anti-tumour effect (Khan and Kerbel 2018,
Teleanu et al. 2019, Hack et al. 2020, Lopes-Coelho et al. 2021). Combining bevacizumab with
anti-PD-L1 antibody atezolizumab was shown to prolong PFS in patients with hepatocellular
carcinoma compared to atezolizumab alone (Lee et al. 2020). A recent phase Ill clinical trial
demonstrated an improvement in both PFS and OS in metastatic non—small-cell lung cancer
patients treated with standard chemotherapy plus bevacizumab and atezolizumab as a first
line treatment compared to patients who only received bevacizumab with chemotherapy
(Socinski et al. 2018). In addition, a phase lll clinical trial showed that the combination of
bevacizumab plus atezolizumab improved the PFS compared to sunitinib alone in metastatic
renal cell carcinoma (mRCC) (Rini et al. 2019). Analysis of tumour tissues of mRCC patients
post treatment with combination bevacizumab and atezolizumab showed an increase in the
trafficking and infiltration of CD8* T cells, suggesting that this dual inhibition promotes anti-
tumour immunity (Wallin et al. 2016). The increase in trafficking of anti-tumour immune cells
was potentially mediated by the normalisation of tumour vasculature which enabled the
infiltration of CD8+ T cells (Shigeta et al. 2020). In addition, there are other reported
mechanisms of action of the combined anti-angiogenic and immunotherapy treatments. A
preclinical study on hepatocellular carcinoma murine models showed that the combination
of VEGFR-2 inhibitor (sorafenib) with anti-PD-1 antibody promoted anti-tumour immune
microenvironment. The combination increased the anti-tumour M1 tumour-infiltrating
macrophages and activation of T-cytotoxic cells. In addition, it reduced the pro-tumour M2

tumour infiltrating macrophages and T-regulatory cells, enabling anti-tumour immunity
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(Shigeta et al. 2020). Taken together, the combination of both anti-angiogenic therapies and

anti PD1/PD-L1 treatments increased the efficacy of response.

1.11 Biomarkers determining response to anti-VEGF therapy.

Given the inconsistent results found with antiangiogenic drugs in the clinic, the need to
identify cellular and/or molecular biomarkers that help to select patients who are more likely
to benefit from antiangiogenic treatments is urgent. However, until now, there is no one
definitive biomarker and the need to identify more biomarkers is important. Moreover, there
are no validated biomarkers identifying whether patients show resistance or response from
treatment. The other main challenge for a number of the biomarkers is that they are agent

and/or disease dependent (Jain et al. 2009).

Plasma VEGF has been proposed to be a biomarker in several cancer types (Oguntade et al.
2021). However, while VEGF is of prognostic value across different cancers, its value as a
predictor of treatment outcome in response to antiangiogenic agents is not consistent across
different clinical studies. A clinical trial evaluated the use of baseline VEGF for predicting
response to bevacizumab in HER-2 negative metastatic breast cancer showed that there was
no correlation between baseline VEGF-A and treatment benefit (Miles et al. 2017). However,
in another clinical trial, high levels of circulating VEGF-A in HER-2 negative metastatic breast
cancer patients were associated with a good response to bevacizumab (Miles et al. 2013).
Furthermore, VEGF is also not validated as a biomarker of response. VEGF and PIGF were
reported to be increased in patients who showed tumour progression during treatment with
AZD2171, a TKl against the activity of VEGFR and PIGFR (Batchelor et al. 2007, Jain et al. 2009).
In contrast, VEGF and PIGF increased in metastatic renal cell carcinoma patients who showed
response to sunitinib, a TKI (DePrimo et al. 2007). It is possible to speculate from these
conflicting findings that VEGF as a biomarker is agent and/or disease dependent. It is not clear
yet from the literature why there is increase in VEGF and PIGF after treatment with TKI and it
cannot be predicted if this represents an escape mechanism or a sign of tumour response.
This question remains unanswered. A preclinical study using a mouse model found that VEGF
expression increased after sunitinib (TKI) treatment in non-tumour-bearing mice, suggesting
that the increase in VEGF is not a tumour-induced mechanism to escape the therapy (Ebos et

al. 2007). Taken together, more research is needed to evaluate VEGF as a biomarker.
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Other circulating proteins can also indicate resistance to treatments. An increase in
alternative proangiogenic factors such as FGF, SDF1a, CECs and CPCs were associated with
tumour progression in glioblastoma (Batchelor et al. 2007). Specifically, FGF and SDFla
increases were associated with a significant increase in vessel size, suggesting the induction

of alternative proangiogenic pathways (Batchelor et al. 2007).

Different clinical studies have investigated the role of CEPs and CECs as potential surrogate
biomarkers (Beaudry et al. 2005, Mancuso et al. 2006). CECs increased in breast cancer
patients who were treated with metronomic chemotherapy, a therapeutic strategy
associated with antiangiogenic activity. Their increase was associated with progression free
survival and improved overall survival. The study found that most of these CECs were
apoptotic cells and were suggested to result from the antiangiogenic effect on the tumour
vasculature. However, in glioblastoma, an increase in viable CECs during the treatment with
TKI were observed in patients who showed no response during the treatment (Mancuso et al.
2006, Batchelor et al. 2007). These conflicting results underline the need for more research

to investigate the reason of different outcomes between cancer models.

Tumour microvascular density (MVD) was also assessed as a predictive biomarker for
bevacizumab benefit in a clinical trial of ovarian cancer patients (Bais et al. 2017). Patients
with high pre-treatment MVS showed a significant increase in PFS from the addition of
bevacizumab to chemotherapy compared with patients with low MVD. However, MVS was
not considered as a predictor factor of benefit from bevacizumab in metastatic colorectal

cancer (Jubb et al. 2006).

The change in plasma Tie2 has also been identified as a response biomarker for bevacizumab
in metastatic colorectal cancer and ovarian cancer (Zhou et al. 2016, Jayson et al. 2018). The
patients with 50 % increase in Tie2 levels showed disease progression and loss of benefit from
bevacizumab (Zhou et al. 2016, Jayson et al. 2018). Tie2 is a receptor expressed by endothelial
and binds to Angiopoietin (Ang) ligands (Angl and Ang 2). Binding of Angl to Tie2 promotes
the stability and maturation of blood vessels by increasing the attachment of pericytes to
endothelial cells. Ang2 competes with Ang 1 for binding to Tie2. Tie2-Ang2 signalling pathway
induces remodelling of vasculature and inhibited its stability and maturation (Zhang et al.

2019). This is because Ang2 promotes the detachment of pericytes to endothelial cells,
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leading to less mature vasculature. During tumour angiogenesis, the expression of Ang2 is

upregulated and indicates poor prognosis (Huang et al. 2010, Saharinen et al. 2011).

Another recent clinical trial investigating Tie2 as a vascular response marker in patients with
advanced biliary tract cancer treated with the VEGF tyrosine kinase inhibitor cediranib,
identified that 24% reduction in plasma Tie2 within 9 weeks is a vascular response to
treatment (Zhou et al. 2022). Nevertheless, identifying the vascular response rate to VEGF
inhibitors is not possible for some tumour types such as breast cancer. This is because that

not all patients benefit from VEGF inhibitors (Zhou et al. 2022).

In summary, several biomarkers have been proposed to predict the outcome of
antiangiogenic treatments. However, no one biomarker is validated yet, and many studies

have reported conflicting outcomes.

1.12 Crystallins

Crystallins are predominant proteins in the eye lens and responsible for lens transparency.
They are three types of crystallins, a, B, and y, consisting of different subunits. a-crystallin is
a major member of the family of crystallin proteins subdivided into two subtypes; acidic and
basic, known as aA-crystallin and aB-crystallin, respectively. Members of the a-crystallin
family act to protect proteins from aggregation under stress conditions. aA-crystallin is
thought to be expressed mainly in the eye, whereas aB-crystallin is expressed in other tissues
such as heart, skeletal muscle, skin, brain, spinal cord and lung (Meehan et al. 2004). The
overexpression of aB-crystallin was found to be associated with several neurological diseases
such as Alexander’s disease, Alzheimer’s disease and Parkinson’s disease (Horwitz 2000).
Importantly, several studies showed that aB-crystallin is overexpressed in many cancer cells
such as gliomas, renal cell carcinoma, and invasive breast cancer. Its expression may
contribute to the aggressive behaviour of many cancer cells (Chen et al . 2014; Lee et al . 2012;

Moyano et al . 2006).

1.12.1 a-crystallins as “heat shock” proteins

a-crystallin proteins are members of the heat shock protein family (HSPs) and act as
chaperone molecules. They prevent the aggregation of misfolded proteins, hence allowing
them to retain their functional structure. The chaperone function of a-crystallin proteins was

first identified by Horwitz (1992). He tested the ability of a-crystallin to prevent the
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accumulation of heat-induced lens proteins and enzymes. There are several stimulants that
activate the expression of heat shock proteins in addition to heat, including pH extremes,
nutrient limitation, osmotic variation, hypoxia, chemotherapeutic agents and noxious
chemicals. HSPs are classified into families according to subunit weight, including HSP90,
HSP70 and HSP60. The small heat shock proteins (sHSPs ) have a molecular weight less than
35 kDa and a-crystallin proteins belong to this protein family (Derham and Harding 1999).
aA-crystallin and aB-crystallin are known as HSPB4 and HSPB5, respectively. Both proteins
have an approximate molecular mass of 20 kDa. a-crystallins constitute 35% of the
mammalian eye lens in which they confer important chaperone roles. They protect the
proteins in fibre cells from aggregation, which result as a normal consequence of ageing. With
aging, most of proteins in fibre cells convert from water soluble into water insoluble. As a
result, they become prone to aggregation and hence cataracts may develop. a-crystallin binds

selectively to denatured proteins and refold the misfolded proteins (Horwitz 2003).

1.12.2 The influence of phosphorylation on the function of a-crystallin

aB-crystallin  undergoes phosphorylation as a normal consequence of dividing and
differentiation of cells. In addition, stress stimulation such as oxidative agents, ischaemia and
heat can induce the phosphorylation of aA and aB-crystallin. aA-crystallin is phosphorylated
at Ser122, whereas the phosphorylation sites of aB-crystallin are Ser19, Ser45 and Ser59
(Thornell and Aquilina 2015). Phosphorylation is reported to reduce the oligomeric size of a-
crystallin (Ito et al. 2001). It is also thought to increase its chaperone-like function; however,
some studies showed that phosphorylation decreased it or has no effect on its chaperone-
like function (Ecroyd et al. 2007, Ahmad et al. 2008, Muranova et al. 2018). The role of aB-
crystallin phosphorylation has been studied extensively and it is suggested to be involved in
the regulation of many cellular pathways such as stress response and apoptosis pathways
(Kamradt et al. 2002, Launay et al. 2006, Launay et al. 2010). In response to various stresses,
phosphorylation of aB-crystallin in Ser45 is triggered by P44/42 MAPK, whereas P38/ MAPKAP

kinase 2 is responsible for Ser59 phosphorylation. (Launay et al. 2006).

The role of aB-crystallin phosphorylation in the regulation of apoptosis has been reported by
Launay et al. (2010). The study investigated the phosphorylated status of aB-crystallin after
treatment with the anti-cancer agent vinblastine in the breast cancer cell line MCF7. There

was a correlation between the apoptosis and phosphorylation of aB-crystallin at Ser59. The
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molecular mechanism is that the phosphorylated aB-crystallin binds to Bcl-2, an anti-
apoptotic protein and prevents its translocation to the mitochondria. The study
demonstrated that although aB-crystallin is anti-apoptotic, this function is downregulated by
its phosphorylation at Ser 59 (Launay et al. 2010). Additionally, aB-crystallin was shown to be
induced in C2C12 myoblasts that are resistant to differentiation-induced apoptosis, a function
that is essential for their development. Thus aB-crystallin confers resistance to
differentiation-induced apoptosis in C2C12 myoblasts (Kamradt et al. 2002). However, the
phosphorylation of aB-crystallin leads to the loss of anti-apoptotic function of aB-crystallin in
cardiomyocytes (Kamradt et al. 2002). Although these studies have suggested that ser59
phosphorylation inhibits the chaperone function of aB-crystallin others have shown that
phosphorylation at this site results in an increase in chaperone activity (Morrison et al. 2003,
Kase et al. 2010, Dong et al. 2016). Morrison et al (2003) demonstrated that phosphorylation
of aB-crystallin at Ser59 protected cardiac myocytes from ischemia-induced apoptosis
(Morrison et al. 2003). In addition, Kase et al found that Ser59 phosphorylated aB-crystallin
increased in retinal pigment epithelial cells under hypoxic conditions and protected the newly
formed blood vessels from apoptosis. This chaperone function of aB-crystallin to endothelial
cells was due to aB-crystallin binding to VEGF and protecting it from degradation during
ocular angiogenesis (Kase et al. 2010). Similarly, Ser59 phosphorylated aB-crystallin was
upregulated in diabetic retinopathy and co-localised with VEGF in neovascular endothelial
cells in diabetic retinopathy (Dong et al. 2016). It could be speculated from this finding that
Ser59 phosphorylated aB-crystallin acts to chaperone VEGF during angiogenesis and

therefore stimulates the survival of endothelial cells.

aB-crystallin also exerts a protective role in the regulation of cytoskeletal proteins. It has been
reported that Ser59 phosphorylated aB-crystallin colocalized with cytoskeletal components
and protected their integrity against extracellular stress, suggesting a protective role of Ser59
phosphorylated aB-crystallin. It should be noted that the phosphorylation of ser-59 on aB-

crystallin is induced through the activation of MAPK p38 pathway (Launay et al. 2006).

In summary, these studies suggest that the phosphorylation of aB-crystallin may act as a

negative or positive regulator, depending on the cellular pathway and/or the target protein.
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1.13 aB-crystallin as an anti-apoptotic protein

Several studies have revealed an anti-apoptotic function of aB-crystallin via different
mechanisms. One study carried out by Kamradt and colleagues reported that aB-crystallin
prevented the proteolytic activation of caspase-3. This study suggested that aB-crystallin
binds to the p24 of caspase-3 and prevents its autoproteolytic cleavage and hence acts as an
inhibitor of the intrinsic and extrinsic apoptotic pathways (Kamradt et al. 2001). A similar
finding was observed in H,0; -treated primary astrocyte cultures where overexpression of aB-
crystallin inhibited the activation of caspase-3 due to its binding to p24 (Shin et al. 2009). The
anti-apoptotic function of aB-crystallin was reported in another study in which aB-crystallin
inhibited oxidative stress induced apoptosis in mouse myogenic C2C12 cells (Mercatelli et al.
2010). In another study aB-crystallin was shown to sequester p53, a regulator of apoptosis
and decreased its translocation from the cytoplasm to the mitochondrial membrane (Liu et
al. 2007). In addition, aB-crystallin has an affinity to other proapoptotic proteins such as Bax
and Bcl-XS and decreases their activity in vitro and in vivo by preventing their translocation to
the mitochondria during staurosporine-induced apoptosis (Mao et al. 2004). aB-crystallin also
plays a role in the regulation of apoptosis in blood vessel endothelial cells. Dimberg et al
investigated the function of aB-crystallin during tubular morphogenesis in tumour vessels
using small interfering RNA—mediated knockdown of aB-crystallin expression (Dimberg et al.
2008). They found that the inhibition of expression gave rise to weak tubular morphogenesis,
activation of caspase-3 and apoptosis induction. All these findings suggest that aB-crystallin

interferes with apoptotic mechanisms and acts as an anti-apoptotic mediator.

aB-crystallin may interfere with different cellular processes to enhance cell survival during
stress conditions. Beside its inhibitor function in apoptosis pathways, aB-crystallin activates
mitogen-activated protein kinase (MAPK) pathway in basal like tumours (Moyano et al. 2006,
van de Schootbrugge et al. 2013). The MAPK pathway is responsible for many biological
responses including cell survival through the activation of Ras/Raf/MEK/ERK intracellular
signaling pathway (Li et al. 2016). However, in some cell systems, this pathway can lead to
stress activated apoptosis. For example, it was shown to lead to UVA-induced apoptosis of
lens epithelial cells instead of promoting survival (Liu et al. 2004, Li et al. 2005). Indeed, aB-
crystallin prevented the UVA-induced apoptosis in lens epithelia through the suppression of

UVA-induced activation of the RAF/MEK/ERK pathway and activation of the AKT pathway that
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promoted survival (Liu et al. 2004, Li et al. 2005). The protective function of this protein is

also demonstrated in cardiac myocytes.

1.14 aB-crystallin can promote metastasis and invasion of tumour cells

Several studies have focused on the function of this protein as a promotor of metastasis and
invasion as its overexpression has been demonstrated in many cancers (Chelouche-Lev et al.
2004, Wettstein et al. 2012, Kim et al. 2015, Chen et al. 2018). For instance, it is known that
EMT is an essential process in cancer metastasis. This involves loss of epithelial markers such
as E-cadherin and the transition into amotile mesenchymal phenotype, with an increase in
vimentin and desmin proteins that are expressed by mesenchymal cells. Through EMT,
malignant cells acquire a migratory phenotype and, therefore, become invasive (Wettstein et
al. 2012). One study revealed a potential role for aB-crystallin in invasion and metastasis of
gastric cancer cells (Chen et al. 2018). This study reported the influence of this protein in
mediating invasion through the activation of NF-kB, which is a nuclear transcription factor
that regulates EMT. Overexpression of aB-crystallin in gastric cancer cells led to the activation
of the NF-kB signalling pathway, while silencing aB-crystallin inactivated NF-kB signalling
(Chen et al. 2018). As has been demonstrated by several studies, aB-crystallin overexpression
is considered as a poor prognostic factor. The overexpression of this protein contributes to
the progression of basal-like breast cancer and enhances the invasion and migration of
malignant cells in vitro. Furthermore, aB-crystallin is strongly associated with invasive ductal
carcinoma and indicates short overall survival (Kim et al. 2015). In addition, aB-crystallin was
linked with the axillary lymph node involvement in breast carcinoma and hence a marker of
poor prognosis (Chelouche-Lev et al. 2004). The potential implication of aB-crystallin in
cancer metastasis has been studied in vitro using TNBC cell lines and in vivo models (Malin et
al. 2014) . aB-crystallin enhanced brain metastasis and was associated with poor survival. oB-
crystallin increased adhesion to human brain microvascular endothelial cells (HBMECs),
transendothelial migration and the infiltration of tumour cells through the blood brain barrier
(BBB). The remarkable finding of this study is that the overexpression of aB-crystallin in TNBC
cells stimulated the adhesion of TNBC cells to HBMECs at least in part through interactions
with a3B1 integrin which is implicated in metastasis. However, more studies are needed to

investigate the interaction between aB-crystallin and a3B1 integrin in other types of cancers.
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This evidence indicates that aB-crystallin may be associated with invasion and migration of

malignant cells (Malin et al. 2014).

In contrast, aB-crystallin may impair metastasis in nasopharyngeal carcinoma (NPC) and acts
as a tumour suppressor gene through the suppression of EMT markers and the progression
of the malignant cells (Huang et al. 2012). In this study, Huang et al observed that aB-crystallin
associated with E-cadherin and B-catenin and prevented the disruption of cadherin/catenin
adherens junction, one of the EMT features. The mechanism of this function is that aB-
crystallin inhibits E-cadherin cytoplasmic internalization that leads to the disruption of
adherens junctions. Furthermore, the study proposed that the overexpression of aB-crystallin
prevented the release of membrane-bound B-catenin into the cytoplasm and nucleus. B-
catenin has oncogenic functions and activates transcription factors that stimulate tumour
progression. aB-crystallin interacted with B-catenin and prohibited its translocation to the
cytoplasm and nucleus, suggesting that aB-crystallin contributed to the cadherin/catenin
adherens junction and supressed EMT in NPC cancer. Furthermore, overexpression of aB-
crystallin in bladder cancer cells reduced phosphorylated ERK and AKT and inhibited the
migration and invasion of bladder cancer cells (Ruan et al. 2020). The tumour suppressor
function of aB-crystallin was revealed in another study that showed that aB-crystallin may act
to promote apoptosis (Watanabe et al. 2009). aB-crystallin may act as a pro apoptotic protein
and induce apoptosis through binding to p53 protein. The study demonstrated that the
suppression of aB-crystallin expression prevented p53-induced apoptosis, hence aB-crystallin
acted as a proapoptotic protein (Watanabe et al. 2009). p53 is a tumour suppressor gene and
activates the expression of several genes involved in cell cycle arrest, cellular senescence,
DNA repair and apoptosis in response to cellular stress. In the p53 dependent apoptosis
pathway, p53 regulates the transcription of several proapoptotic genes such as bax, puma
and noxa. In addition, in response to stress, p53 accumulates in the cytosol and in the
mitochondria where it activates proapoptotic proteins and inhibits antiapoptotic proteins.
p53 in the cytosol, triggers the mitochondrial translocation of proapoptotic proteins,
including bax and bak (Fridman and Lowe 2003, Amaral et al. 2010). In general, the pro-
apoptotic function of aB-crystallin needs to be elucidated in more studies. In summary, it
appears that aB-crystallin acts differentially in different cancers and therefore more research

is needed to explore its role in EMT and apoptosis in malignant cells.
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1.15 aB-crystallin a novel oncoprotein associated with poor prognosis in breast cancer and
its role in treatment resistance

aB-crystallin is overexpressed in metastatic breast carcinoma including metaplastic breast
cancer, infiltrating ductal breast carcinomas and is considered to be a specific potent marker
for basal like breast cancer and triple negative breast cancer (Sitterding et al. 2008, Travis et
al. 2011, Kabbage et al. 2012, Tsang et al. 2012). Several studies have demonstrated that aB-
crystallin is associated with poor prognostic factors like lymph node metastasis (Chelouche -
Lev et al. 2004, Travis et al. 2011). Intriguingly, aB-crystallin induced neoplastic-like changes
in human mammary epithelial cells including enlarged masses with filled lumens,
abnormalities in mammary acini and promoted the survival of the cells (Moyano et al. 2006).
These studies suggest that aB-crystallin may act as an oncoprotein that predicts poor

prognosis.

aB-crystallin is considered to be an independent poor prognostic factor in other cancer types
including human hepatocellular carcinoma (HCC) (Tang et al. 2009), head and neck cancer
(HNSCC) (Chin et al. 2005) and non-small cell lung cancer (NSCLC) (Qin et al. 2014).
Furthermore, significant overexpression of aB-crystallin has been observed in laryngeal
squamous cell carcinoma (SCC) tissue samples compared with normal tissue samples and was
associated with tumour progression (Mao et al. 2012, Yilmaz et al. 2015). Therefore, aB-
crystallin is suggested to be an effective prognostic factor to predict patient outcomes. As
discussed previously, aB-crystallin prevents apoptosis induced by different stimuli and
activates the ERK/MAPK pro-survival pathway in basal like tumours. These events may be
associated with a poor prognosis via a link to aB-crystallin. Furthermore, aB-crystallin can be
used to predict the effectiveness of treatment. Studies have demonstrated that the aB-
crystallin is implicated in the resistance to conventional cancer treatments. For instance, aB-
crystallin correlated with resistance to neoadjuvant chemotherapy in triple negative breast
cancer (lvanov et al. 2008). Furthermore, radiotherapy may increase the expression of aB-
crystallin since one study using gene expression profiling data in radiation induced tumour
cells showed upregulation of aB-crystallin (Bang et al. 2016). Additionally, it was suggested
that aB-crystallin may contribute to resistance to combined preoperative trastuzumab and
vinorelbine in HER2 positive breast cancer (Harris et al. 2007). Importantly, it has been

suggested that aB-crystallin may contribute to the resistance against anti-VEGF therapy. The
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mechanism proposed in this case is that the endothelial cells in the tumour microenvironment
upregulate aB-crystallin to protect intracrine VEGF and promote angiogenesis (Ruan et al.
2011). aB-crystallin is a chaperone that prevents the aggregation of misfolded or unfolded
proteins (Koletsa et al. 2014) and is considered as a key regulator of angiogenesis in tumour
tissue (Dimberg et al. 2008). Ruan et al demonstrated that tumours do not depend only on
the paracrine mode to stimulate angiogenesis and tumour growth. Initially the tumour cells
can stimulate the vasculature in the microenvironment via the paracrine mode, through
production of VEGF and other pro-angiogenic growth factors, but in turn, endothelial cells
may also produce and release VEGF that can activate their own growth and that of adjacent
tumour cells. In the Ruan et al study, aB-crystallin was induced in the endothelial cells by co-
culture with TNBC cell lines and then it was further upregulated by anti-VEGF therapy,
suggesting that the endothelial cells upregulated aB-crystallin to protect intacrine VEGF
activity. While anti-VEGF treatments like bevacizumab are designed to act against secreted
VEGF, intracrine VEGF is protected and can support the endothelial cells in the tumour. Taken
together, the upregulation of aB-crystallin by endothelial cells following anti-VEGF treatment
or other stress stimuli may represent a resistance mechanism (Ruan et al. 2011). The role of
aB-crystallin in the resistance to anti-VEGF therapy has also been studied using sorafenib
(Huang et al. 2013). Ectopic expression of aB-crystallin in HCC activated ERK phosphorylation,
inducing EMT in HCC cells, which developed resistance to sorafenib. In fact, aB-crystallin
formed a complex with 14-3-3f that prevented its degradation. This complex is thought to
activate the ERK pathway which in turn promoted the survival and invasiveness of HCC cells
and contributed to the resistance to sorafenib (Huang et al. 2013). Thus, aB-crystallin may be
considered as a therapeutic target for cancers in which aB-crystallin is upregulated and

potentially promotes their progression.

1.16 Targeting aB-crystallin

Several studies have demonstrated that aB-crystallin predicts a poor survival in multiple
cancer types. Importantly, aB-crystallin may impair the activity of anti-angiogenesis drugs.
Targeting aB-crystallin has been a focus of several studies. As previously discussed, aB-
crystallin stabilizes and prevents the aggregation of intracrine VEGF under stress or after anti-
VEGF treatment, potentially inducing the resistance to anti-VEGF inhibitors such as

bevacizumab. Subsequently, targeting the interaction between aB-crystallin and VEGF may
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lead to down-regulation of intracrine VEGF, hence increasing the sensitivity to anti-VEGF
treatment. Chen et al studied the possibility of disrupting t this interaction in TNBC cells
through identifying NCI-41356 as a small molecule inhibitor of VEGF/aB-crystallin interactions.
The results revealed that NCI-41356 decreased VEGF levels and inhibited the proliferation and
invasion of TNBC cells. NCI-41356 also decreased angiogenesis related responses in
endothelial cells that were co-cultured with TNBC cells (MDA-MB-231). Moreover,
administration of NCI-41356 in a breast cancer xenograft model resulted in a significant
regression of tumour growth and angiogenesis (Chen et al. 2014). Furthermore, a more recent
study developed purine-based agents to reduce the interaction between VEGF and aB-
crystallin (Fosu-Mensah et al. 2019). These compounds have been evaluated in cell viability
assays using TNBC cell lines and their efficacy to disrupt the interaction between aB-crystallin
and VEGF was determined. Results showed a significant reduction in the viability of TNBC cell
lines and a decrease in the amount of VEGF secreted by the cells by 40% (Fosu-Mensah et al.
2019). Although these studies achieved a significant goal of targeting the interaction between
VEGF and aB-crystallin, further studies are needed to determine the mechanisms of this

interaction.

1.17 Study rationale

Antiangiogenic therapy has been used in the clinic for several cancer types. However, these
treatments fail to give prolonged benefits. Most patients experience tumour regrowth after
treatment, and in some cases their tumours progressed in an aggressive manner. Different
modes of resistance to anti-VEGF treatments have been identified by multiple studies. It is
widely known that aB-crystallin is overexpressed in multiple cancer types including metastatic
breast cancer subtypes. It interferes with several signalling pathways, contributes to the
progression of breast cancer, and is associated with poor prognostic factors. There are several
studies that suggest possible mechanisms whereby aB-crystallin prevents apoptosis,
enhances tumour cell survival, and promotes metastasis. Moreover, aB-crystallin confers
resistance to chemotherapy and there are two studies suggesting that it also contributes to
resistance to anti-VEGF treatment (Ruan et al. 2011, Huang et al. 2013). aB-crystallin is a
chaperone molecule that binds to misfolded proteins and prevents their degradation under
cellular stress. Importantly, aB-crystallin binds to intracrine VEGF and enhances its stability

and may therefore contribute to the resistance to anti-VEGF drugs. Disrupting the interaction
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between aB-crystallin and VEGF represents a promising target and has resulted in a significant
decrease in angiogenesis in a breast cancer tumour model (Chen et al. 2014). Nevertheless,
more research is needed in order to identify the mechanisms that are involved in the aB-
crystallin-VEGF interaction. Targeting these mechanisms may improve the outcome of anti-

VEGF therapies.

1.18 Hypothesis

aB-crystallin protects VEGF from degradation and increases its secretion, hence contributes
to resistance to anti-VEGF therapies in breast cancer. This hypothesis will be investigated

throughout this study.

1.19 Aim of the study

= To investigate the effect of aB-crystallin overexpression on cell proliferation,
response to a chemotherapeutic agent (doxorubicin) and on the
production/secretion of VEGF in TNBC cells (Chapter 3)

* To investigate the effect of aB-crystallin knockdown in TNBC cells on the
production/secretion of VEGF (Chapter 4).

= To determine the effect of conditioned media from TNBC cells with different
levels of aB-crystallin on endothelial cells response in terms of expression of aB-
crystallin and their migration (Chapter 5).

= To assess of the efficacy of bevacizumab, doxorubicin and the combination of both
drugs on the growth and vasculature of high versus null aB-crystallin in xenograft

breast cancer models (Chapter 6).
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Chapter2 Materials and Methods

A list of reagents and suppliers can be found in the Appendix.

2.1 Cell lines & Cell culture

2.1.1 Cell culture

Cell culture refers to cell growth under control conditions, generally outside their natural
environment. There are two types of cultures; primary cell culture, which represents cells that
are derived directly from living tissues, and secondary cell culture that are derived from a cell
line or cell strain that has already been established. The cells in primary cell culture have finite
life spans this is because they lack the interactions with the local environment that are
essential for long-term survival, including tissue hierarchy and renewal of differentiated cells
through stem cell signalling, whereas cell lines have been immortalised and no longer need

these interactions to survive.

2.1.2 Cell lines
MDA-MB-468 is a breast cancer cell line derived from a pleural effusion of a 51-year-old black

woman with metastatic breast adenocarcinoma.

MDA-MB-231 is a breast carcinoma cell line that was derived from a pleural effusion of a 51-

year-old Caucasian female with a metastatic mammary adenocarcinoma.

Both MDA-MB-468 and MDA-MB-231 are classified as TNBC cell lines as they lack oestrogen
receptor (ER) and progesterone receptor (PR) expression, as well as HER2. Cells were stored

in liquid nitrogen and used from passage P2 to P20 after thawing.

Primary Human Dermal Blood Endothelial Cells (HDBECs) are a subpopulation of the Human
Dermal Endothelial Cells, isolated from the dermis of juvenile foreskin or adult skin (different

locations) from a single donor. Cells were not used beyond passage 7 (P7).

All cells used in this study were purchased new and authenticated by their supplier.
Mycoplasma testing was carried out monthly in the department. Cell lines used during this
study and the composition of the media required for standard subculture are detailed in Table

2.1.
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Table 2-1 Cell lines and their culture medium requirements

Cell type Source Culture media

MDA-MB-468 (ATCC® HTB-132™) 500 ml| DMEM-Dulbecco's
Modified Eagle Medium
(Lonza; BE12-741F)

10% Fetal Bovine Serum
(FBS) (Gibco; 10270-106),

2 mM Glutamine (Lonza;
BE17-605E)

100 pg /ml Streptomycin

100 U/ml Penicillin (Lonza;
DE17-603E)

MDA-MB-231 (ATCC® HTB-26™) 500 ml DMEM-Dulbecco's
Modified Eagle Medium
(Lonza; BE12-741F)

10% Fetal Bovine Serum
(FBS) (Gibco; 10270-106),

2 mM Glutamine (Lonza;
BE17-605E)
100 pg /ml Streptomycin

100 U/ml Penicillin (Lonza;

DE17-603E
Primary Human Dermal | PromoCell, C-12211 500 ml Endothelial Cell
Blood Endothelial  Cells Growth Medium MV.

(HDBEC)
0.05 ml / ml Fetal Calf Serum

0.004 ml / ml Endothelial
Cell Growth Supplement

10 ng / ml Epidermal Growth
Factor (recombinant human)

90 pg / ml Heparin

1 pg / ml Hydrocortisone
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2.1.3 Cell subculture

Subculture of cell lines was performed when the cell lines covered 80% of the growth surface
area. Medium, PBS and Trypsin EDTA were all pre-warmed in a 37°C water bath for at least
30 minutes. Medium was removed from the flask and the cell monolayer was gently washed
with 10 ml 1X PBS twice to remove excess serum as well as magnesium and calcium ions that
aid cell adhesion. 0.25% trypsin (1 ml per 25 cm? of surface area) was added to the flask and
then incubated for 1-2 min to promote the detachment of the cells. Trypsin is a proteolytic
enzyme that should not be incubated with cells for a long time as it can cause damage. The
cells were checked under the microscope and when detached from the flask surface, trypsin
was then neutralised by serum-containing medium to stop the function of trypsin. The cell
suspension was centrifuged at 1000 rpm for 5 minutes, the supernatant was discarded, and
the cell pellet was resuspended in an appropriate volume of medium, depending on the

desired cell density.

2.2 Cell counting

Cell counting is a fundamental step in cell culture through which the cell density is calculated.
A glass haemocytometer is used to count the number of cells, and the total number of viable
cells can be determined using a 1:2 ratio of trypan blue dye (which is excluded by viable cells
but taken up by dead cells). The sample was prepared by mixing 100 pl of cell suspension and
100 pl of trypan blue dye. The mixture was then loaded in the space between the glass slide
and the haemocytometer. The viable cells were observed under the microscope and counted
in four large corner squares (1 mm? each) (Figure 2.1). Using the calculation below, cell

concentration (number of cells per ml) can be established.

Cell concentration = Total number of cells/ number of squares x 10* x dilution factor.
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1

Figure 2.1 The haemocytometer four chambers as seen under the
microscope. The cells are counted in four large corner squares

2.3 Freezing cell lines

Cell lines were frozen for long term storage enabling subsequent use of low passage aliquots.
Cells were trypsinised and collected in a medium containing serum to neutralise trypsin, as
described in section 2.1.3. The cells were syringed gently with a 27-gauge needle to dissociate
the cell clumps and counted as explained in section 2.2. Once counted, cells were centrifuged
and resuspended at 1000,000 cells/ml in a solution of complete medium/ 10% Dimethyl
sulfoxide (DMSO). The cell suspension was divided into 1 ml aliquots in Stardstedt cyrovials
and immediately placed in a “Mr Frosty” freezing container and stored at -80 °C overnight.

The following day cryovials were transferred into liquid nitrogen for permanent storage.

2.4 Exposure of cells to heat shock and hypoxia.

aB-crystallin is one of the heat shock proteins that is induced in response to stress. To see the
effect of heat shock on the induction of aB-crystallin, cells were exposed to 42°C in a 5% CO;
humidified incubator. For studying hypoxia, cells were placed in a humidified hypoxia
chamber (Whitley H35 Hypoxyastation) set to of 0.1 % O,. In parallel, control cultures were

left in a normal humidified 37°C incubator.
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2.5 Generation of cell-lines over expressing aB-crystallin.

Generation of aB-crystallin expressing cell lines was performed using plasmid DNA
containing the CRYAB cDNA sequence (full sequence in the appendix). Stable transfection of
CRYAB was performed into MDA-MB-231 cells which do not express this protein (see section
3.3.1). G418 is an analogue of neomycin and can be used as a selection factor by introducing
the neomycin resistance gene (Neor) inside the plasmid (Figure 2.2). Therefore, this gene
confers G418 resistance and only the cells that expressed the plasmid will survive, while the
other cells will eventually die following treatment with the G418. Prior to transfecting MDA-
MB-231 cells, a G418 dose response experiment was carried out to establish the lowest
concentration of G418 antibiotic that killed all un-transfected cells (section 2.5.1). This
concentration was subsequently used to isolate MDA-MB-231 cells that had successfully

been transfected with the plasmid DNA before cloning.

T7 Promoter
cmv

promoter /
SV40 ori Safl

mcs |4
pCMV6-Kan/Neo ! | ::,cnl|
4.9 kb PolyA | Rsrll
signal EcoR|
Not |
Xbal

Kan/Neo'

Xho
ColE1
gsleK y Hind Il
oly

Figure 2.2 The cloning vector PCMV6-Kan/Neo of CRYAB. The multiple cloning site (MCS)
within this plasmid contains CRYAB cDNA with restriction enzymes that are specific for the
gene sequences in MCS, the CMV promoter consensus sequence drive protein expression in
mammalian cells and an antibiotic selection cassette (Neor) which confers resistance to
neomycin analogues in mammalian cells.
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2.5.1 Generating G418 kill curves

MDA-MB-231 cells were seeded into 24 well plates at a density of 50,000 per well in 1 ml
full growth medium. 24 h after plating, the full growth medium was replaced with medium
containing G418 at concentrations between 100 to 1000 pg/ml. The control contained only
full growth medium without G418. The cells were observed daily under the microscope. The
lowest concentration of G418 that killed all the cells after two weeks of culture was used for

determining successful transfection of cells in subsequent experiments.

2.5.2 Transfection efficiency using GFP plasmid DNA.

In order to check the efficiency of transfection in MDA-MB-231 cells, a GFP plasmid was used
since the CRYAB plasmid did not express GFP or a similar reporter. The cells were seeded into
12 well plates at a density of 50,000 /well. On the following day, the medium was removed
from all wells and was replaced with 1 ml of DMEM/ 10% FCS medium without antibiotics.
The plate was placed in the incubator while the transfection mixture was being prepared.
TranslIT-X2 was used as the transfection reagent. 150 ul of 1X Optimem medium (reduced
serum and antibiotic free medium) was added to each of 8 sterile Eppendorf tubes. 1 ug of
GFP plasmid DNA was added to two tubes. Transfection reagent was added to three different
tubes. Each tube containing plasmid DNA was then mixed with a tube containing transfection
reagent. The third tube of transfection reagent was mixed with a tube containing Optimen
alone to act as a test for transfection reagent toxicity. Finally, the two tubes containing only
Optimem were mixed together, and this was used as control. Table 2.2 details the transfection
procedure. All tubes were incubated for 20 min at room temperature to allow complexes of
DNA and transfection reagent to form. After 20 min, each transfection mixture or control was
added dropwise to a well containing cells. The plate was incubated overnight at 37°C. On the
following day, the cells were observed under a fluorescence microscope. Presence of green

cells indicated that the cells were effectively transfected and GFP was expressed.
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Table 2-2 Transfection parameters for determining the efficiency of TransIT-X transfection
reagent of MDA-MB-231 cells.

Tube Number 1 2 3 4
. 150 | 150 150 150
Optimem
pl ul ul pl
GFP DNA 1 1 i i
plasmid HE | “HE
Tube Number 5 6 7 8
. 150 | 150 150 150
Optimem
pl ul ul ul
TransIT-X2 3wl [ 3ul 3ul -

2.5.3 Transfection using CRYAB plasmid DNA.

After the transfection efficiency was checked, MDA-MB-231 cells were transfected using the
CRYAB plasmid. The cells were plated at a density of 50,000/well in 1 ml medium in a 12 well
plate. The following day, the transfection mixture was prepared using 1 ug of CRYAB plasmid
mixed with 3 pl of TransIT-X2. This mixture was applied to two wells. One well was used as a
control in which only 3 ul of TransIT-X2 was added. The day after transfection, the medium
was replaced with medium containing 750 pug/ml G418 which was the lowest concentration
established to kill all the untransfected MDA-MB-213 cells. The medium was replaced every
two days and the cells were checked regularly for any colonies produced. Once colonies were
established, these were expanded, and the cells were screened by western blot for aB-

crystallin expression.

2.5.4 Cell cloning

The MDA-MB-231 transfected cells that were established were expanded and frozen down as
polyclonal lines. The transfected cells are heterogeneous in the amount of transgene. An
increasing number of passages may lead to a reduction in the transgene expression overtime.
Therefore, isolating a monoclonal cell population was undertaken using the limited dilution

technique.

2.5.5 Methods for cloning MDA-MB-231 CRYAB transfected cells

A new vial of MDA-MB-231 CRYAB transfected cells was thawed and tested by western blot
for aB-crystallin expression. If the cells were positive for aB-crystallin, they were used for
cloning. Highly diluted cell suspensions were prepared to minimize the likelihood of having

more than one cell per well. Therefore, when a cell formed a colony in the well, this would
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have arisen from one cell and therefore could be considered as a monoclonal population. The
cell suspensions were prepared after the cells were counted twice using the hemocytometer.
The volume of suspension that was plated in each well was more likely to have one cell. In
order to account for possible errors in the initial counting or plating efficiency, the cell
suspensions that were prepared would give two cells per well, one cell per well and 0.5 cell
per well. To do that, cells were trypsinised and counted accurately two times. Thereafter,
serial dilutions of the cell suspension were prepared. The medium used was the G418 medium
to maintain the selection of transfected cells. The cell suspensions were used to prepare one
plate at 10 cells/ml cell density, one plate at 5 cells/ml cell density and one plate at 2.5 cells/ml
cell density. Then, 200 ul of cell suspension was added into each well. The plates then were
placed inside a 37 °C incubator. The plates were observed under the microscope after eight
days to detect single colonies in the individual wells. The plates were left in the incubator until
the grown colonies became confluent. Wells containing one single colony were marked and
allowed to become confluent. The confluent colonies then were trypsinised and divided
between two 12 well plates. One plate was used for culturing and expanding the cells. The
other plate was used to extract the protein for analysis by western blot. The cells that are

positive for aB-crystallin were expanded and frozen down.

2.6 Alamar blue viability assay

Alamar blue (resazurin) is a reagent used to monitor the activity of living cells to reduce the
resazurin (blue) into the reduced form resorufin (pink). It quantitatively measures the viability
of cell lines and helps determine the toxicity of novel agents (Al-Nasiry et al. 2007). The
reduced form (resorufin) that is produced is pink and highly fluorescent, so the intensity of
fluorescence produced is proportional to the number of living cells (Al-Nasiry et al. 2007).
Cells were plated in 96 well plates. 10,000 cells/well were plated in 150 pl medium. The cells
were allowed to adhere overnight. On the following day, the cells were treated with
doxorubicin at different concentrations. The cells were incubated with drug for 48 h after
which 20 ul of alamar blue (Thermo scientific, 88951) was added to each well and incubated
with the cells for 24 h. The absorbance was measured at wavelengths of 570 nm and 600 nm.
The percent difference in alamar blue reduction between treated and control cells was

measured as follows (as provided from the manufacturer) (Thermo scientific, 88951)

Percentage difference between treated and control cells:
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=(02xA1)-(01xA2)/(02xP1)-(01xP2)x100

Where:

01 = molar extinction coefficient (E) of oxidized alamar blue at 570 nm (80586)
02 = E of oxidized alamar blue at 600 nm (117216)

Al = absorbance of test wells at 570 nm

A2 = absorbance of test wells at 600 nm

P1 = absorbance of positive growth control well (cells plus alamar blue but no test agent) at

570 nm

P2 = absorbance of positive growth control well (cells plus alamar blue but no test agent) at

600 nm

2.7 Determining The IC50 of doxorubicin in MDA-MB231/WT and MDA-MB-231/CRYAB

Cell viability was measured by directly counting the cells after treatment with doxorubicin.
This was done to determine the IC50 of doxorubicin in MDA-MB-231/WT and MDA-MB-
231/CRYAB. The cells were plated at a density of 50,000 cells/well in 6-well plates. After 48
h, the cells were treated with different concentrations of doxorubicin. After 24 h, the cells
were trypsinised and counted using a hemocytometer. The IC50 was determined using
GraphPad prism software 8.0.2. First, the mean values of viable cells were normalised to
percentages; the largest mean is defined as 100% viable cells and the lowest mean was
defined as 0% viable cells. From the nonlinear regression dialog, inhibitor vs. normalised

response -- variable slope model was used to obtain the IC50.

2.8 Doubling times and growth curves

The growth rate of MB-MDA-231/WT and MB-MDA-231/CRYAB overexpressing cells was
measured by counting the cells every day for four days. MB-MDA-231/WT and MB-MDA-
231/CRYAB were plated at a cell density of 50,000 cells/well in 6-well plates and incubated at
37°C, 5% CO,. At 24, 48, 72 and 96 hours after plating, cells from three wells per cell line were
trypsinised, centrifuged at 1000 rpm for 5 min and the cell pellet resuspended in complete

media. Viable cells were counted using the TC20 Automated Cell Counter. Doubling times
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were calculated by plotting the log 2 of initial average end-point cell number/initial cell

number (N/NO) and calculating the inverse slope at the linear part of the curve.

2.9 Short interfering RNA (siRNA) lipofection of MB-MDA-468 cells

The protein knockdown was carried out using the small interfering RNA (siRNA) technique.
The synthetic double-strand RNA small fragments cause transient strong inhibition of
targeted gene expression, resulting in suppression of protein production. CRYAB targeted
siRNA transfection was carried out in CRYAB expressing MB-MDA-468 cells to further

elucidate its role in breast cancer cells.

2.9.1 Lipid transfection

Lipid transfection, also known as lipofection or liposome-based transfection helps the
delivery of genetic materials into cells. The lipid transfection uses a positively charged
molecule called liposome that fuses with genetic materials to form a transfection complex.
The complex then via the process of endocytosis passes the negatively charged cell

membrane and travels to the nucleus.

2.9.2 siRNA transfection of MB-MDA-468 cells

MB-MDA-468 cells were plated at a density of 350,000 cells/well in 6-well plates in
antibiotic-free full media and incubated at 37°C, 5% CO; incubator overnight. After 24 h, 6 pl
of Lipofectamine RNAIMAX transfection reagent (Thermo fisher, 13778150) was mixed with
150 pl of serum- free medium (SFM) for each well. Individual siRNAs or scrambled negative
control siRNA duplex (see the duplex sequences in the appendix) were mixed with 150 pl
SFM to give a final concentration of 10 nM per well, i.e. 1.15 pl of 20 uM siRNA per well. The
diluted RNAIMAX was then combined with the siRNA mixture and incubated for 20 min
before being added to the cells. Plates were rocked gently to mix and returned to the
incubator. At 48 to 96 h post transfection cells were lysed with 1X RIPA lysis buffer, spun
down at 13,000 rpm for 10 min and the supernatant was collected and stored at 80°C for

analysis by western blot to check the efficacy of aB-crystallin knockdown.

57



2.10 Flow cytometry analysis for cell viability using TOPRO3 and Annexin V

Flow cytometry is a powerful tool that is used to detect and measure specific populations of
cells in a heterogenous sample based on their size, complexity, or fluorescence. Briefly, single
cells pass through a laser beam or light source that leads to the production of light scatter or
fluorescent light signals. The light signals are then converted by photo-multiplying tubes

(PMTs), which is then processed to give a numerical signal.

2.10.1 Flow cytometry to detect apoptotic cells.

Annexin V and TOPRO3 were used as indicators of apoptotic cells. Annexin V binds to
phosphatidylserine when it is translocated to the outer cell membrane during apoptosis (Van
Engeland et al. 1998). TOPRO3 is a nucleic acid dye that is impermeable to live cells but
penetrates compromised membranes characteristic of dead cells. Detection of apoptosis
following treatment with doxorubicin was carried out by flow cytometry using Annexin V and
TOPRP3. MDA-MB-231/WT and MDA-MB-231/CRYAB transfected cells were plated at a
density of 50,000 cells/well in 6-well plates. After 48 h, the cells were treated with different
concentrations of doxorubicin. The cells were incubated with the drug for 24 and 48 h,
respectively. Media was aspirated from the wells and the cells were washed twice with 1 ml
1X PBS per well. The cells were harvested with 200 pl of 0.25% trypsin, and 800 ul of full
medium was added to neutralise the trypsin reaction. All the media and washes were
collected. The cells were spun down at 1100 rpm for 5 min before being resuspended in 250
pl of Annexin binding buffer. 1:50 of Annexin V was added to 5 mL round-bottomed
polystyrene tubes and the samples were then added. The cells were vortexed and left for 10
min for Annexin V to bind. 5 pl of TOPRO 3 was added to the samples and the samples were
run on the LSRII flow cytometer. Untreated cells were used as a control to adjust the voltage
and amp gain and ensure that the cell population was visible on the SSC/FSC plot. A gate was
drawn round the main cell population of the SSC/FSC plot to exclude debris from being
analysed. Annexin V positive cells were detected by blue 530-30A channel, while TOPRO3
positive cells were detected by red 660-20-A channel. A gate was drawn to distinguish
between viable cells (Q1), necrotic cells (Q3), early apoptotic cells (Q1) and late apoptosis (Q2)
(Figure 2.3). Apoptosis percentage was calculated by adding the percentage of early and late

apoptosis percentages. The data was analysed by FlowJo V10. 7.1 software.
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Figure 2.3 Gating strategy for apoptosis analysis. A) The first gate made around single cell
populations of the SSC/FSC plot to exclude debris. B) Annexin V positive cells were detected
by blue 530-30A channel, whereas TOPRO3 positive cells were detected by red 660-20-A
channel. The gate was drawn to distinguish between viable cells (Q4), necrotic cells (Q3), early
apoptotic cells (Q1) and late apoptosis (Q2). Apoptosis percentage was calculated by adding
the percentage of early and late apoptosis percentages.
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2.11 Co-culture model between aB-crystallin-expressing breast cancer cells and
endothelial cells

Paracrine interactions between breast cancer cells with different levels of aB-crystallin on
endothelial cell (HDBEC) response was assessed after incubation with conditioned media from
breast cancer cells, followed by studying endothelial expression of aB-crystallin by western

blot and migration ability by wound healing assays.

2.11.1 Preparation of conditioned media for co-culture experiments

MDA-MB-231/WT, MDA-MB-468 and MDA-MB-231/CRYAB cells were plated at a density of
2x10°cells in T75 flasks in DMEM complete media for 48 h. After 48 h, when they reached 80%
confluence, they were washed with serum-free endothelial cell growth medium MV to
remove any residual serum, and then 15 ml of serum-free endothelial cell growth medium
was added to the flasks. The conditioned media were collected after 48 h and spun down at
3000 rpm for 10 min to remove cell debris. The conditioned media were aliquoted and stored

at 80 °C until used in the subsequent experiments.

2.11.2 Testing the expression of aB-crystallin in endothelial cells in co-culture with breast
cancer cells

HDBEC were plated at a density of 96,000 cells per well in 6-well plates in a complete
endothelial cell growth medium MV and allowed to grow for 48 h. Cells were then incubated
with 50% complete endothelial cell growth medium MV media and 50% conditioned media
prepared as described previously (Section 2.11.1). As a control, the cells were incubated with
50% complete growth media and 50% serum-free media which had not been in contact with
breast cancer cells. After 48 h, the cells were lysed and spun down at 13,000 rpm for 10 min.

The supernatant was collected and tested by western blot for aB-crystallin expression.

2.11.3 Wound healing assay

Two-well silicone cell culture inserts were placed centrally in the wells of a 12-well cell culture
dish (1 insert per well, 3 wells per cell line). A suspension of 500,000 HDBECs per ml was
prepared and 70 pl of this suspension was plated per well. Cells were incubated for 24 h
before the cell culture inserts were removed to leave a gap/wound of 500 um for cells to
migrate across. Each well then was filled with 50% complete endothelial cell growth medium

MV media and 50% conditioned media prepared as described above. As a control, the cells
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were incubated with half complete growth media and half serum-free media which has not
been in contact with breast cancer cells. Six images of each well were taken immediately after
creating the wound and then again at intervals from 4 to 24 hours. Images were taken with a
10X objective phase contrast camera using the EVOS® Cell Imaging System. Image J was used
to calculate the remaining open area in pixels. The percentage of the closed area was

calculated using the following equation:

Wound closure (%) = (Area of initial scratch - Area of scratch at 4, 8 or 24h) x 100

Area of initial scratch

These steps were repeated for each experiment for endothelial cells incubated with

conditioned media from MB-MDA-231/WT, MB-MDA-468 and MB-MDA-231/CRYAB cells.

2.12 Western Blotting

Western blotting is an analytical technique that can be used to identify the presence and
relative levels of expression of desired proteins from a cell/tissue lysate. This is achieved by
preparing a cell extract in an appropriate sample lysis buffer and loading a sample into a
polymerised polyacrylamide gel and the protein is separated based on their molecular
weight. The sample buffer contains sodium dodecyl sulphate (SDS) detergent which is
negatively charged and coats the proteins. An electric current is applied to enhance the
movement of the proteins according to their molecular size before being transferred to a
membrane and detected with a specific antibody to the protein of interest. Proteins are
then visualised using a range of different detection methods. One of the most widely
employed, and the one used here, is chemiluminescence detection. The density of the band

is calculated and used to determine the amount of protein present in the samples.

2.12.1 Protein extraction from cells
Cells were lysed and harvested in one of two different lysis buffers, depending on whether

protein quantification was required or not:

1- 1X NuPAGE LDS sample buffer consisted of Coomassie G250 and phenol red dyes
with 0.1M dithiothreitol (DTT). The buffer mixed with protease inhibitor cocktail diluted at
1:100. Cell lysates were heated at 70°C for 10 min before being passed through a 27G x 3/4”
microlance needle and stored at -20°C. Proteins extracted in this buffer were analysed
without quantification.
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2- RIPA lysis buffer consisted of 250 mM Tris-HCIl, 5 mM EDTA, 750 mM NacCl, SDS (0.5%
Lauryl sulfate, sodium salt in deionized water), DOC (2.5% Deoxycholic acid, sodium salt in
deionized water), and Igepal CA-630 (5% Igepal CA-630 in deionized water). These
components were mixed together equally with protease inhibitor cocktail diluted at 1:100.
Cell lysates were incubated with lysis buffer for 10 min on ice before being spun down at
13,000 rpm for 10 min at 4 °C centrifuge. The supernatant was collected and stored at — 80

°C.

2.12.2 Protein quantification

Bicinchoninic acid assay (BCA) is colorimetric assay used to quantify protein concentration in
a test sample. This was used to ensure equal loading of proteins onto the gels. The BCA
Assay combines the well-known reduction of Cu2+ to Cul+ by protein in an alkaline medium
with the highly sensitive and selective colorimetric detection of the cuprous cation (Cul+) by
bicinchoninic acid). The principle of this technique involves two steps, starting with
reduction of Cu2+ to Cul+ by protein in an alkaline medium, this reaction forms a light blue
complex. In the second step, the chelation of two molecules of BCA with one cuprous
molecule results in purple-coloured reaction. The BCA/copper complex is water soluble and
emits a strong absorbance at 562 nm. By creating a standard curve, the protein
concentration of an unknown sample can be estimated by the equation of a straight line

(y=mx+c).

2.12.3 Preparation of polyacrylamide gels

The molecular weight of the desired protein to be separated and detected by electrophoresis,
determines the percentage of polyacrylamide gel that needs to be prepared. As the molecular
size of the protein decreases, the percentage of gel should be increased. For example, smaller
proteins (<20 kDa in size) are best resolved using a high percentage gel (=12%) as the higher
density of the gel matrix will stop the proteins from migrating too fast during electrophoresis
and aid with separation. A high molecular weight protein will separate properly with a small
percentage gel (<8%) that gives a gel mixture that has larger pores. For example, for the
separation of a B-crystallin which has a molecular weight around 20 kDa, 10% polyacrylamide

gels were prepared as detailed in table 2.3. The 10% ammonium persulphate (APS) and

62



tetramethylethylenediamine (TEMED) solutions were both added last as they are the
responsible for the polymerisation of acrylamide. The gel mixture then was poured into 1.5
mm gel cassettes, which were used for the gel casting, in order to fill approximately 2/3 of
the cassette. Isopropanol was gently layered onto the surface of the gel to aid complete
polymerisation and ensure a smooth, level edge was obtained. Gels were allowed to set for
30 minutes at RT. After setting, the isopropanol was gently rinsed away with water, excess
water was then blotted off. The 4% stacking gel was prepared according to table 2.3, by
adding 10% APS and TEMED just prior to pouring. The stacking gel was then poured over the
polymerised resolving gel. Sample wells were formed using a 10 well comb fitted onto the
cassettes. The gel was allowed to set for 30 minutes. The gel was used immediately for protein
separation. In addition, 10% precast polyacrylamide gels were also used in some experiments.
Table 2-3 Polyacrylamide gel composites. Volumes of gel composites for casting 10%

polyacrylamide gel. Volumes are also shown for the 4% stacking gel. Volumes are shown
per gel.

Gel composition Resolving gel 10% Stacking gel (4%)
Protogel 30% (National

Diagnostics; EC-890) 3.3ml 14 ml
Distilled Water 4.1 ml 6.1 ml
10% Glycerol 100 ul 50 pl
Resolving Buffer x4

(National Diagnostics; 2.5 ml -
EC-892)

Stacking Gel Buffer x4

(National Diagnostics; - 2.5ml
EC-893

10% APS (Sigma; A3678) 50 pl 50 pl
TEMED (Invitrogen;

15524-010) > 0w

2.12.4 Electrophoresis of protein samples

After the stacking gel was polymerised, the comb was removed gently and the gel was washed
with distilled water to remove any unpolymerised traces. The cassette(s) and tank were
assembled, and the inner chamber of the tank was completely filled with 1x Tris-Glycine-SDS
running buffer (Table 2.4) whilst the outer chamber was only filled to 1/3 of its total volume.
Protein samples were re-heated at 95°C for 5 min in the heating block to denature the

proteins, allowing separation of the individual protein. 20 pg of the protein in 20 ul total
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volume was pipetted into the middle wells of the gel. Molecular weight marker (Precision Plus
Protein Dual Color Standards, 25 and 75 kD) was loaded at a volume of 5-10 ul per well. The
gel tank was connected to an electrophoresis power supply (Pharmacia Biotech EPS601) and
run at 150V (constant voltage) until the bromophenol blue tracking dye had reached the

bottom of the gel. This took approximately 50-60 minutes.

2.12.5 Electrophoretic transfer of proteins onto nitrocellulose membrane

The gel was removed from the cassette and the stacking gel was cut from the resolving gel.
The gel was immersed in cold 1x transfer buffer (Table 2.4) along with 2 pieces of blotting
paper per gel. In addition, a piece of nitrocellulose membrane was cut to size and placed in
1x transfer buffer solution. A nitrocellulose membrane was placed on the top of the blotting
paper. The gel was laid on the top of the membrane and the sandwich was completed with
the second piece of blotting paper. The transfer was performed using the Biorad Trans-blot
Turbo on a pre-programmed setting, up to 25V and 1A, for 30 minutes.

Table 2-4 Western blot buffers. Table showing components of running and transfer buffers
used in western blotting experiments.

. . 1x Running 1x Transfer

Western blotting Buffer Composites Buffer Buffer

Tris Glycine SDS PAGE Buffer 10x (National 100ml i
Diagnostics; EC-870)

Tris Glycine Electroblotting Buffer 10x (National i 100ml
Diagnostics; EC-880)

Distilled Water 900ml 700ml
Methanol - 200m

2.12.6 Antibody incubations

Once the electrophoretic transfer was completed, the membrane was placed immediately,
protein side up, in a blocking solution (Table 2.5) and the membrane was incubated for 1 h at
room temperature on an orbital shaker. During the blocking stage, the antibodies were made
up at the required dilution (Table 2.5). At the end of the incubation period, the blocking buffer
was replaced, and the membrane was incubated with diluted primary antibody overnight at
4°C. The membrane then was washed with the TBS-T for 15 minutes, followed by a series of
4 x 5 minutes washes. In order to avoid damaging the membrane, the washing buffer was not

poured directly onto the membrane. The membrane was then incubated with secondary
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antibody. The incubation period for the secondary antibody was 1h at RT on the orbital shaker.
The membrane was washed in PBST buffer for 15 minutes, followed by 4 x 5 minutes washes.

The membrane was then ready for chemiluminescent detection of the desired protein.

Table 2-5 Antibodies used for western blotting.

Primary Dilution Blocking Secondary Supplier

antibodies solution antibodies

aB-crystallin 1:1000 5% non-fat Anti-mouse Santa Cruz,
dried milk in tris Biotechnology,
buffered saline 137129
0.1% tween-20
(TBST)

B-tubulin 1:3000 5% non-fat Anti-mouse Sigma,T40426
dried milk in
TBST

B -actin 1:2000 5% non-fat Anti-rabbit Cell
dried milk in signalling,4967
TBST

GAPDH 1:5000 5% non-fat Anti-mouse Proteintech,
dried milk in 60004-1-1g
TBST

2.12.7 Enhanced chemiluminescence (ECL) Detection

ECL reagents (Biological Industries; 20-500-500) A and B were mixed in equal quantities (3ml
of each solution). The mixture was applied to the membrane for three minutes after the
washing buffer was discarded. The reverse side of the membrane was dried using blotting
paper and covered with cling film. The membrane was placed inside the universal hood in
the dark room. The Chemidoc imaging system (Biorad) was used to detect the protein
bands. For detection of the bands, the plot chemi option was selected and densitometric
analysis of the protein bands was carried out using the ‘Lane and Bands’ analysis tool within

Image Lab™ (version 6). The software then determines the density of signal in each band.

2.13 Analysis of VEGF expression by enzyme-linked immunosorbent assay (ELISA)

ELISA is an analytical biochemical assay used to detect the presence and concentration of a
ligand in a sample. The assay was used to measure human VEGF in breast cancer cell lines,
following treatment with hypoxia (0.1% O;) or heat shock. In addition, human and mouse

VEGF was measured in the serum and tumour tissues from the mouse model after the
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treatment with the anti VEGF antibody (bevacizumab), the chemotherapeutic agent

(doxorubicin) or the combination of both agents.

2.13.1 Preparation of breast cancer cell conditioned media and cell lysates.

MDA-MB-231 cells were grown in 75 cm? flasks at a density of 2x108/flask or plated at a
density of 50,000 cells per well in 6-well plates for 48 h in full growth medium. After 48 h, the
medium was removed and cells were washed twice with serum free medium and then serum
free medium was added to cells. Cells were exposed for 24 h to either heat shock (42°C),
hypoxia (0.1 % O, 37°C) or normal oxygen at 37°C as a control as described in section 2.4.
Cells in hypoxia and heat shock were placed in the normal incubator at 37 °C for a further 24
h. Control cells were maintained at normal oxygen at 37°C. At the end of the conditioning
period, the medium was collected and spun down at 3000 rpm for 10 min. The conditioned
medium was aliquoted in 5 ml tubes and stored at -80°C prior to analysis by an ELISA assay.
The cells in each flask or well were trypsinised and counted, so the concentration of VEGF in
pg per 10° cells could be determined in the ELISA assay (see section 2.13.3). Cells were spun
down at 1000 rpm for 5 min and resuspended in 100 ul lysis buffer. The lysed cells were then
placed in Eppendorf tubes and spun down at 13,000 rpm for 10 min. The supernatant was

collected for VEGF analysis.

For collection of CM following aB-crystallin knockdown with siRNA, MB-MDA-468 cells were
plated at a density of 350,000 cells/well in full media in 6-well plates and incubated for 24 h.
After 24 h, aB-crystallin siRNA or scrambled sequence negative control siRNA were added to
cells (described in Section 2.9.2). After 48 h, the medium was removed, cells were washed
twice with serum free medium and 2 ml serum-free medium was then added and cells were
exposed to heat shock or hypoxia prior to collection of conditioned media and preparation of

cell lysates as described above for MDA-MB-231 cells.

2.13.2 Preparation of tumour tissues extracts and serum for ELISA analysis.

The mouse blood was allowed to clot for 2 hours at room temperature before being spun
down at 16,000 rpm for 10 min. The serum then aliquoted and stored in -80°C until used
undiluted in the ELISA assay. For protein extraction from tissues, small amounts of tumour
tissues were placed into tubes with 400 pl of 1X RIPPA lysis buffer and one protease inhibitor
tablet for each 10 ml of RIPPA lysis buffer. The tissues then placed inside metal bead mill tubes
and homogenised with the bead mill homogenizer. The homogenized tissues then were spun
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down at 13,000 rpm for 10 min. The supernatant was collected and the protein concentration
was measured by BCA assay. For the ELISA assay 0.5 ug/ul total protein was loaded per well

in a total volume of 100 pl .

2.13.3 Human VEGF ELISA assay

Human VEGF ELISA kit (Human VEGF Duoset ELISA, DY293B) was used to analyse human VEGF
in breast cancer cell lines, serum and tumour tissues. On the first day, the capture antibody
was diluted from the stock supplied in the kit (120 pg/ml) to 1 pug /ml. 100 ul of capture
antibody was then added to each well. The plate was sealed and was stored at RT overnight.
On the following day, the capture antibody was aspirated from all wells, and each well was
washed three times using 400 pl per well of X1 wash buffer. Reagent diluent supplied in the
kit was used as block solution after it was diluted 1:10 from the stock into the desired volume
using distilled water. The plate was blocked by adding 300 ul of diluted reagent diluent to
each well for 1 h. At the end of the blocking time, the reagent diluent was aspirated from all
wells, and all wells were washed three times with 400 ul wash buffer. A series of standards of
recombinant VEGF was prepared from 2000 pg/ml to 31 pg/ml. The dilutions were prepared
from a 120 ng/ml stock solution. 100 pl of standard or samples was added to the wells. The
plate was incubated for 2 hours at room temperature. The samples and standards were
aspirated from all wells and every well was washed three times using 400 pl of wash buffer
per well. The detection antibody was diluted from a 6000 ng/ml stock using reagent diluent
to a working concentration of 100 ng/ml. 100 pl of 100 ng/ml detection antibody was added
to each well and incubated for 2 hours at RT. The detection antibody was aspirated from all
wells, and each well was washed three times using 400 pul wash buffer per well. Streptavidin-
HRP was diluted by 40-fold using reagent diluent into the desired amount of solution and 100
ul of the solution was added to each well and incubated for 20 min at RT in the dark. At the
end of the incubation period, the HRP solution was aspirated from all wells and each well was
washed three times using 400 ul of wash buffer per well. Two colour reagents A and B were
mixed at equal volumes and 100 pl was added to each well and incubated for 20 min in the
dark. This solution was mixed just before use. 50 ul of stop solution was added to each well
and mixed gently. The absorbance then was read at 450 nm and 540 nm for background
correction. The concentration of unknown VEGF in each sample was calculated from the

standard curve of known concentrations and expressed as pg/ml.
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2.13.4 Mouse VEGF ELISA assay

Mouse VEGF was measured in mouse serum by ELISA (R&D systems, MMVOQ0O0) to assess the
inhibitory effect of bevacizumab on mouse VEGF concentrations in the in vivo experiments. A
polyclonal antibody specific for mouse VEGF was pre-coated onto a microplate. 50 ul of 1X
assay diluent was added to each well. A series of standards of recombinant VEGF was
prepared from 500 pg/ml to 7.8 pg/ml. The dilutions were prepared from the stock solution
500 pg/ml after being reconstituted with calibrator diluent. A known concentration of
recombinant mouse VEGF was used as control. All serum was diluted 5-fold with calibrator
diluent. 50 pl of standard, control or serum was added to each well. The plate was mixed by
tapping gently for 1 min and incubated for 2 h at room temperature. The samples and
standards were aspirated from all wells and every well was washed four times with 400 pl of
1X wash buffer per well. 100 ul of mouse conjugate antibody was added to each well and
incubated for 2 h at room temperature. The mouse conjugate antibody was aspirated from
each well and each well was washed four times 400 pl per well. Two colour reagents A and B
were mixed at equal volumes and 100 pl was added to each well and incubated for 30 min in
the dark. 100 ul of stop solution was added to each well and mixed gently. The absorbance
then was read at 450 nm and 540 nm for background correction. The concentration of
unknown VEGF in each sample was calculated from the standard curve of known

concentrations and given in pg/ml.

2.14 In vivo experiments: Ethical approval and animal husbandry

All experiments using mouse models were conducted in accordance with the United Kingdom
Home Office Animals (Scientific Procedures Act) 1986, Under the Personal Project Licence
number P99922A2E (Dr. Penelope Ottewell). 12-week-old female BALB/c nude mice were
used for all in vivo experiments. Mice were housed in the Biological Services Unit at no more
than 4 animals per cage. Ventilated cages were kept in a temperature (22 + 2°C) and humidity
(55% * 10%) controlled environment with a 12 hrs light/ dark cycle. Pelleted mouse food and

water were provided ad libitum.

2.14.1 Orthotopic injection of breast cancer cells
MB-MDA-231/WT and MB-MDA-231/CRYAB cells were cultured under standard conditions in
multiple T175 flasks in order to achieve the number of cells required for tumour implantation

in groups of mice. On the day of implantation, cells were trypsinised and resuspended at 2x10°
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cells in 40 pl suspension of 20% matrigel, 80% PBS and 1% trypan blue per mouse. Matrigel is
useful in the development of xenograft tumours from cell lines. This is because it is composed
of extracellular matrix proteins such as laminin, collagen IV, heparan sulphate, proteoglycans
that help in the attachment and differentiation of anchorage-dependent cell types. Under
normal physiological conditions, matrigel polymerizes to produce a stable biologically active
matrix, which facilitates establishment of tumours (Mullen 2004). Trypan blue was added as
tracking dye to ensure that we inject inside the fat pad. Mice were anaesthetised using 2-3%
isoflurane in Oz and cancer cells were injected with a 30G Insulin syringe into the fourth
mammary ducts of the left and right mammary glands. Once tumours had established,
tumour volume was measured using digital callipers and mouse body weight was recorded
three days/week. Tumour volume was calculated from the formula of the sphere V = 4/3 nr3,
where r is the radius of the sphere and calculated from the average of the average the

orthogonal tumour diameters.

2.14.2 Determining optimal dose of bevacizumab for use in combination studies in vivo

In vivo experiments were carried out to study the effects of CRYAB expression on tumour
growth and VEGF concentration after treatment with the chemotherapeutic agent
(doxorubicin) and anti-VEGF treatment (bevacizumab, which is also known with its brand
name (Avastin). A pilot study with MB-MDA-231/WT cells was first performed to determine
the lowest inhibitory concentration of bevacizumab on tumour growth. 12-week-old BALB/c
nude were injected with 1X10® MDA-MB-231/WT cells in 80% PBS/20%matrigel/1%trypan
blue into right and left fourth mammary ducts (n=3/group). 7-days after tumour cell injection,
mice were randomly divided into four groups of equal tumour size and treated with saline
(control), 5mg/kg, 7.5mg/kg or 10mg/kg bevacizumab via Intraperitoneal (IP) three times a
week and mice were culled at day 30 after initial injection of tumour cells. At the end of the
procedure, the serum and primary tumours were collected for VEGF detection by ELISA assay.
The lowest concentration that inhibited VEGF concentration was used for the subsequent in

vivo combination treatment study.

2.14.3 Determining effects of doxorubicin, bevacizumab and combination of both on
growth of CRYAB expressing and non-expressing MDA-MB-231 cells, in vivo
7 days after tumour cell injection, mice were randomised into groups of equal tumour size.

Each group contained 4 mice per treatment/cell line and the experiment was repeated twice
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to give a total of 8 mice per treatment/cell line. The sample size was determined based on Le
Morte-Power calculations. For the treatment group compared to the control group, a
minimum of 4 mice per group would provide statistical power of 80% with a significance level
(alpha) of 0.05. For comparing the effects of doxorubicin alone versus the combination of
doxorubicin and bevacizumab, 8 mice per group would achieve the same statistical power.
These sample sizes were chosen to ensure that the experiments would have enough statistical
power to detect differences of 30% or more in tumour growth between the groups using an
analysis of variance (ANOVA) statistical test. At this point treatment commenced and animals
received 100 pl of saline (control), 4 mg/kg in 100 pl doxorubicin via intra-venous injection
(i.v) (Ottewell et al. 2008), 7.5 mg/kg in 100 pl bevacizumab via IP injection or combination of
doxorubicin and bevacizumab. All drugs were made up in saline solution (NaCl 0.9%) and
delivered using a 30 G insulin needle. The volume administered was calculated based on
animal weight. The treatment efficacy was determined by measuring the tumour diameters
throughout the growth period and tumour volumes were calculated as described in section
2.14.1 and animals were culled 40 days after initial injection of tumour cells. Figure 2.4

showing the outline of study protocol.
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Day 0
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and serum by ELISA.
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following CD31 and CD34 staining,
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immunohistochemistry.
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Figure 2.4 The outline of study the effects of doxorubicin, bevacizumab and combination of
both in CRYAB expressing and non-expressing MDA-MB-231 cells, in vivo. Adminstration

doxorubicin,

bevacizumab and combination of doxorubicin and bevacizumab following

injection of MDA-MB-231/WT and MDA-MB-231/CRYAB cells into fourth mammary glands of
BALB/c nude mice. 40 days after the inoculation of cancer cells, mice were sacrificed and

tumoures were extracted for further analysis.
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2.15 Tumour excision

At the end of the procedure, the animals were culled using the Schedule 1 method of
overdose with anaesthesia (Isoflourane) followed by cervical dislocation to ensure complete
euthanasia. Tumours were excised and weighed before one tumour being fixed in 4%

paraformaldehyde and the other was cryopreserved for ELISA analysis at later date.

2.15.1 Paraformaldehyde (PFA) fixation of tumour tissue

One excised tumour per mouse was immersed in 4% paraformaldehyde. After 24 h, the PFA
was discarded and replaced with 70% EtOH, following which tissues were placed in tissue
processing/embedding cassettes and returned to 70% EtOH. Tumours were then processed,

embedded and sectioned by Mrs Maggie Glover (histology core facility).

2.15.2 Tissue sections

Formalin fixed paraffin embedded (FFPE) tumour sections were cut to a thickness of 5 um and
mounted on Superfrost® Plus microscope slides by Mrs Maggie Glover. Between 5 and 10
sections were cut per tumour for subsequent haematoxylin and eosin staining and IHC for
endothelial cell markers (CD31, CD34) to assess the vasculture in tumours. Moreover, active

caspase 3 was scored in tumour sections to assess the effect of treatments on apoptosis.

2.15.3 Immunohistochemistry (IHC)

The IHC is a powerful technique used to identify a specific antigen in a tissue section by
utilising the principle of antibody-antigen binding. First, wax embedded sections were de-
waxed in Xylene twice for 10 min each before being rehydrated in a series of Ethanol baths
(100%, 100%, 95%, 70%) for 3-5 min each. Sections were placed in dH,0 for 1 min and rinsed
in PBS before heat-induced epitope retrieval (HIER) was carried out. Fixation of sections
preserves tissue structure within the section, however, fixative solutions such as formalin
causes crosslinking among the tissues and that prevents antibody from binding to antigen.
HIER aims to recover antigen reactivity and restore secondary or tertiary epitope structure to
allow antibody binding. Sections were submerged in Target Retrieval Solution, a modified
citrate buffer pH 6.1, and placed in a pressure cooker on a 2-hour programme which heated
to 121°C for 20 minutes before cooling for the remainder of the programme. Following this,

sections were rinsed in PBS twice.
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2.15.4 Immunostaining of tumour sections

To quench endogenous peroxidase activity, sections were incubated with 3% hydrogen
peroxide (H202)/Methanol for 30 min RT; they were then washed for 5 min in PBS before
incubation with the appropriate blocking solution for 1 hour at RT to prevent non-specific
antibody binding. Excess blocking solution was removed, and sections were incubated
overnight at 4°C with the primary antibody (see table 2.7). Negative controls were left in
blocking solution. All sections were washed 3 times in PBS for 5 min before addition of the
secondary antibody at 1:200 for 1 hour RT. Following 3 x 5 min washes, horseradish
peroxidase-conjugated avidin-biotin complex (ABC-HRP) reagent was prepared as per the
manufacturer’s protocol and applied to the sections for 30 min RT. A further 3 x 5 min PBS
washes were carried out before the application of 3,3’-diaminobenzidine (Rakha et al.)
peroxidase reagent, prepared following the manufacturer’s protocol. DAB signal was left to
develop between 3-10 min before the reaction was stopped by rinsing in tap water. Sections
were counterstained with Gill's Haematoxylin for 20 sec; rinsed in tap water for 2 min.
Sections were then dehydrated in graded Ethanol (70%, 90%, 95%, 100%, and 100%) for 3

min each, and in xylene two times for 3 min. Sections were mounted using DPX mounting

media and glass coverslips.

Table 2-6 Antibodies that used for Imnmunhistochemistry

Primary Supplier Antibody Blocking Biotinylated
antibody concentrations | Serum secondary
antibody
Rat anti-CD31 Dianova 1:100 10% normal Rabbit anti-rat
DIA-310 rabbit serum (Vectorlabs, BA-
(Vectorlabs, S- | 4001)
5000)
Rat anti-CD34 Abcam, [MEC 1:100 1:10 casein/PBS | Rabbit anti-rat
14.7] (ab8158) (Vectorlabs, BA-
4001)
Rabbit anti- VectorLabs 1:400 1:10 casein/PBS | Anti rabbit-
Caspase 3 (AF835) biotin, Vector
polyclonal anti- BA-1000
active caspase 3
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2.15.5 Tumour vasculature analysis

Vascular density in tumour tissues can be assessed using staining against endothelial cell
markers such as CD31 (platelet endothelial cell adhesion molecule-1, PECAM-1) and CD34
(also known with human hematopoietic progenitor cell antigen). CD31 is transmembrane
expressed on the surface of endothelial cells. It mediates cell-to-cell adhesion of endothelial
cells, which increase the contact between the cells. CD31 is highly used as specific
immunohistochemical marker for the identification of endothelial differentiation, although it
is also expressed by some of haematopoietic cells such as myeloid cells (Ordéfiez 2012). CD34
is well recognised marker of endothelial cells and hematopoietic progenitor cells. Both
markers are used to evaluate tumour angiogenesis (Kim et al. 2002, Vieira et al. 2005,
Yilmazer et al. 2007). The analysis of data was done by quantifying positive CD31 or CD34
stained area as a percentage of positive pixels in viable tumour, avoiding the necrotic area
and normal tissues. Using the annotation tool in Qupath software, viable areas of tumour
tissues were surrounded. The ‘positive pixel count’” command was then run to give the
percentage of DAB positive staining in the area of interest. Figure 2.5 is an example of

analysed data.
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Mouse normal tissues

Tumour mass

500 um

Figure 2.5 the analysis of positive CD31 stained area. The vascularised area was quantified
as the percentage of positive pixel area in viable tumours, avoiding the necrotic area and
normal tissues. V: viable tumours, N: necrotic area. The CD31 positive area (red).
Representative images from viable tumour regions at 10x magnification from whole slide

scanning.

75



2.15.6 Cleaved caspase 3 scoring

Apoptosis in tumour tissues can be determined by IHC detection of active caspase-3 (cleaved
form), which is the main executioner of apoptosis (Bressenot et al. 2009). Cleaved caspase 3
analysis was used to assess the apoptosis in tumour tissues and to compare the apoptosis
between MDA-MB-231/WT tumours and MDA-MB-231/CRYAB tumours. Cleaved caspase 3
was scored by counting the DAB positive cells in viable tumour tissues, avoiding necrosis and

normal tissues. The number of detected positive pixels cells then was obtained in percentage

using Qupath. Figure 2.6 is an example of analysed data.

500 um

Figure 2.6 The analysis of apoptotic cells in tumour tissues. The positive cells were
counted as the percentage of positively detected pixels in the viable tumours, avoiding the
necrotic area and normal tissues.
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2.16 Statistical analysis

Statistical analyses were carried out using GraphPad Prism software 8.0.2. Pairwise analysis
was carried out by unpaired t-test under the assumption that data was parametric. For
comparing the means between groups where data were perceived to be non-parametric,
one-way or two-way ANOVA followed by Tukeys test for multiple comparison were used,
depending on the number of independent variables. The specific analyses used to analyse
data for each experiment are detailed in the figure legends. In all plotted data, n denotes

the number of independent biological repeats.
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Chapter3 Effects of high levels of aB-crystallin expression on
proliferation, response to therapy and VEGF production in
TNBC

3.1 Introduction

aB-crystallin is a member of the small heat shock protein family, whose members function as
molecular chaperones that prevent the aggregation of misfolded proteins. It is overexpressed
in many cancer types, including the aggressive types of breast cancer such as basal-like breast
cancer (Moyano et al. 2006). The overexpression of aB-crystallin in breast cancer has been
correlated with poor prognosis, lymph node involvement and invasive phenotypes
(Chelouche-Lev et al. 2004, lvanov et al. 2008, Malin et al. 2014, Voduc et al. 2015). It is
thought that cancer cells may exploit the protective role of aB-crystallin for their survival,
proliferation, and metastasis. For example, it has been suggested that aB-crystallin may be
an oncoprotein that promotes the proliferation of breast cancer cells (Moyano et al. 2006).
In colorectal cancer, aB-crystallin over-expression was shown to stimulate the ability of
tumour cells to proliferate and invade (Li et al. 2017). aB-crystallin has also been shown to
prevent protein degradation by binding polypeptides that are accumulated during cellular
stress, such as during heat shock. Moreover, aB-crystallin acts as an anti-apoptotic protein,
inhibiting the activation of caspase-3 and preventing the translocation of the pro-apoptotic
proteins to the mitochondria (Mao et al. 2004, Liu et al. 2007, Shin et al. 2009). In addition,
aB-crystallin is associated with resistance to neoadjuvant chemotherapy in TNBC (Ivanov et
al. 2008). The association of aB-crystallin with the most aggressive types of breast cancer and
its role as an anti-apoptotic protein makes it necessary to elucidate its role in breast cancer
further. The influence of aB-crystallin on the proliferation and induction of apoptosis after
treatment with the chemotherapeutic drug, doxorubicin in TNBC cells, will be investigated in

this chapter.

aB-crystallin has been shown to interact with proteins involved in critical cellular pathways
such as those involved in tumour growth and angiogenesis (Aalders et al. 2017). For example,
growth factors such as FGF-2 and VEGF were shown to be protected by aB-crystallin against

aggregation induced under stress conditions (Aalders et al. 2017). Ruan et al studied the
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chaperoning function of aB-crystallin to VEGF. These authors demonstrated that breast
cancer cells were able to induce aB-crystallin expression in endothelial cells in a paracrine
manner and it is believed that this may serve to protect tumour-induced autocrine VEGF in
endothelial cells and promote angiogenesis. Moreover, both breast cancer and endothelial
cells induced aB-crystallin expression after anti-VEGF treatment in in vivo models suggesting
that drug treatment may contribute to drug resistance via aB-crystallin related pathway (Ruan
et al. 2011). VEGF is a prognostic factor in several malignancies and high levels of VEGF are
associated with the progression of the disease and poor survival (Bando et al. 2005, Hsu et al.
2009) The protective role of aB-crystallin on VEGF is a possible mechanism by which this
chaperone protein enhances disease progression in TNBC. Therefore, the interaction between

aB-crystallin and VEGF under stress conditions was investigated in this chapter.

3.2 Aims

This chapter aims to investigate the influence of aB-crystallin on proliferation, response to a
chemotherapeutic agent (doxorubicin) and on the production/secretion of VEGF in TNBC cells.

To achieve this:

1- Two TNBC cell lines (MDA-MB-231 and MDA-MB-468) were first screened for aB-
crystallin expression.

2- aB-crystallin was stably overexpressed in aB-crystallin null cells using a plasmid
containing CRYAB; clones overexpressing aB-crystallin were isolated

3- The regulation of aB-crystallin expression under normal versus stress conditions (heat
shock and hypoxia) was studied by western blotting.

4- The growth of the cells was studied by counting the cells and calculating the doubling
time of overexpressing cells versus their wild type counterparts.

5- Sensitivity to doxorubicin was studied by measuring cell proliferation as in point 4
above.

6- Apoptosis induction was analysed by flow cytometry after treatment with different
concentrations of doxorubicin in aB-crystallin overexpressing versus wild type cells.

7- VEGF protein expression under normal cell culture conditions, as well as stress
conditions (heat shock, hypoxia) was measured in overexpressing cells and their wild

type counterparts by ELISA.
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3.3 Results

3.3.1 Screening of TNBC cells for aB-crystallin expression
In order to investigate the role of aB-crystallin and its expression, two TNBC cell lines,
MDA-MB-468 and MDA-MB-231 were tested for expression of aB-crystallin and for

potential induction of the protein by heat shock.

The cells were plated at a density of 1 x 10° cells/well in 12 well plates until they were
confluent and then exposed to heat shock (42°C) for 2 h before being transferred to 37 °C
for a further 17 h or were continuously exposed to heat shock for 19 h. Protein was
extracted and analysed for aB-crystallin by western blotting. As shown in Figure 3.1, MDA-
MB-468 cells expressed low levels of aB-crystallin when cultured under normal cell culture
conditions (5% CO2, 37 °C) and this protein was upregulated when cells were exposed to
heat shock for 2 hours and further increased after 19 hours. MDA-MB-231 cells did not
express aB-crystallin and no induction was seen following heat shock exposure. The
results demonstrate that these two TNBC cell lines have differential aB-crystallin
expression. In addition, the results indicate that aB-crystallin expression increases in

response to heat shock.
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Figure 3.1 Western blot analysis of aB-crystallin protein expression in breast cancer cells.
Confluent cultures of MDA-MB-468 and MDA-MB-231 cells were exposed to either 37°C or 42°C for
2 h followed by a further 17 h at 37 °C or 42 °C for 19 h. A) Proteins extracts were then analysed by
western blotting. As a loading control, blots were probed with an antibody to B-tubulin . B) Blots
were scanned and the band density of aB-crystallin was expressed as fold increase normalised to
control cells at 37 °C. Blot is mean = SEM from n=2 wells from two independent experiments.
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3.3.2 Overexpression of aB-crystallin in MDA-MB-213 cells

In order to study the effect of altered levels of aB-crystallin on cellular functions, aB-crystallin
was overexpressed in MDA-MB-231 cells that do not express aB-crystallin using a cDNA
expression plasmid that contains the CRYAB gene and a neomycin resistance gene that

confers resistance to the antibiotic G418 (see plasmid map Figure 2.2).

3.3.3 Determining optimal conditions for G418 selection of transfected cells

Initially, cells were plated and treated with different concentrations of G418 to select the
lowest concentration of G418 that kills untransfected cells. The cells were plated in 24 well
plates at a density of 50,000 per well in 1 ml full growth medium. 24 h after plating, the full
growth medium was replaced with medium containing 0 or 100 — 1000 pg/ml G418. The
lowest concentration of G418 that killed all the cells, following culture for two weeks was

determined to be 750 ug/ml.

3.3.4 Transfection with CRYAB plasmid

The transfection efficiency of MDA-MB-231 cells was assessed using a GFP DNA plasmid since
the CRYAB plasmid used did not contain a fluorescent tag. The cells were plated in 12 well
plates at a density of 50,000/well. On the following day, the medium was replaced with 1 ml
of DMEM/10% FCS medium without antibiotics. The transfection mixture (GFP plasmid and
TransIT-X2 transfection reagent) (Materials and Methods, Table 2.5) was added to the cells.
Potential TransIT-X2 reagent toxicity was tested in one well. The plate was incubated
overnight at 37°C. The presence of green cells indicated that the cells were transfected. The
cells were observed under a fluorescence microscope and many green cells were seen (data
not shown), indicating successful transfection. Following this, TransIT-X2 was used to
transfect CRYAB plasmid into MDA-MB-231 cells. Cells were treated with a medium
containing 750 pg/ml G418 and after two weeks, resistant colonies were observed (Figure 3.2
A), and while G418 killed all cells in un-transfected (control) wells. In order to expand the
colonies, they were trypsinised and plated into a 6 well plate in 2 ml medium containing G418.
Cells were tested for expression of aB-crystallin and in parallel were expanded and moved
into a T25 flask. Cell lysates from transfected MDA-MB-213 cells were screened by western
blotting for aB-crystallin expression. Transfected cells were positive for aB-crystallin

expression (Figure 3.2 C).
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Figure 3.2 Selection of G418 resistant MDA-MB-231 cells transfected with a CRYAB plasmid.
Images of cells two weeks (A) and one month (B) after transfection using the CRAYB plasmid
and TransIT-X2 transfection reagent. The G418 medium was replaced every 2-3 days. C) Protein
extracts from two MDA-MB-231 transfectant cell pools were analysed by western blotting. B-
tubulin was used as a loading control. Blots shown are from one experiment.
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3.3.5 Testing different stress related stimuli on the expression of aB-crystallin in CRYAB
expressing and control cells

aB-crystallin is a chaperone protein that prevents the aggregation of misfolded or unfolded
proteins in response to stress (Horwitz 1992). Therefore, changes in expression of this protein
in response to hypoxia and exposure to heat shock were studied. MDA-MB-468, MDA-MB-
231 CRYAB transfected cells (MDA-MB-231 /CRYAB) and MDA-MB-231 wild type cells (MDA-
MB-231 /WT) were plated in four 12 well plates and allowed to grow. After 48 h, one plate
was left in the 37°C incubator for 24 h as a control. The second plate was exposed to low
oxygen (0.1 % O3 for 24 h; hypoxia). Two plates of cells were exposed to heat shock; one
placed in a 42°C incubator for 2 h and transferred to a 37°C incubator for 22 h and the second
plate was placed in a 42°C incubator for 24 h. After 24 h, all cells exposed to hypoxia or heat
shock were placed in the normal incubator at 37°C for a further 24 h, cells were then lysed
and tested for aB-crystallin expression by western blot (band density of aB-crystallin was
expressed as fold increase of aB-crystallin normalised to control cells at 37°C). The results
showed that hypoxia had no effect on aB-crystallin levels in either MDA-MB-468 (Figure 3.3
A and C) or MDA-MB-231 /CRYAB cells (Figure 3.3 A and B). Short exposure to heat shock
resulted in a trend towards increased aB-crystallin expression in both MDA-MB-468 and
MDA-MB-231/CRYAB cells but this did not reach significance. However, longer exposure to
heat shock (24 h) caused a trend towards increased aB-crystallin protein in MDA-MB-468 cells
and a significant increase in aB-crystallin expression in MDA-MB-231 /CRYAB cells (P=0.0018).
MDA-MB-231/WT that do not express detectable levels of aB-crystallin at 37°C and normal
atmospheric oxygen did not express this protein following exposure to either hypoxia or heat
shock. These results indicate that hypoxic stress does not increase the aB-crystallin levels in
the cell lines tested. However, the induction of aB-crystallin is directly proportional to the

duration of heat shock especially in MDA-MB-231/CRYAB cells (Figure 3.3).
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Figure 3.3 aB-crystallin expression in MDA-MB-468, MDA-MB-231/WT and MDA-MB-
231/CRYAB cells. A) Confluent cultures of cells were exposed to 37°C for 24 h, hypoxia (H)
for 24 h, heat shock (HS) at 42°C for 2 h followed by a further 22 h at 37°Cor HS at 42°C for
24 h. (B &C) Blots were scanned and the band density of aB-crystallin was expressed as fold
increase normalised to control cells at 37°C. Plots are mean * SEM in MDA-MB-231/CRYAB
B) and MDA-MB-468 cells C). Data was analysed by ordinary one-way ANOVA with Tukey's
multiple comparisons test (n=3 independent experiments; *p=0.0425,**p=0.0018).
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3.3.6 Assessment of the effects of doxorubicin on cell viability using alamar blue

Alamar blue is used to quantitatively measure cell viability. The assay depends on the
reduction of alamar blue by viable cells (Al-Nasiry et al. 2007). Cell viability was tested in MDA-
MB-231/WT and MDA-MB-231/CRYAB cells using alamar blue. The cells were plated in 96 well
plates and allowed to adhere overnight. On the following day, the cells were treated with
increasing concentrations (5-100 nM) of doxorubicin. The drug doses were prepared x4
concentrated than the stocks to avoid the dilution of the drugs when they are added to the
final volume of 200 pl per well. The drug was incubated for 48 h, then 20 ul of alamar blue
was added to each well, and the plates were left in a 37°C incubator for 24 h. The absorbance
was read at wavelengths of 570 nm and 600 nm. The percent difference in alamar blue
reduction between treated and control cells was measured using the equation in section (2.6).
The results showed that there were no significant differences between control and drug-
treated cells (Figure 3.4), indicating that the drug doses were not enough to induce cell death,

or the cells did not show drug sensitivity using the alamar blue assay.
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Figure 3.4 MDA-MB-231 /WT and MDA-MB-231 /CRYAB cell response to doxorubicin. MDA-
MB-231/WT and MDA-MB-231/CRYAB were treated with increasing concentrations of
doxorubicin (5-100 nM) for 48 h. 20 pl of alamar blue was added and incubated for 24 h at 37°C.
The effect on cell viability of doxorubicin was calculated as a decrease in the percentage of
alamar blue reduction and compared to the control with no drug. Data were analysed by
ordinary one-way ANOVA. Values are mean * SD from two independent experiments; average
values in each experiment were from n=8 wells.
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3.3.7 Cloning CRYAB transfected MDA-MB-231 cells

Within a polyclonal population individual cells are likely to vary in their expression of aB-
crystallin. Furthermore, the transgene expression in a polyclonal population may decrease
over time. Therefore, generating a monoclonal cell line by limiting dilution is expected to
result in cell populations that are more likely to retain stable transgene expression. To do this,
trypsinised cells were counted twice using a hemocytometer and serial dilutions were
prepared of 10 cells/ml, 5 cells/ml, and 2.5 cells/ml. 200 ul of each dilution was added to wells
of 96-well plates, to give wells containing two cells per well, one cell per well and 0.5 cells per
well respectively to increase the likelihood of obtaining single colonies growing in wells. The
plates were incubated in the 37°C incubator. After 10 days, the plates were observed under
the microscope. Wells containing one single colony were marked and allowed to become

confluent, which was approximately a month after the cells were initially plated.

3.3.7.1 Testing the colonies for aB-crystallin expression

The colonies were harvested, and each was plated into two wells of two separate 12 well
plates. One plate was kept for expanding the cells, while the other one was used for testing
the cells for aB-crystallin expression. Western blotting showed that several colonies
expressed aB-crystallin but at different levels (Figure 3.5). Some colonies expressed aB-
crystallin at very high levels and others did not express the protein at all while others
expressed low levels of protein. The colonies that expressed high and low levels of aB-
crystallin were expanded and frozen down. The results demonstrated that the transfected
MDA-MB-231 polyclonal cells were heterogeneous and expressed different level of aB-
crystallin. Two clones (16 and 19 in Figure 3.5) that expressed low and high levels of aB-

crystallin respectively were chosen for future experiments.
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Figure 3.5 Colonies isolated from CRYAB transfected MDA-MB-231 cells. Monoclonal
cell populations were isolated by limited dilution and protein extracts were analysed by
western blotting for aB-crystalline. Beta actin was used as loading control. Blots are from

one experiment.
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3.3.8 Determining the 1Cso of doxorubicin in MDA-MB-231/WT and MDA-MB-231/CRYAB
cells

As described in section 3.3.6, the alamar blue assay was initially used to assess the sensitivity
of cells after treatment with doxorubicin. However, this test did not detect significant changes
in viability following exposure to 5-100 nM doxorubicin, therefore in the next experiments
the concentration of doxorubicin was increased in order to establish a suitable 1Cso. Cell
viability was measured by directly counting the cells after treatment with doxorubicin. In
addition, since the alamar blue assay was performed with CRYAB transfected polyclonal cell
lines, which might be different in their expression of aB-crystallin, here, | used the clone that
expressed high levels of aB-crystallin (clone 19, Figure 3.5) and compared it to wild type un-

transfected cells.

The cells were plated at a density of 50,000 cells/well in 6-well plates. After 48 h, the cells
were treated with different concentrations of doxorubicin, ranging from 400 to 900 nM. After
24 h, the cells were trypsinised and counted using a hemocytometer. Death curves produced
for MDA-MB-231/WT and MDA-MB-231/CRYAB clone 19 cells (Figure 3.6) demonstrated an
ICso for doxorubicin of 200.7 nM for MDA-MB-231/WT and 273 nM for MDA-MB-231/CRYAB
cells. This may indicate that MDA-MB-231/WT cells are more responsive to doxorubicin than

MDA-MB-231/CRYAB cells.
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Figure 3.6 Doxorubicin dose response curves of MDA-MB-231/WT & MDA-MB-231/CRYAB
cells. The cells were plated at a density of 50,000 cells/well in 6-well plates. After 48 h, the
cells were treated with increasing concentration of doxorubicin, ranging from 400 to 900 nM.
After 24 h, the cells were trypsinised and counted. The ICso of doxorubicin was calculated
from the dose response curves and determined using GraphPad prism. Results are from three
independent experiments. Data shown is mean + SEM. Cell numbers are expressed as a
percentage normalised to control untreated cultures (100%)
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3.3.9 Effects of CRYAB overexpression on proliferation of MDA-MB-231 cells

Growth rates of MDA-MB-231/WT and MDA-MB-231/CRYAB cells were measured to

investigate the effect of CRYAB on proliferation of MDA-MB-231 cells. MB-MDA-231/WT and

MB-MDA-231/CRYAB clone 19 were plated at a cell density of 50,000 cells/well in 6-well

plates and incubated at 37°C, 5% CO,. Viable cells from three wells per cell line were counted

every 24 h over 4 days using the TC20 Automated Cell Counter. No significant differences in

proliferation were observed between MDA-MB-231/WT cells and MDA-MB-231/CRYAB cells

(Figure 3.7 A). In addition, the doubling time of both cells was calculated. Doubling time of

MDA-MB-231/WT was 22.5 h and the doubling time of MDA-MB231/CRAB was 24h (Figure

3.7 B). The results indicated that CRYAB overexpression had no significant effect on the

proliferation rate of MDA-MB-231 cells.
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Figure 3.7 The proliferation of MDA-MB-231/WT and MDA-MB-231/CRYAB cells. Cells were
plated at a cell density of 50,000 cells/well in 6-well plates. At 24, 48, 72 and 96 hours after
plating, viable cells from three wells per cell line were counted to establish growth curves.
Doubling times were calculated by plotting the log2 of initial average end-point cell
number/initial cell number (N/NO) and calculating the inverse slope at the linear part of the curve.
A) The growth rate of MDA-MB-231/WT and MDA-MB-231/CRYAB clone 19. Each data point
represents the mean number of live cells from three independent experiments. Each experiment
was performed in triplicate wells. The data were analysed by 2-way ANOVA test. B) The doubling
time of MDA-MB-231/WT and MDA-MB-231/CRYAB. The data was analysed by unpaired t test,

plot is mean % SD from three independent experiments.
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3.3.10 Effects of CRYAB overexpression on doxorubicin-induced apoptosis in MDA-MB-231
cells

aB-crystallin is an anti-apoptotic protein that is thought to counteract the function of
proapoptotic proteins during the initiation and execution phases of apoptosis. Therefore, the
effects of this protein on induction of apoptosis were investigated by flow cytometry in MDA-

MB-231/WT and CRYAB overexpressing cells (clone 19) after treatment with doxorubicin.

Cells were plated at a density of 50,000 cells/well in 6-well plates. After 48 h, the cells were
treated with different concentrations of doxorubicin (200 nM, 400 nM and 600 nM). The cells
were incubated with the drug for 24 and 48 h. Cells were washed and harvested before being
resuspended in 250 pl annexin binding buffer. Annexin V/FITC and Topro3 were added to each
sample. Untreated cells were used as a control to adjust the voltage and amp gate and ensure
that the cell population was visible on the SSC/FSC plot. A gate was drawn around the main
cell population of the SSC/FSC plot to exclude debris from being analysed. Annexin V positive
cells were detected by blue 530-30A channel, while TOPRO3 positive cells were detected by
red 660-20-A channel.

The flow cytometric analysis of treated cells revealed an increase in the percentage of
apoptotic cells in a dose and time-dependent manner in both cell lines. However, doxorubicin
induced increased levels of apoptosis in MDA-MB-231/CRYAB cells when compared to MDA-
MB-231/WT cells although the difference was not statistically significant (Figure 3.8).
Apoptosis was not increased in MDA-MB-231/WT cells 24 h following exposure to any of the
concentrations of doxorubicin tested compared to untreated cells (Figure 3.8 C). In contrast,
MDA-MB-231/CRYAB showed an approximate 15% increase in apoptosis with 400 nM and

600 nM doxorubicin when compared to untreated cells (Figure 3.8 C).

After 48 h, a dose-dependent increase in apoptosis was observed in both cell lines. MDA-MB-
231/CRYAB cells responded more to doxorubicin compared to MDA-MB-231/WT cells (Figure
3.8 F). The difference in apoptotic cell numbers between MDA-MB-231/WT and MDA-MB-
231/CRYAB was not significant. The results indicate that rather than inhibiting apoptosis, aB-
crystallin over-expression tended to make cells more sensitive to doxorubicin induced

apoptosis especially at earlier time points.
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Figure 3.8 Apoptosis induction of MDA-MB-231/WT and MDA-MB-231/CRYAB cells after 24 h of
doxorubicin treatment. MDA-MB-231/WT and MDA-MB-231/CRYAB cells (clone 19) were plated at
density of 50,000 cells/well in 6-well plates. After 48 h, the cells were treated with doxorubicin (200
nM , 400 nM and 600 nM). The cells were incubated with the drug for 24 h. Annexin V/FITC and
TOPRO3 were added to each sample and the samples were analysed on an LSRIl flow cytometer.
Representative flow cytometry plots using Annexin V-FITC/TOPRO3 staining for apoptosis in MDA-
MB-231/WT cells, A) and MDA-MB-231/CRYAB cells, B). Lower left quadrants show viable cells
(Annexin V-FITC and TOPRO3 negative); lower right quadrants are necrotic cells (TOPRO3 positive
and Annexin V negative); upper left quadrants, early apoptotic cells (Annexin V-FITC positive and
TOPRO3 negative); upper right quadrants dead cells (Late apoptosis) (TOPRO3 positive and Annexin
V-FITC negative). C) Apoptosis percentage was calculated by adding the percentage of upper left
guadrant and upper right quadrant (early and late apoptosis percentages). Data was analysed by 2-
way ANOVA test, plot in Cis mean = SEM from three independent experiments.
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Figure 3.9 Apoptosis induction of MDA-MB-231/WT and MDA-MB-231/CRYAB cells after 48
h of doxorubicin treatment. MDA-MB-231/WT and MDA-MB-231/CRYAB cells (clone 19)
were plated at density of 50,000 cells/well in 6-well plates. After 48 h, the cells were treated
with doxorubicin (200 nM , 400 nM and 600 nM). The cells were incubated with the drug for
either 48 h. Annexin V/FITC and TOPRO3 were added to each sample and the samples were
analysed on an LSRIl flow cytometer. Representative flow cytometry plots using Annexin V-
FITC/TOPRO3 staining for apoptosis in MDA-MB-231/WT cells, A) and MDA-MB-231/CRYAB
cells, B). Lower left quadrants show viable cells (Annexin V-FITC and TOPRO3 negative); lower
right quadrants are necrotic cells (TOPRO3 positive and Annexin V negative); upper left
guadrants, early apoptotic cells (Annexin V-FITC positive and TOPRO3 negative); upper right
guadrants dead cells (Late apoptosis) (TOPRO3 positive and Annexin V-FITC negative). C)
Apoptosis percentage was calculated by adding the percentage of upper left quadrant and
upper right quadrant (early and late apoptosis percentages). Data was analysed by 2-way
ANOVA test, plot is mean + SEM from three independent experiments.

94



3.3.11 VEGF secretion by breast cancer cells at 37°C, hypoxia and 42°C heat shock.

aB-crystallin has been previously shown to stabilise and protect endogenous VEGF from
degradation in endothelial cells (Dimberg et al. 2008, Kase et al. 2010, Ruan et al. 2011). aB-
crystallin has sequences that are thought to interact with VEGF but also other important
regulatory proteins and protect against unfolding and aggregation (Ghosh et al. 2007). To
assess whether aB-crystallin leads to increased VEGF production and hence potential
protection of the protein from degradation, the levels of VEGF secreted by MDA-MB-231/WT
and MDA-MB-231/CRYAB cells was assessed. Two different clones of MDA-MB-231/CRYAB
cells, one expressing high levels of aB-crystallin (clone 19) and one expressing lower levels of
aB-crystallin (Clone 16) (see Figure 3.5) were tested to assess any difference between clones.
VEGF levels were measured in conditioned media and cell lysates by ELISA. Since aB-crystallin
is a stress induced protein, and VEGF is induced by hypoxia, VEGF produced during both
hypoxia and heat shock was measured to assess whether aB-crystallin acts to protect VEGF

also under these stress conditions.

The cells were grown in 75 cm? flasks or 6-well plates for 48 h in full growth medium. After
48 h, the medium was removed, and cells were washed twice with serum free medium (SFM).

Cells were exposed to three different conditions; the first group was placed in a 37°C

incubator as a control; the second group was exposed to heat shock at 42 °Cin a humidified
CO; incubator for 24 h and the third group was exposed to low oxygen levels of 0.1 % (hypoxia)

at 37°C for 24 h. After 24 h, the cells in hypoxia and heat shock were placed in the normal

incubator at 37 °C for a further 24 h. At the end of the 48 h conditioning period, media and
cell lysates were collected and analysed for VEGF by ELISA. VEGF concentrations were
interpolated from the standard curve of VEGF of known standards, according to the
manufacturer’s instructions. The number of cells in each sample was counted, so the

concentration of VEGF in pg per 10° cells could be obtained.

The data showed that under control conditions (37°C), MDA-MB-231/WT cells demonstrated
a strong trend towards increased secreted and intra-cellular VEGF compared to MDA-MB

231/CRYAB high and low expressing clones (Figure 3.10). Hypoxia enhanced the production

of VEGF in all cells compared to VEGF production at 37OC; however, this did not reach

significance in all groups. Interestingly, hypoxia led to a significant increase in VEGF secretion
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in MDA-MB-231/WT cells compared to that secreted from MDA-MB-231/CRYAB (high) cells
(p=0.01) (Figure 3.10 A), whereas heat shock only induced VEGF expression in MDA-MB-

231/CRYAB cells but not in wild-type cells when compared to cells at 37 °C (Figure 3.10 B).

96



A) Hypoxia

VEGF pg/ml

conditioned media cell lysates
*
10000+ . 50009 e MDA-MB-231/WT
8000- _ 4000+ * ®  MDA-MB-231/CRYAB high
E . A MDA-MB-231/CRYAB low
6000 D 3000
o
[T A
4000 * R O 2000 *
n g n
2000 .E Ll 1000 i
oot gl i hd $ A ol ® % = ° A4
T
37°C Hypoxia 37°C Hypoxia
B) Heat shock
conditioned media cell lysates
5000 2500
L] - -
_ 40004 * _ 2000 e MDA-MB-231/WT
[ £ ®  MDA-MB-231/CRYAB high
S 3000 . D 1500 * 4 MDA-MB-231/CRYAB low
'8 ('8
8 2000 hd . O 1000+
& I - g e £
1000 . ; 500 N . .
[ ]
° ® H . . " i = * A
0 # A 2 T 0 = T T
37°C Heat shock, 24 h 37°C Heat shock, 24 h

Figure 3.10 VEGF production by MDA-MB-231/WT cells MDAMB-231/CRYAB high (clone 19)
and low (clone 12) expressing clones. Cells were grown in 75 cm? flasks or 6-well plates for
48 h in full growth medium. After 48 h, the medium was removed and replaced with SFM.

Cells were exposed to three different conditions; the first set was set in the 37°Cincubator as

the control; the second set was exposed to heat shock at 42°C in a humidified CO; incubator
for 24 h and the third set was exposed to low oxygen level of 0.1 % (hypoxia) for 24 h. Cells in

hypoxia or heat shock were then incubated for a further 24 h in a 37°C incubator at normal
atmospheric oxygen. Conditioned media and cell lysates were collected from all samples and

analysed by ELISA assay. VEGF level (pg/ml) was calculated per 10° cells in conditioned media
and cell lysates in hypoxia A), and heat shock B). Data was analysed by 2-way ANOVA with
Tukey's multiple comparisons test. Plots are means + SEM (*p<0.05) from 3-6 independent
experiments.
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3.4 Discussion

Cells express heat shock proteins such as aB-crystallin in order to act as stress-induced
molecular chaperones to inhibit apoptosis and prevent the accumulation of denatured
proteins, therefore stimulating cell survival (Horwitz 1992, Arrigo et al. 2007, Acunzo et al.
2012). In addition to cancer cells, CRYAB protein expression is also seen in tumour endothelial
cells and this is thought to stimulate angiogenesis via autocrine mechanisms and protect VEGF
from degradation as shown in co-culture models of breast cancer cells and endothelial cells
(Ruan et al. 2011). Interestingly, these events correlate with the tumourigenic metastatic
states of breast cancer cell lines (Ruan et al. 2011). The same study showed that aB-crystallin
upregulated in endothelial cells after treatment with anti-VEGF treatment (Ruan et al. 2011).

Hence, breast cancer cells induce aB-crystallin in endothelial cells to stimulate their survival.

The aim of this chapter was to examine whether upregulated aB-crystallin in breast cancer
cells acts to stimulate their own survival and prevent their apoptosis after treatment with
drugs such as doxorubicin, which is often used in the treatment of breast cancer. In addition,
as aB-crystallin is known to be upregulated under stress conditions, such as heat shock and
hypoxia, these stress stimuli were used to test the effect of aB-crystallin on VEGF protection.
To achieve these aims, aB-crystallin was overexpressed in MDA-MB-231 cell lines their
proliferation rate and apoptosis induction post overexpression and after doxorubicin
treatment was tested. In addition, VEGF levels were compared between MDA-MB-231/CRYAB
cells versus MDA-MB-231/WT cells.

Initially, aB-crystallin expression was examined in two different TNBC cell lines (MDA-MB-231
and MDA-MB-468). The results showed that MDA-MB-468 cells expressed aB-crystallin, while
MDA-MB-231 cells did not express this protein, even after exposure to heat shock. It is
important to mention that there are variabilities of aB-crystallin band density of MDA-MB-
468 at 37 °C between figure 3.1 and figure 3.3. This is because the difference of imaging
system that was used to capture western blot images. In figure 3.1, X-ray film was used,

whereas in figure 3.3 digital imaging system was used (Chemidoc MP system, Bio-Rad).

Although, both are metastatic TNBC cell-lines, only MDA-MB-468 expressed the protein
constitutively. The differences in the level of aB-crystallin expression between these two

breast cancer cells agree with data previously published by Chelouche-Lev et al. (2004) who
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found that aB-crystallin was not detected in MDA-MB-231 cells. In addition, the induction of
aB-crystallin by heat shock in both MDA-MB-468 and MDA-MB-231 cells was tested. The
protein was induced in response to stress (heat shock) but only in MDA-MB-468 cells. The
effect of heat shock on the induction of aB-crystallin in other breast cancer cells was also
observed by Chelouche-Lev et al. with increased levels of aB-crystallin in GI101A and GILM?2
(human breast cancer cell lines). Both cells are metastatic breast cancer cells and in both aB-
crystallin was induced in response to heat shock. These findings are similar to the data in this
study that showed induction of aB-crystallin post exposure to heat shock in metastatic breast
cancer MDA-MB-468 cells. Cells express heat shock proteins such as aB-crystallin as a means
to survive under conditions of stress. aB-crystallin performs a chaperone function that helps
to protect cell proteins from degradation, refolds unfolded proteins and prevents apoptosis
in response to stress (Koletsa et al. 2014). Therefore, aB-crystallin may contribute to the

resistance to apoptosis which is defined as one of the hallmarks of cancer (Hanahan 2022).

Hypoxia induced stress effects on the induction of aB-crystallin was investigated in the
current study. In this study, the cells were incubated at 0.1% O, which represents
radiobiological hypoxia (<0.13%), in which tumours no longer respond to radiation therapy
(Hammond et al. 2014, West and Slevin 2019). Therefore, it enables to study the effect of this
stress condition on the induction of aB-crystallin. However, hypoxia-induced stress did not
increase the expression of aB-crystallin in MDA-MB-231/WT, MDA-MB-468 and MDA-MB-
231/CRYAB cells. A study by Van Schootbrugge et al (2014) using head and neck squamous
cell carcinoma (HNSCC) cells observed that aB-crystallin expression in cells exposed to
hypoxia (0.1% O2) for 48 hours was not detected. However, they found that reoxygenation of
the cells for 24 h increased the level of aB-crystallin expression. The upregulation of aB-
crystallin after the reoxygenation was partially due to the formation of reactive oxygen
species (ROS). The induction of aB-crystallin after the hypoxia/reoxygenation phase was also
demonstrated in an independent study (Yu et al. 2007). This study showed that the process
of hypoxia/reoxygenation in cultured human astrocytes from the optic nerve head (ONH),
increased aB-crystallin mRNA expression and aB-crystallin protein level. The explanation for
this finding was that hypoxia/reoxygenation increased the expression of TGF-1 and TGF-B2,
which stimulated aB-crystallin in cultured human astrocytes of the ONH (Yu et al. 2007).

However, in this study, the reoxygenation phase of 24 h did not result in the induction of the
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protein. The results are restricted to protein expression whereas aB-crystallin mRNA
expression may show different results. In addition, it seems that the upregulation of aB-
crystallin hypoxia/reoxygenation may not be a general mechanism in all cell types (tumour

and normal).

Alamar blue is a sensitive viability assay used as an oxidation-reduction (REDOX) indicator to
assess cellular metabolic reduction (Al-Nasiry et al. 2007). The response to doxorubicin was
assessed in both MDA-MB-231/WT and MDA-MMB-231/CRYAB cells using alamar blue.
Results using this assay showed that cells did not show significant response to low doses of

doxorubicin, indicating that the lower drug doses were ineffective.

aB-crystallin overexpressing cells were expected to be a polyclonal population with cells
expressing different levels of the protein. Consequently, the overexpressing aB-crystallin cells
were cloned, which was important to produce homogenous cell lines that expressed high or
low levels of the protein for use in the current study and retain the transgene selection. The
results revealed variable expression of aB-crystallin among the developed monoclonal cell

lines.

In the current study, the growth kinetics of overexpressed aB-crystallin monoclonal cells was
not statistically different when compared to wild type cells. In contrast, previous studies have
shown that aB-crystallin overexpression in MCF-10A cells and MCF-12A, led to increased
proliferation and other abnormalities such as enlarged acini, loss of polarity and filled lumen
in mammary acini (Moyano et al. 2006). It should be noted that MCF-10A and MCF-12A are
normal breast cells which may explain the difference between the findings. In addition, it was
reported that aB-crystallin promoted the proliferation and invasion of colorectal cancer (CRC)
cells through the activation of ERK signalling pathway (Li et al. 2017). However, this is not a
general mechanism as aB-crystallin overexpression in bladder cancer cells reduced

phosphorylated ERK and AKT (Ruan et al. 2020).

The effect of aB-crystallin overexpression on the population doubling time was also tested.
aB-crystallin had no significant effect on the population doubling time and hence the
proliferation of MDA-MB-231 cells. In agreement with this finding, aB-crystallin
overexpression in bladder cancer cell lines had a marginal effect on the cell proliferation (Ruan

et al. 2020).
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The cell viability/ proliferation then was measured by counting viable cells using the
hemocytometer after treatment with higher doses of doxorubicin, as a more accurate method
for assessing proliferation. In addition, the monoclonal overexpressing cells instead of the
polyclonal cells were used to assess any differences. The cells were treated with increasing
doses of doxorubicin, ranging from 400 to 900 nM. A range of (0-1000 nM) doxorubicin was
previously tested in a study to assess cytotoxic activity of doxorubicin using MDA-MB-231
cells (Lee et al. 2020). Based on this, concentrations within this range were selected for testing
in the current study. The results showed clear dose response curves. The ICso of doxorubicin
in MDA-MB-231/WT and MDA-MB-231/CRYAB cells was determined from these experiments.
The doxorubicin 1Csoin MDA-MB-231/WT cells was lower than in MDA-MB-231/CRYAB cells
(200 nM versus 270 nM). Although the results were not statistically different, this suggests a

trend towards more sensitivity to doxorubicin by the wild type cells.

Doxorubicin is a widely used chemotherapeutic agent with anticancer activity that results
from induction of DNA strand breaks by inhibition of topoisomerase Il, interference with DNA
unwinding, production of growth arrest (Tewey et al. 1984, Fornari Jr et al. 1994, Gewirtz
1999), generation of reactive oxygen species such as H,02 (Sinha et al. 1987) and induction of
apoptosis (Skladanowski and Konopa 1993). In the current study, the influence of aB-crystallin
on apoptosis induction after treatment with doxorubicin was studied by flow cytometry
analysis. The results showed an increase in the percentage of apoptotic cells from a dose and
time-dependent aspect in both studied cell lines. Contrary to expectations, the percentage of
MDA-MB-231/CRYAB apoptotic cells was higher than that of MDA-MB-231/WT cells. Multiple
studies have revealed an antiapoptotic function of aB-crystallin (Mao et al. 2004, Shin et al.
2009, Launay et al. 2010). For example, it has been reported that aB-crystallin protects
against oxidative stress-induced cell death by H;0; in astrocytes. The mechanism of this
protection was via that aB-crystallin binding to procaspase-3 and inhibiting caspase-3
activation (Shin et al. 2009). As previously mentioned, doxorubicin generates H,0,, however,
aB-crystallin overexpression has no effect on inhibition of apoptosis which may result from
H,0, generation. In addition, aB-crystallin prevents the translocation of proapoptotic proteins
such as Bax and Bcl-XS to the mitochondria during staurosporine-induced apoptosis (Mao et
al. 2004). It is not clear why aB -crystallin overexpressing MDA-MB-231 cells are more

sensitive to apoptosis induction by doxorubicin in this study. It could be that the levels of aB-
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crystallin in the transfected cells are not appropriate (or too high or too low) to confer
protection against apoptosis. Further studies are needed to examine whether apoptotic
caspases such as caspase 3 are more resistant to cleavage and activation or whether the
translocation of pro-apoptotic proteins such as Bax and Bcl-XS to mitochondria is different in
wild type versus aB-crystallin overexpressing TNBC cells. Such information would be useful

to help explain the data in this thesis.

The interaction between apoptosis regulatory proteins and aB-crystallin in breast cancer cells
has been studied by Launay et al. (2010). They demonstrated that aB-crystallin
overexpression lowered apoptosis levels in MCF7 cells in response to inhibitors of
microtubule polymerization (vinblastine), used as anti-cancer agents. Interestingly,
phosphorylation of aB-crystallin at serine 59, sensitised the cells to treatment and increased
apoptosis (Launay et al. 2010). The molecular mechanism was shown to involve aB-crystallin
interaction with the anti-apoptotic protein BCL-2 which prevented its translocation to
mitochondria, and hence decreased resistance to treatment (Launay et al. 2010). In contrast,
the phosphorylation of aB-crystallin is essential to exert a protective role in different cells.
For example, it was reported that aB-crystallin was upregulated and phosphorylated at serine
59 during the tubular morphogensis in endothelial cells, suggesting a regulatory role for
phoshorylated aB-crystallin. Notably, the siRNA-mediated knockdown of aB-crystallin led to
attenuation in tubular morphogenesis and activation of caspase 3 (Dimberg et al. 2008). In
accordance with this finding, the phosphorylation of aB-crystallin in cardiac myocytes
exposed to osmotic or ischemic stress conferred a protective function in these cells (Morrison
et al. 2003). Phosphorylation of aB-crystallin occurred at serines 19, 45, and 59 in response
to stress. The phosphorylation is thought to modulate the oligimerization structure of the
protein and its chaperone-like function (Thornell and Aquilina 2015). As demonstrated by
these studies, there are conflicting findings, and it is not clear yet what the effect of aB-
crystallin serine phosphorylation is on its chaperone function. It appears that the target
protein and/or the type of cells play roles on the influence of aB-crystallin serine
phosphorylation. In this study, the phosphorylation of aB-crystallin was not tested and it is
not known whether the increased apoptosis that is seen in MDA-MB-231/CRYAB cells was

associated with the phosphorylated status of aB-crystallin in these cells.
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It has been reported that aB-crystallin serves as a protector for VEGF and prevents its
degradation upon exposure to anti-VEGF therapy (Dimberg et al. 2008, Kase et al. 2010, Ruan
et al. 2011). In addition, aB-crystallin expression is upregulated during angiogenesis, in vitro,
suggesting a regulatory function (Dimberg et al. 2008). Secreted (in conditioned media) and
intracellular (in cell lysates) VEGF was assessed by ELISA to investigate the effect of aB-
crystallin on secretion of this pro-angiogenic protein. Conditions of normal oxygen and
hypoxia were compared. In addition, VEGF levels were compared between cells in a normal
37°C incubator and cells exposed to heat shock to upregulate aB-crystallin expression and
hence potentially also VEGF. As expected, in hypoxia, VEGF levels were higher in conditioned
media of all cell lines compared to cells maintained in a normal incubator. Hypoxia is the main
regulator of angiogenesis and cancer cells trigger VEGF production to survive the low oxygen
environment. The results showed this stimulation and activation of VEGF in cells exposed to
low oxygen levels. However, MDA-MB-231/WT cells secreted higher levels of VEGF compared
to MDA-MB-231/CRYAB cells. The results were not expected MDA-MB-231/CRYAB cells
produced substantially lower VEGF levels. Results therefore suggest that VEGF expression
and/or stability of the protein were negatively affected by aB-crystallin. Further investigations
are warranted to establish the stability of VEGF and/or test the level of mMRNA to determine
whether the gene expression was affected by CRYAB overexpression. In contrast, many
studies showed that the knockdown of aB -crystallin resulted in low VEGF levels, attenuated
endothelial cell activation of caspase 3 and increased apoptosis in endothelial cells (Dimberg
et al. 2008, Kase et al. 2010). Specifically, Kase et al used chemical hypoxia to stimulate VEGF
as Hif-1a triggers the gene expression of VEGF. They compared VEGF levels produced from
retinal pigment epithelial (RPE) cells derived from mice with aB -crystallin knockdown versus
wild type mice and measured VEGF by ELISA. aB-crystallin knockdown led to significantly
lower concentrations of VEGF-A compared to wild type mice (Kase et al. 2010). It is possible
that aB-crystallin acts differently depending on the cell type or the method of altering the

protein expression.

VEGF secretion was upregulated in response to heat shock in MDA-MB-231/CRYAB cells
compared to cells in 37 °C. The chaperone function of aB-crystallin may explain these results.
This upregulation was not seen in MDA-MB-231/WT cells, suggesting that aB-crystallin plays

a role in protecting VEGF under heat shock.
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In summary, the overexpression of aB-crystallin in TNBC cell lines did not show a significant
effect on protecting VEGF, hence increasing its expression. It is possible that altering the
protein levels by the overexpression is not sufficient to demonstrate a difference in VEGF
concentrations. Therefore, in the next chapter, transient knockdown of aB-crystallin was

performed to further investigate the role of aB-crystallin in protecting VEGF.
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Chapter4 The effect of transient knockdown of aB-crystallin
on VEGF production in breast cancer cells

4.1 Introduction

aB-crystallin is associated with a poor prognosis in breast cancer patients and has been
suggested as a biomarker for TNBC. (Travis et al. 2011, Tsang et al. 2012, Malin et al. 2014).
Molecular chaperoning, which prevents protein aggregation, is a well-known activity of aB-
crystallin. In addition, it has been demonstrated that aB-crystallin chaperones hypoxia-
induced VEGF and leads to proper folding of VEGF and thus efficient angiogenesis (Kase et al.
2010, Kerr and Byzova 2010).

Downregulation of aB-crystallin has previously been shown to cause degradation of VEGF in
endothelial cells, and weak and leaky blood vessels in in vivo models (Dimberg et al. 2008,
Ruan et al. 2011). siRNA-mediated knock-down of aB-crystallin in head and neck squamous
cell carcinoma decreased the levels of VEGF produced under normoxic and hypoxic conditions
(van de Schootbrugge et al. 2013), indicating that aB-crystallin also plays a critical role in

protecting VEGF in cancer cells, hence increases its secretion.

In the previous chapter, | showed that CRYAB overexpression in MDA-MB-231 cells had no
effect on increasing VEGF production. To the contrary, the data showed that CRYAB
overexpression reduced VEGF secretion; under hypoxic conditions, CRYAB overexpressing

cells secreted significantly less VEGF compared with wild-type cells, and CRYAB

overexpressing cells produced more VEGF compared to normal conditions at 37°C, only when
exposed to heat shock. In order to investigate further whether these data were due to altered
CRYAB expression, a second approach was used to silence it using short interfering RNA
(siRNA) to reduce aB-crystallin expression in MDA-MB-468 cells that naturally express high

levels of this protein.

4.2 Aim

To investigate the effect of aB-crystallin knockdown on the secretion of VEGF. To achieve this,
siRNA transient knockdown of aB-crystallin was generated in MDA-MB-468 cells, which has

been shown to express high levels of aB-crystallin (chapter 3). The effect of aB-crystallin
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knockdown on VEGF production under normal conditions (37°C), hypoxia and following heat

shock was investigated.

4.3 Results

4.3.1 Establishing stability and longevity of aB-crystallin knockdown by siRNA in MDA-MB-
468 cells

Although siRNA effectively reduces protein expression, the effect is transient and typically
lasts for 3-5 days. Initial experiments were performed to establish the optimal transfection
conditions and assess how long the transfection will last. MDA-MB-468 cells transfected with
either a scrambled siRNA or an individual siRNA targeting the CRYAB gene (CRYAB siRNA 1).
After 48 h, whole cell protein extracts were analysed by western blotting. Extracts were also
analysed at 72 h and 96 h following transfection. Results showed the CRYAB siRNA resulted in
knockdown aB-crystallin, and the knockdown of the protein was sustained for a minimum of
96 hours (Figure 4.1). aB-crystallin was expressed in cells transfected with the scrambled

SiRNA.
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Figure 4.1 Knockdown of aB-crystallin in MB-MDA-468 cells transfected with CRYAB
siRNA. MDA-MB-468 cells were seeded and transfected with either individual CRYAB siRNAs
or scrambled siRNA (negative control). A) After 48, 72 and 96 h, protein extracts were
analysed by western blotting to check the efficacy of transfection. The membrane was re-
probed for GAPDH as an internal control. B) Blots were scanned and the band density of aB-
crystallin was expressed as a ratio of GAPDH. Results are from one experiment.
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4.3.2 aB-crystallin knockdown did not alter VEGF levels in MDA-MB-468 cells

After successful knockdown of aB-crystallin had been achieved, an experiment to determine
the influence of reduced protein expression on VEGF production was set up. Because hypoxia
causes an increase in VEGF secretion, the consequences of aB-crystallin knockdown on VEGF
levels in MDA-MB-468 cells under hypoxic conditions was investigated. Since results from the
previous chapter demonstrated that aB-crystallin was induced in MDA-MB-468 cells in

response to heat shock. VEGF levels under heat shock conditions were also evaluated.

MDA-MB-468 cells were transfected with three individual CRYAB siRNAs including the original
siRNA 1 construct used in Figure 4.1 (CRYAB siRNA 1, CRYAB siRNA 2 and CRYAB siRNA 3) or
scrambled siRNA as a negative control. After 48 h, the medium was removed, and SFM was

added to the cells. Cells were exposed to three different conditions; the first group was placed

in a 37°C incubator as control; the second group was exposed to heat shock at 42°Cin a

humidified CO; incubator for 24 h and the third group was exposed to low oxygen level of
0.1 % (hypoxia) at 37°C for 24 h. After 24 h, the sets of cells in hypoxia and heat shock were

placed in the normal incubator 37°C for a further 24 h. At the end of the 48 h conditioning
period, media and cell lysates were collected and analysed for VEGF by ELISA. The number of
cells in each sample was counted, so the concentration of VEGF pg per 108 cells was obtained.
Equal amounts of total protein from cell lysates were analysed by western blotting for aB-

crystallin expression.

All three different CRYAB siRNA, resulted in reduction of aB-crystallin expression. (Figure 4.2)
Exposure to heat shock increased aB-crystallin expression in control MDA-MB-468 cells, but
hypoxia has no or little influence on the induction of aB-crystallin in control MDA-MB-468
cells. aB-crystallin was not induced by heat shock or hypoxia of following siRNA knockdown

compared to control cells.

Analysis of the effects of CRYAB siRNA knockdown of VEGF demonstrated that in control
conditions (37 °C), MDA-MB-468 cells transfected with CRYAB siRNAs secreted more VEGF
compared to negative control (scrambled siRNA) in both conditioned media and cell lysates,
however this did not reach significance (Figure 4.3 A, B. Hypoxia increased the production of

VEGF in all cells compared to the VEGF produced at normal oxygen and 37 °C. Nevertheless,
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reducing CRYAB led to increased VEGF levels compared with VEGF levels from the negative
controls (Figure 4.3 A, B). Heat shock stimulated VEGF secretion in all cells; however, in
comparison to negative controls, CRYAB siRNA transfected cells secreted more VEGF into the
media (Figure 4.3 A). In cell lysates, however, negative control cells produced more VEGF
compared to cells transfected with CRYAB siRNA. Silencing CRYAB with three different siRNA
led to lower or no change in the intra-cellular levels of VEGF compared to VEGF produced at
37°C (Figure 4.3 B). The results demonstrated that inhibition of aB-crystallin in MDA-MB-468
cells increased VEGF secretion. The results suggest that aB-crystallin may downregulate VEGF

in MDA-MB-468 cells.
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Figure 4.2 Fold increase of aB-crystallin normalised to control cells at 37 °C in CRYAB siRNA
knockdown MDA-MB-468 cells. Equal amount of cell lysates (20 pg) prepared from MDA-MB-468
transfected with three individual siRNA targeting CRYAB or scrambled siRNA (negative control)
were analysed by western blotting for aB-crystallin expression. Cells were exposed to three
different conditions; the first group was placed in a 37 °C incubator as control; the second group
was exposed to low oxygen level of 0.1% (hypoxia) for 24 h and the third group was exposed to
heat shock at 42 °C in a humidified CO; incubator for 24 h. At the end of the 48 h conditioning
period, proteins extracts were then analysed by western blotting to check the efficacy of
transfection A). The membranes were re-probed for GAPDH as an internal control. The data blotted
are for siRNA 1 B) and siRNA 2 & siRNA 3 C). The data plotted are meant SEM of n=3 for CRYAB
siRNA 1 transfected cells and n=1 for CRYAB siRNA 2&3 transfected cells.
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Figure 4.2 Effect of CRYAB knockdown on secreted and intracellular VEGF in MDA-MB-468
cells. MDA-MB-468 cells transfected either with three different CRYAB siRNA or scrambled
siRNA (negative control). After 48 h, cells were exposed to three different conditions; the first
group was placed in a 37 °C incubator as control, the second group was exposed to low oxygen
level of 0.1% (hypoxia) at 37°C for 24 h followed by a further 24 h at normal oxygen and the
third group was exposed to heat shock at 42 °C for 24 h followed by a further 24 h at 37°C. At
the end of the 48 h conditioning period the medium and cell lysates were collected from all
samples and analysed by ELISA assay. The VEGF concentration of all samples was interpolated
from the standard curve of known concentration samples. VEGF (pg/ml) was calculated per
10° cells in conditioned media A) and cell lysates B). Data were analysed by 2-way ANOVA,
plots are mean + SEM of n=3-4 independent experiments for CRYAB siRNA 1 transfected cells,

and n=1 for CRYAB siRNA 2&3 transfected cells.
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4.4 Discussion

This chapter has addressed whether the downregulation of aB-crystallin has an effect on
VEGF secretion. siRNA was used to silence the protein in MDA-MB-468 cells. The level of VEGF
was measured by ELISA under normal conditions (37°C), hypoxia and heat shock in

conditioned media and cell lysates.

The results revealed that silencing CRYAB in MDA-MB-468 had no statistically significant
effect on VEGF secretion in all tested conditions, although more VEGF was produced by the
CRYAB silenced cells compared to those transfected with the scrambled control. It should be
noted that this result is consistent with the results in chapter 3 showing that aB-crystallin

overexpression in MDA-MB-231 reduced VEGF secretion.

Hypoxia is the main regulator of VEGF and as expected, stressing the cells under hypoxia
stimulates VEGF secretion as seen here in control cells. However, silencing CRYAB led to more
VEGF production even though the results did not reach significance. This finding is contrary
to previous studies, which have shown that aB-crystallin binds to misfolded VEGF and
enhances its secretion in hypoxia-induced conditions in retinal pigment epithelium (RPE) cells
(Kerr and Byzova 2010). In addition, after treating the RPE with chemical hypoxia (cobalt
chloride), VEGF and aB-crystallin induced in RPE cells in response to hypoxic conditions. The
authors demonstrated strong binding between aB-crystallin and VEGF under these hypoxic
conditions. Interestingly, the study found that the induction of aB-crystallin increased in the
retinal cells of mice at the time of active ocular angiogenesis and then downregulated later in
the retina of developed mice. The study demonstrated that aB-crystallin acts to chaperone
VEGF during the ocular angiogenesis (Kase et al. 2010). It seems that the induction of aB-
crystallin and its function as chaperone molecule to VEGF depends on the time of active
angiogenesis. This was shown by other study in which the induction of aB-crystallin increased
during the formation of new tumour blood vessels in vitro (Dimberg et al. 2008). Additionally,
the types of hypoxia may explain the difference in findings between the results in this study
and the study of Kase et al. The authors used chemical induced hypoxia, whereas in our
studies the cells were incubated in the hypoxic chamber at 0.1 % oxygen. Taken together, the

induction of aB-crystallin and its chaperone function is timing and context dependent.
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Furthermore, under normoxic and hypoxic conditions, aB-crystallin knockdown reduced VEGF
secretion in head and neck squamous cell carcinoma (HNSCC) (van de Schootbrugge et al.
2013). This inconsistency between this published data and results presented here may be due

to the difference in cell type between breast cancer cells and HNSCC.

Cancer cells produce VEGF as a survival factor to stimulate angiogenesis. Proper folding and
secretion of VEGF may ensure efficient angiogenesis and support cancer cell growth. Several
reports have linked aB-crystallin with VEGF-dependent angiogenesis (Dimberg et al. 2008,
Kase et al. 2010, Dong et al. 2016). For example, siRNA—mediated knockdown of aB-crystallin
in tumour vasculature led to high apoptosis in endothelial cells and thinner and disrupted
vasculature in mouse model (Dimberg et al. 2008). Furthermore, the same effect was found
in ocular tissues in aB-crystallin- deficient mice (Kase et al. 2010). aB-crystallin was found to
play a key role during the intraocular angiogenesis and considers as an essential chaperone
for VEGF. aB-crystallin-deficient mice expressed low levels of VEGF proteins compared to
wild-type mice during the hypoxic-induced angiogenesis (Kase et al. 2010). As a result, the
newly developed vessels were attenuated. Importantly, this study demonstrated that the
binding between aB-crystallin and VEGF was specific as they did not find interaction between
aB-crystallin and TGF-B (Kase et al. 2010). The affinity between aB-crystallin and VEGF and
other proangiogenic factor FGF was demonstrated in another study by (Ghosh et al.). The
authors identified the interaction sequences of aB-crystallin with VEGF and FGF. Interestingly,
these interactive sequences were found to overlap with the interactive sequences, which are
specific for binding with misfolded proteins. aB-crystallin is a chaperone molecule and its
binding with proangiogenic proteins through theses interactive sequences indicates that acts
to protect these misfolded proteins from aggregation. The chaperone assay from the same
study confirmed that aB-crystallin protected FGF from heat aggregation and VEGF from
reducing agent aggregation (Ghosh et al. 2007). aB-crystallin upregulated in response to heat
shock (chapter 3); however, it seems that aB-crystallin may negatively regulate VEGF in this
cell line (MDA-MB-468). It is established that cancer cells express various angiogenic factors
(Aspritoiu et al. 2021). The relationship between aB-crystallin and other angiogenic factors
such as FGF is needed to be determined in future experiments to investigate the relationship

between aB-crystallin and other angiogenic factors.
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The results from the previous chapter showed that aB-crystallin was induced in response to
heat shock. Under heat shock, all cells also produced more VEGF compared to normal
conditions at 37°C. However, silencing aB-crystallin resulted in more VEGF compared to
negative scrambled siRNA-transfected cells. This is difficult to explain since it was expected
that CRYAB would protect VEGF. It is possible that silencing aB-crystallin increases stress and
apoptosis in MDA-MB-468 cells and the cells may produce more VEGF to act against apoptosis.
It should be noted that only in heat shock condition in the lysates of cells transfected with
CRYAB siRNA, VEGF levels were lower (but not significantly different) than those in lysates of
cells transfected with negative control. VEGF is a growth factor that is mainly produced and
secreted to support angiogenesis and cancer cell growth (Goel and Mercurio 2013) and
therefore lower levels of VEGF in cell lysates may indicate efficient secretion. In contrast,

VEGF accumulation in cell lysates may indicate a problem with secretion.

Phosphorylation of aB-crystallin is induced in response to stress conditions and it is thought
to be essential for its chaperoning function (Launay et al. 2006). Although this is not a general
mechanism in all cells types. However, various studies showed clearly that phosphorylation
at serine 59 (ser 59) of aB-crystallin is correlated with increased interaction with VEGF and
was associated with increased survival of endothelial cells. For example, phosphorylated aB-
crystallin colocalised with VEGF in neovascular endothelial cells of diabetic retinopathy (Dong
et al. 2016). Moreover, ser 59 phosphorylation of aB-crystallin was upregulated during
tubular formation (Dimberg et al. 2008). Under hypoxia phosphorylated of aB-crystallin was
induced during ocular angiogenesis and was associated with increased levels of VEGF (Kase
et al. 2010). These data suggested that phosphorylation of aB-crystallin is essential to protect
VEGF from stress-induced aggregation. Nevertheless, phosphorylation inhibited the
chaperone function of aB-crystallin in breast cancer cells by binding to BCL2 and hence
prevents apoptosis (Launay et al. 2010). Testing the phosphorylation of aB-crystallin in the
cell lines used in this study may help to understand the conflicting of results between this
study and those previously published studies. In addition, it will help in revealing whether
phosphorylation of aB-crystallin was induced under the stress conditions used in this study

(hypoxia and heat shock).

The results demonstrated that silencing CRYAB by siRNA did not result in a significant change

in levels of VEGF in MDA-MB-468 cells although there was a trend for an increase. The results
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are compatible with the results in the previous chapter where overexpressing CRYAB in MDA-
MB-231 cells led to less VEGF. The reason for this is not clear but it is possible that altering
CRYAB in the used cells has made the cells independent to VEGF. It is also important to check
the levels of VEGF mRNA to see whether increased levels of VEGF were a consequence of
more transcription and differences in gene expression. It may be speculated from these
findings that aB-crystallin is a negative regulator of VEGF in the cell lines used in this study.
However, additional experimental replicates of aB-crystallin silencing utilizing siRNA2 and
siRNA3, coupled with an assessment of their effects on VEGF production, are required to

substantiate this conclusion.
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Chapter5 The influence of breast cancer cells that express
different levels of aB-crystallin on endothelial cell
responses

5.1 Introduction

The role of aB-crystallin in endothelial cell function has been revealed by many studies. aB-
crystallin increased endothelial cell survival, protected endothelial cells against apoptosis and
stabilised their endogenous autocrine and intracrine VEGF production (Liu et al. 2004,
Dimberg et al. 2008, Kase et al. 2010, Ruan et al. 2011). Its expression in endothelial cells is
induced in response to stress such as osmotic stress and sodium arsenite stress (Golenhofen
et al. 2002). aB-crystallin was expressed in a subset of tumour vessels such as kidney and lung
tumours whereas it was not detected in endothelial cells of normal human lung tissue or

healthy human or mouse kidney tissue (Dimberg et al. 2008).

aB-crystallin  confers different functions to stimulate angiogenesis in the tumour
microenvironment. For instance, the conditioned media from trastuzumab-resistant HER2-
positive breast cancer cells , which highly expressed aB-crystallin compared to their parental
cells, increased tube formation by endothelial cells that were incubated with conditioned
media from these cells (Yang et al. 2022). Highly tumourgenic and metastatic cells (SK-BR-3,
Hs-578T, and MDA-MB-23) induced higher levels of aB-crystallin expression in endothelial
cells than non-metastatic (MCF-7, T47D) breast cancer cell lines (Ruan et al. 2011). Induction
of aB -crystallin in endothelial cells was paralleled with an increase in tubule formation and
VEGF levels, whereas aB-crystallin knockdown led to a decrease in VEGF and tubule formation
(Ruan et al. 2011). aB-crystallin protects breast cancer-induced VEGF from proteolytic
degradation and ensures proper folding of VEGF, hence increases their secretion. The
mechanism of this function suggested by Kase et al, is that aB-crystallin binds to misfolded
VEGF which is transferred to endoplasmic reticulum to be refolded and secreted (Kase et al.
2010). These data suggest that aB-crystallin is essential in supporting tumour angiogenesis. It
has been reported previously that aB-crystallin expression predicts poor survival in breast
cancer and is suggested to be an oncogene (Moyano et al. 2006). Thus, breast cancer cells

may upregulate aB-crystallin to support tumour angiogenesis.
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5.2 Aim

This chapter aimed to test whether breast cancer cells that express different levels of aB-

crystallin influence endothelial cell responses. To achieve this:

conditioned media from breast cancer cells with different levels of aB-crystallin were
incubated with HDBECs. aB-crystallin expression in HDBECs was then determined by western
blot. In addition, the migration of HDBECs exposed to conditioned media derived from the

breast cancer cells was assessed by the scratch wound assay.

5.3 Results

5.3.1 Expression of aB-crystallin in HDBECs after incubation with conditioned media from
breast cancer cells

To examine whether aB-crystallin is upregulated in HDBECs after incubation with conditioned
media from breast cancer cells that express different levels of aB-crystallin, HDBEC were
plated at a density of 96,000 cells per well in 6-well plates in a complete endothelial cell
growth medium MV and allowed to grow for 48 h. After 48 h, they were incubated with 50%
complete endothelial cell growth medium and 50% conditioned media prepared as described
in section 2.11.1. As a control, the cells were incubated with 50% complete growth media and
50% serum-free media which had not been in contact with breast cancer cells. After 48 h,

proteins extracts were then analysed by western blotting for aB-crystallin expression.

The results showed that there was no induction of aB-crystallin in endothelial cells above
basal levels by any of the conditioned media tested. As shown in Figure 5.1, endothelial cells
expressed aB-crystallin but levels were not altered by incubation with conditioned media
from the breast cancer cells. aB-crystallin levels in the breast cancer cells themselves are also

shown on the blot for comparison.

116



A) B)
HBECs Breast cancer cells 4=
Q o]
\g \g§ T
\§ § (%) S \§ § 23'
5 K ¥ o8 7 S o
3 ; S g ¥ & 3 Q
F & & 3 s & S c
© s & N § A S = 2-
' S S < S S g -
| — e — - aB-crystalline E L4 _13__
4 20KDa g . A
5 s S
— GAPDH *
36 KDa 0 T T T T T A g T
S »
(\\‘o\ .Sxé .\Vib Q)‘b 0)‘6 N .LV?
T S S I I e
¥ M FSF D
ov: 051' A\ A\ o"‘ &
S ‘,}“ S v,\“
® 4

Figure 5.1 Western blot analysis of aB-crystallin protein expression in HDBECs. HDBECs were
plated at a density of 96,000 cells per well in 6-well plates in a complete endothelial cell
growth medium and allowed to grow for 48 h. After 48 h, they were incubated with 50%
complete endothelial cell growth media and 50% conditioned media from MDA-MB-231/WT,
MDA-MB-231/CRYAB and MDA-MB-468 cells as described in section 2.11.1. As a control, the
cells were incubated with 50% complete growth media and 50% serum-free media (SFM)
which has not been in contact with breast cancer cells. After 48 h, the cells were lysed and
proteins extracts were then analysed by western blotting and for comparison, western blots
of extracts from the breast cancer cells are also shown A). Blots were scanned and the band
density of aB-crystallin was expressed as a ratio of GAPDH B). The data plotted are mean +
SEM of n=3 independent experiments.

5.3.2 Proliferation of HDBECs with different conditioned media

Before establishing effects of breast cancer cell conditioned media on endothelial migration,
it was important to first optimise the conditions of the scratch wound assay and ensure that
the proliferation rate of HDBECs was not significantly affected by the conditioned media for
the duration of the assay. Differences in proliferation could mask potential effects on

migration.

The cells were plated at a density of 96,000 cells per well in 6-well plates. After 48 h, the full
growth media was replaced by 50% conditioned media and 50% full complete media or 50%
SFM. After 24 h, the media was aspirated, and the cells were counted. Briefly, the conditioned
media was prepared by plating MDA-MB-231/WT, MDA-MB-468 and MDA-MB-231/CRYAB
cells (high expressing clone) at a density of 2x10° cells in DMEM complete media for 48 h.

After 48 h, when they reached 80% confluence, the media was replaced with 15 ml of serum-
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free endothelial cell growth medium. The conditioned media were collected after 48 h and

used in the subsequent experiments.

The results demonstrated that there was no significant effect on the proliferation of HDBECs

by different conditioned media during the 24-hour period (Figure 5.2)
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Figure 5.2 Proliferation assay of HBECs. HDBECs were plated at a density of 96,000 cells
per well in 6-well plates in complete endothelial cell growth medium and allowed to grow
for 48 h. After 48 h, cells were incubated with 50% complete endothelial cell growth
medium and 50% conditioned media from either MDA-MB-231/WT, MDA-MB-231/CRYAB
or MDA-MB-468 cells. As a control, the HDBECs cells were also incubated with 50%
complete growth media and 50% SMF which had not been in contact with breast cancer
cells. After 24h, the cells were trypsinised and counted. Data was analysed by ordinary one-
way ANOVA test, plot is mean + SEM of n=4 independent experiments.
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5.3.3 Effects of conditioned media from breast cancer cells with different levels of aB-
crystallin on the migration of HDBECs

To establish whether breast cancer cells with varying levels of aB-crystallin have an effect on
the migration of HDBECs, the migration of HDBECs was assessed by a scratch wound assay.
Two-well silicone cell culture inserts were placed centrally in the wells of a 12-well cell culture
dish (1 insert per well, 3 wells per cell line). A suspension of 500,000 HDBECs per ml was
prepared and 70 ul of this suspension was plated per well. Cells were incubated with complete
endothelial cell growth media for 24 h before the cell culture inserts were removed to leave
a gap/wound of 500 pum for cells to migrate across. Each well was then filled with 50%
complete endothelial cell growth medium and 50% conditioned media from breast cancer
cells prepared as described in section 2.11.1 . As a control, the cells were incubated with 50%
complete growth media and 50% SFM that has not been in contact with breast cancer cells.
Six images of each well were taken immediately after creating the wound and then again at 4
h, 8 h and 24 hours. Image J was used to calculate the remaining open area in pixels. The

percentage of the closed area was calculated using the equation in 2.11.3.

The results showed that at 4 h, all cells incubated with the various conditioned media closed
the wound gap by approximately 15%. At 8 h, there was a further reduction in the wound gap
by approximately 30% under all conditions (Figure 5.3). The results showed that there was no
significant effect on migration of conditioned media obtained from cells expressing different

levels of aB-crystallin or SFM on the migration of HDBECs under the conditions of this assay.
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Figure 5.3 Migration of HDBEC after treatment with conditioned media with different levels
of aB-crystalline. A suspension of 500,000 HDBECs cells per ml was plated per well in two-well
silicone cell culture inserts. Cells were incubated for 24 h before the cell culture inserts were
removed. Each well was then filled with half complete endothelial cell growth medium and
half conditioned media from breast cancer with different levels of aB-crystalline. As a control,
the cells were incubated with half complete growth media and half SFM which has not been
in contact with breast cancer cells. Six images per well (three wells per cell line) of each well
were taken immediately after creating the wound and then again, at 4 h, 8 h and 24 h. Images
were taken with a 10X objective phase contrast camera. Image J was used to calculate the free
gap area and % wound closure area was calculated for each time point. The data were
analysed by 2-way ANOVA, plot is mean * SEM of n=3
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5.4 Discussion

This chapter aimed to establish whether the breast cancer cells expressing different levels of
aB-crystallin have an influence on endothelial cell expression of aB-crystallin and on
endothelial angiogenic response. Conditioned media from MDA-MB-231/WT cells, which do
not express aB-crystallin, MDA-MB-231/CRYAB a clone of the over expressing cells and MDA-
MB-468 cells that have endogenous aB-crystallin expression, were incubated with HDBECs.
The levels of aB-crystallin expressed by HDBECs and their migration after incubation with

conditioned media was assessed by western blotting and scratch wound assay, respectively.

It has been suggested previously that breast cancer cell-induced aB-crystallin in endothelial
cells correlated with the malignancy of breast cancer cells such as MDA-MB-231 cells (Ruan
et al. 2011). This does not appear to be the case in our study even though MDA-MB-231/WT
and MDA-MB-468 are both tumourgenic metastatic lines. There were no differences in the
expression of aB-crystallin in endothelial cells incubated with conditioned media from these
cells. As for the migration assay, it may be that the growth factors present in CM are too dilute
to have an effect on endothelial cell expression of aB-crystallin. The different results here and
those by previous studies could also be explained by the fact that previous authors used a co-
culture model whereas here conditioned media was used. The growth factors produced from
breast cancer cells in the co-culture model involve transfer through pores in transwell inserts
to endothelial cells directly. Whereas in the model of this study, endothelial cells were
incubated with conditioned media from breast cancer cells. It is possible to speculate that the
close contact between two cells might be needed to create a positive feedback loop between
cells. The co-culture model might facilitate the delivery of growth factors between cells more

efficiently than the conditioned media.

aB-crystallin is a chaperone molecule stimulated in response to different stimuli such as
osmotic stress, sodium arsenite stress and heat shock (Golenhofen et al. 2002, Chelouche-Lev
et al. 2004). In chapter 3 we also demonstrated that aB-crystallin is upregulated in breast
cancer cells in response to heat shock and MDA-MB-231/CRYAB cells produces more VEGF in
heat shock when compared to normal conditions. Moreover, hypoxia is reported to induce
aB-crystallin which is associated with stabilisation of VEGF in retinal pigment epithelial cells
and in head and neck squamous cell carcinoma (Kase et al. 2010, van de Schootbrugge et al.

2013). In addition, it has been reported that aB-crystallin chaperones VEGF in hypoxic
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condition and redirects it to endoplasmic reticulum, resulting in proper folding and secretion
(Kase et al. 2010). VEGF is the main stimulation of angiogenesis, survival and migration of
endothelial cells (Abhinand et al. 2016). Here the effect of heat shock and hypoxia on the
expression of aB-crystallin in endothelial cells have not been tested. Further research is
needed to investigate the effect of heat shock and hypoxia stress conditions on the expression

of aB-crystallin in endothelial cells and their function.

The migration of endothelial cells by the scratch assay was performed to investigate whether
the level of aB-crystallin in breast cancer cells could potentially influence production and
secretion of factors by the cells that could in turn alter the migration ability of endothelial
cells. The migration assay is dependent on the ability of cells to migrate across a gap/wound
and heal the gap but to assess this correctly, effects on proliferation need to be taken into
account when comparing different factors produced by different cells. Mitomycin c is usually
used to inhibit proliferation of cells and ensure that the scratch is closed only by migration
and not cell proliferation. Since HDBECs are primary endothelial cells and tend to be fragile,
we avoided treating the cells with the drug. Instead, the cells were counted to confirm that
there was no difference in their proliferation when incubated with different conditioned
media so the conditions of the assay were optimised. The results showed that there was no
significant difference in the proliferation between the different conditions (Figure 5.2),
suggesting that if any differences in HDBEC migration were determined it was unlikely to be
due to differences in proliferation. The scratch assay data showed that the HDBEC migrated
as expected but there was no significant difference in the migration between any of the cells
that were incubated with conditioned media from breast cancer cells with different levels of
aB-crystallin. Furthermore, conditioned media itself had no effect on the migration, since
endothelial cells incubated with SFM migrated in a similar manner to endothelial cells
incubated with conditioned media. In chapter three, the results showed that MDA-MB-
231/WT cells produce more VEGF than MDA-MB-231/CRYAB cells in the serum starved media.
Since VEGF is known to induce endothelial cell migration (Soga et al. 2001), it was expected
that effects on migration would be observed. However, when we tested the same conditioned
media on the endothelial cell migration ability, there was no significant difference seen
between MDA-MB-231/WT cells and MDA-MB-231/CRYAB cells. It is not known why the

observed difference in VEGF levels between two cells reported in Chapter 3 did not modulate
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endothelial cell migration, but potentially the concentration of VEGF and other growth factors
were too low. It may be necessary to concentrate conditioned media in future experiments
and expose the endothelial cells to more of the factors that are produced by the breast cancer
cells. Yang et al demonstrated that the conditioned media from SKBR3 trastuzumab-resistant
cell line, which was derived from SKBR3 HER2-positive breast cancer cells, induced the
sprouting of human aortic endothelial cells (HAECs) compared to parental trastuzumab-
sensitive SKBR3 cells. Interestingly, the group demonstrated that aB-crystallin was
significantly greater in SKBR3-trastuzumab-resistant cells than trastuzumab-sensitive SKBR3
parental cells. Importantly, treating HAECs with conditioned medium from SKBR3-
trastuzumab-resistant cells after aB-crystallin expression had been knocked down led to a
significant decrease in the tubule formation (Yang et al. 2022). In contrast, conditioned media
from aB-crystallin high expressing cells MDA-MB-231/CRYAB or MDA-MB-468 cells did not
result in an increase in migration as tested by the scratch assay. The fact that the assay for
testing the endothelial cell response is different may explain the contradictory results. In
addition, the difference in molecular characteristics between triple negative breast cancer
cells and HER2-positive breast cancer cells possibly has an influence. Moreover, the
endothelial cells that were used are microvascular endothelial cells derived from the dermis
of juvenile foreskin and adult skin, whereas in the Yang et al study the human aortic
endothelial cells are cardiac endothelial cells. A previous study investigating the effect of aB-
crystallin on endothelial tubule formation found that aB-crystallin was upregulated during
tubular morphogenesis in bovine capillary endothelial cells and telomerase-immortalized
human microvascular endothelial cells. As a result, the total length and area of formed blood
vessels were significantly increased compare to the cells with low aB-crystallin (Dimberg et al.
2008). Therefore, it appears that the effect of aB-crystallin on endothelial cell response is

dependent of cell-type and/or the performed assay.

In summary, the data demonstrated that conditioned media from MDA-MB-231/WT, MDA-
MB-231/CRYAB and MDA-MB-468 cells under the conditions tested here has no influence on
the migration and aB-crystallin expression in HDBECs. More investigations are needed to

confirm this result by using other models than the conditioned media.
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Chapter6 Establishing whether aB-crystallin alters the
response to treatment

6.1 Introduction

In this chapter, the effects of the neutralizing anti-VEGF antibody, bevacizumab, on the
growth kinetics of MDA-MB-231/WT and MDA-MB-231/CRYAB cells orthotopically implanted
into nude mice have been evaluated. Furthermore, the effects of doxorubicin, bevacizumab
alone or in combination were assessed in mice bearing MDA-MB-231/CRYAB and MDA-MB-
231/WT tumours. To determine if CRYAB alters the response to treatments. Following
resection, angiogenesis and apoptosis were evaluated using IHC. VEGF levels from tumour
tissues and blood serum were also measured to evaluate any difference between MDA-MB-

231/WT and MDA-MB-231/CRYAB tumours.

One high CRYAB expressing clone of MDA-MB-231/CRYAB cells and the wild-type counterpart
cells were injected into BALB/C mice. Initially, a pilot study was performed to determine the
optimal dose of bevacizumab that resulted in inhibition of tumour derived VEGF. Following
this, the same clone of MDA-MB-231/CRYAB cells and their wild type counterpart cells were
used to establish primary tumours in BALB/C mice through orthotopic injection into the fourth
mammary fat pads. Once the primary tumours were established, the mice then were
randomised into 8 animals per group of equal tumour size before treating with doxorubicin,
bevacizumab, or a combination of both treatments. The resulting tumours were measured
three times per week to check the effect of the treatments on tumour growth. At the end of
the experiment, blood was collected to measure VEGF in serum and tumours were excised
for subsequent analysis of VEGF levels by ELISA. In addition, vascular cell markers and
apoptosis was assessed via immunohistochemistry for CD31 CD34 and active-caspase 3.

Figure 2.4 showing the outline of the study protocol.
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6.2 Aim

The aim of this chapter is assessment of the in vivo efficacy of bevacizumab, doxorubicin and
the combination of both drugs on the growth and the vasculture of high versus null aB-

crystallin breast cancer cells. To achieve this,

=

Evaluate the influence of CRYAB overexpression on tumour growth and production of

VEGF by measuring the tumour volume and VEGF levels.

2- Evaluate the response of established tumours to bevacizumab, doxorubicin and the
combination of both treatments by measuring the tumour volume and VEGF levels.

3- Quantify CD31 and CD34 endothelial markers by IHC to assess the effect of treatments
on tumour microvascular density.

4- Determine whether CRYAB alters the level of apoptosis in vivo, by quantification of

active caspase-3 using IHC.

6.3 Results

6.3.1 Establish the optimal dose of bevacizumab for reducing tumour derived VEGF in vivo
First, a pilot study was performed to establish the optimal concentration of bevacizumab for
reducing VEGF production by MDA-MB-231 breast cancer cells in vivo. 1X10® MDA-MB-
231/WT cells were injected into the right and left fourth mammary ducts of 12-week BALB C/
mice (n=3/group). 7-days after tumour cell injection, mice were randomly divided into four
groups of equal tumour size and treated with 5mg/kg, 7.5mg/kg, 10mg/kg bevacizumab or
saline as a control three times a week. The mice were culled at day 30 after initial injection of
tumour cells. At the end of the procedure, the serum and primary tumours were collected for
VEGF analysis by ELISA assay. The lowest concentration that inhibited VEGF concentration

was used for the subsequent in vivo combination treatment study.

The results showed that 7.5 mg/kg and 10 mg/kg bevacizumab resulted in inhibition of the
tumour VEGF (Figure 6.1). The lowest concentration (7.5 mg/kg) was chosen for the
subsequent experiments. The human VEGF was not detected in the serum via ELISA (data not
shown). Pilot studies to determine the optimal doses of doxorubicin were not required since
previous studies from our laboratories use the concentration of 4 mg/kg doxorubicin and

resulted in tumour growth inhibition.
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Figure 6.1 Effect of bevacizumab on VEGF concentration in MDA-MB-231/WT tumours

+/- bevacizumab. 12-week-old BALB/c nude mice (n=3/group) were injected with 1x10°
MDA-MB-231 cells into the 4th left and right mammary glands. After primary tumours
were established, mice were treated with three different concentrations of Bevacizumab
(5 mg/kg, 7.5 mg/kg and 10 mg/kg) three times before the cull day. One group acted as
control and received saline solution three times per week. Tumours were collected for
VEGF analysis by ELISA. The VEGF concentration (pg/ml) of all samples was interpolated
from the standard curve of known concentration samples. The plot represents mean *
SEM, n=3 mice per groups.
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6.3.2 Effect of CRYAB on tumour growth and response to different treatment protocols

1X10° MDA-MB-231/WT or MDA-MB-231/CRYAB cells were injected into each of fourth
mammary gland in 12-week-old BALB/C mice. Once the tumours had established, the mice
were randomly divided into four groups and treated with 4 mg/kg doxorubicin once a week,
7.5mg/kg bevacizumab three times a week, or a combination of bevacizumab and doxorubicin
or saline (control). Tumour volumes were measured three times a week by digital calipers, to
investigate whether CRYAB had an effect on the growth of tumours, in vivo, and to evaluate
the response to doxorubicin, bevacizumab or the combination of both treatments. At the end

point (day 40), the mice were sacrificed, and tumours were excised and weighed.

The data demonstrated that MDA-MB-231/WT grew faster resulting in significant larger
tumours compared with MDA-MB-231/CRYAB tumours (p=0.0499) (Figure 6.2 A&B). In MDA-
MB-231/WT tumours, doxorubicin alone and bevacizumab alone significantly inhibited
tumour growth compared with saline (p= <0.0001 and p= 0.0011 respectively). The
combination of both treatments reduced tumour growth significantly (P= <0.0001); however,
the addition of bevacizumab did not potentiate the effect of doxorubicin (Figure 6.2 C). In
MDA-MB-231/CRYAB tumours, doxorubicin inhibited the tumour growth significantly (P=
<0.0001) whereas bevacizumab did not reduce the tumour volume. In contrast to MDA-MB-
231/WT cells doxorubicin and bevacizumab together resulted in more effect than each drug
alone; significantly reducing tumour growth compared with the control group (Figure 6.2 D)

(P= <0.0001).

At the end point (day 40), the weight of the tumours in all groups were measured (Figure 6.3).
The average weight of MDA-MB-231/WT tumours treated with doxorubicin decreased
significantly compared to saline (average weight 0.8 g vs 0.3 g, SEM=0.1719, p= 0.03). The
combination of both doxorubicin and bevacizumab resulted in a significant decrease in
tumour weight (average weight=0.8050 g vs 0.1617 g, SEM=0.1783, p= 0.0075). The tumour
weight in bevacizumab treated group also decreased compared to control group, however,
this was not significant (average weight= 0.8050 g vs 0.3925, SEM = 0.1668, p=0.0913). The
weight of MDA-MB-231/CRYAB tumours followed the trend seen in tumour volume with
smaller tumour weight. The tumours that were dissected from the doxorubicin treated mice
decreased in weight when compared to the control, however, did not reach statistical

significance (average weight= 0.2233 g vs 0.07667 g, SEM= 0.07460, p= 0.2391). No
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differences were observed between tumour weights in the bevacizumab group compared to
control. The tumour weight in the combination group decreased compared to the saline
group, but was not significant (tumour weight = 0.2233 g vs 0.01475 g, SEM= 0.08341, p=
0.0957). These results indicate that doxorubicin inhibited tumour growth in MDA-MB-231/WT
tumours independent of bevacizumab, whereas the combination of the drugs had more

inhibitory effect on MDA-MB-231/CRYAB tumour growth than each drug alone.
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Figure 6.2 Effect of doxorubicin and bevacizumab, alone and in combination on MDA-MB-
231/WT and MDA-MB-231/CRYAB on tumour growth, in vivo. 12-week old BALB/c nude mice
were injected into the 4t left and right mammary glands with 1 x 106 MDA-MB-231/WT and MDA-
MB-231/CRYAB cells. Once primary tumours had established, mice were randomised into groups
of equal tumour volume before being treated with either 4 mg/kg doxorubicin, 7.5 mg/kg
bevacizumab, combination of doxorubicin and bevacizumab or saline. Tumour volume was
measured with digital callipers three times per week until cull day. The results presented are
combined from two studies; in each study, 32 mice were divided into 8 groups. A) The plot
represents the tumour volume of MDA-MB-231/WT and MDA-MB-231/CRYAB in control group
only (saline). The data analysed by Unpaired t-test. B) Appearance of different groups at the end
of one experiment. Tumour volume of MDA-MB-231/WT, C) and MDA-MB-231/CRYAB, D). The
Data was analysed by two way Anova with Tukey’s multiple comparisons test (**** p=<0.0001, *
p=0.0499, mean + SEM, n=6-8 animals per group.
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Figure 6.3 Weight of MDA-MB-231/WT and MDA-MB-231/CRYAB tumours after treatment
with doxorubicin and bevacizumab, alone or in combination. Mice were injected into the 4th
left and right mammary glands with 1 x 10® of MDA-MB-231/WT and MDA-MB-231/CRYAB cells.
Once primary tumours had established, mice were treated with either 4 mg/kg doxorubicin, 7.5
mg/kg bevacizumab, the combination of doxorubicin and bevacizumab or saline. Tumour were
excised and weighted at the end point (day 40). The results presented are combined data from
two studies, in each study 32 mice were divided into 8 groups. Data was analysed by Ordinary
one-way ANOVA with Tukey’s multiple comparisons test (*P = 0.03, **p = 0.007, + SEM, n=6-8
animals per group).
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6.3.3 The effect of bevacizumab and doxorubicin alone or in combination on VEGF levels

To establish whether CRYAB alters the ability of bevacizumab to inhibit VEGF, ELISA was used
to determine VEGF concentration in both tumour tissues and blood serum. Mice were treated
prior the end point (Day 40) with 4 mg/kg doxorubicin once a week, 7.5 mg/kg bevacizumab
three times a week, or combination of both treatments or saline. At the end, blood serum

and tumours were collected for VEGF analysis by ELISA.

The results showed that MDA-MB-231/WT tumours produced significantly more VEGF
compared to MDA-MB-231/CRYAB tumours (P= 0.0021) (Figure 6.4 A), which is consistent
with in vitro results. Bevacizumab and the combination of both doxorubicin and bevacizumab
decreased the concentration of VEGF significantly in MDA-MB-231/WT tumours (P=0.001),
whereas in MDA-MB-231/CRYAB tumours, only the combination of both doxorubicin and
bevacizumab inhibited the production of VEGF significantly (P= 0.03) (Figure 6.4 B,C). These
results suggest that tumours derived from CRYAB transfected cells are less sensitive to
bevacizumab due to the lower levels of VEGF produced. However, the combination of both
treatments decreased VEGF significantly. The results suggest that the inhibition of tumour
volume seen in this group is due to the decrease in VEGF levels after treatment with
combination of bevacizumab and doxorubicin. Human VEGF was not detected in serum in any
group possibly due to very low levels secreted into the circulation from human tumour cells

(data not shown).
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Figure 6.4 Human VEGF concentrations (pg/ml) in MDA-MB-231/WT and MDA-MB-
231/CRYAB tumours following treatment with doxorubicin, bevacizumab, or a combination
of the two treatments. 12-week-old BALB/c nude mice were injected into the 4th left and right
mammary glands with 1 x 10® of MDA-MB-231/WT and MDA-MB-231/CRYAB cells. Once
primary tumours had established, mice were selected randomly to be treated with either 4
mg/kg doxorubicin, 7.5 mg/kg bevacizumab, combination of doxorubicin and bevacizumab or
saline. At the end point (day 40), tumours were collected and analysed by ELISA for human
VEGF expression. 0.5 pg /uL of total protein in total volume of 100 pl were analysed. The
optical density was measured at 450 nm and 540 nm for background correction. The VEGF
concentration of all samples was interpolated from the standard curve of known concentration
samples. A) The plot represents the VEGF levels of MDA-MB-231/WT and MDA-MB-
231/CRYAB in control group only (saline). The data analysed by Unpaired t-test (**p=0.0021,
+ SEM; n =6-7 animals per group. VEGF levels from MDA-MB-231/WT tumours, B) and MDA-
MB-231/CRYAB, C). Data were analysed by ordinary one-way ANOVA with Tukey’s multiple
comparisons test (**p=0.001, *p = 0.03, + SEM; n =6-8 animals per group).
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6.3.4 Murine-VEGF levels after treatment with bevacizumab and doxorubicin alone or in
combination.

Mouse VEGF levels were measured to check the specificity of bevacizumab for human VEGF.
Mice were injected into each of the fourth mammary glands with 1x10° cells of MDA-MB-
231/WT and MDA-MB-231/CRYAB cells. Once the tumours had established, the mice were
randomly divided into four groups and treated with 4 mg/kg doxorubicin once a week,
7.5mg/kg bevacizumab three times a week, the combination of bevacizumab and doxorubicin
or saline (control). At the end point (day 40), serum and tumours were collected for murine
VEGF analysis by ELISA. The results demonstrate that there are no differences between the
concentrations of murine VEGF in serum between MDA-MB-231/WT bearing mice and MDA-
MB-231/CRYAB bearing mice (Figure 6.5), suggesting that the presence of different sized

tumours (large WT vs small CRYAB) does not influence host VEGF.

In tumours, there is no significant difference between treated tumours and controls in MDA-
MB-231/WT tumours. In MDA-MB-231/CRYAB tumours, the treatment combination led to
significant inhibition of VEGF compared to bevacizumab alone. This could potentially be linked

to the substantially smaller size of tumours within this particular group.

The results indicate that the treatments have no effect on the host VEGF in all groups,

suggesting that the treatments were specific for the tumour-derived human VEGF (Figure 6.6).
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Figure 6.5 Murine VEGF in serum (pg/ml). Mice were injected into the 4th left and right
mammary glands with 1 x 10® MDA-MB-231/WT and MDA-MB-231/CRYAB cells. Once
primary tumours had established, mice were treated with either 4 mg/kg doxorubicin,
7.5 mg/kg bevacizumab, a combination of doxorubicin and bevacizumab or saline. At the
end point (day 40), blood serum was collected and analysed by ELISA for mouse VEGF
expression. The optical density was measured at 450 nm and 540 nm for background
correction. The VEGF concentration of all samples was interpolated from the standard
curve of known concentration samples. The data plotted are mean +SEM; n =3-4 animals

per group.

133



MDA-MB-231/WT MDA-MB-231/CRYAB

300+ 300+
) ® *
E 2007 E 200 A_a
-g v 'g —A
|
w n w .iL 4
2 A 2
> 100 > 100 ] A
- A [ ]
[ ) v vév
0 I 1 1 1 0 I 1 1 1
RY 2
PO N & D of
» QO Q x > Q Q x
& \V \¥ + P . \¥ +
N & o Q° o\\ & & °
& ¥ o &F & & F
o $ ¥ o o v
<o +° o O g o
*° %04 <° @04

Figure 6.6 Mouse VEGF concentration (pg/ml) in MDA-MB-231/WT and MDA-MB-
231/CRYAB tumours following treatment with doxorubicin, bevacizumab or combination of
the two treatments. 12-week-old BALB/c nude mice were injected into the 4t left and right

mammary glands with 1 x 10° cells of MDA-MB-231/WT and MDA-MB-231/CRYAB cells. Once
primary tumours had established, mice were treated with either 4 mg/kg doxorubicin, 7.5
mg/kg bevacizumab, combination of doxorubicin and bevacizumab or saline. At the end point
(day 40), tumours were collected and analysed by ELISA for mouse VEGF expression. 0.5 pg
/uL of total protein in total volume of 100 pl were analysed. The optical density was measured
at 450 nm and 540 nm for background correction. The VEGF concentration of all samples was
interpolated from the standard curve of known concentration samples. Data were analysed
by ordinary one-way ANOVA with Tukey’s multiple comparisons test (*p = 0.04, mean + SEM;

n =3-4 animals per group.
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6.3.5 MDA-MB-231/WT and MDA-MB-231/CRYAB tumour microvascular density following

treatment with doxorubicin, bevacizumab or combination of both.

To establish whether CRYAB has an influence on host vasculature, two endothelial cell

markers, platelet-endothelial cell adhesion molecule (PECAM-1/CD31) and CD34 were scored

by IHC. CD31 is an adhesion molecule expressed mainly by endothelial cells and other
hematpoetic cells (Sapino et al. 2001). It is a well described marker of endothelial cells and is
used to assess the vascularity of tumours in both mouse models and human (Horak et al. 1992,
Qiao et al. 2022). CD34 is a marker of newly developed vessels and proliferating endothelial

cells (Vizio et al. 2013). In addition, CD34 is expressed by hematopoietic and endothelial

progenitor cells (Vizio et al. 2013).

The vascular area was assessed in tumours by quantifying the positive CD31 or CD34 stainined
area as a percentage of positive pixels in viable tumour, avoiding the necrotic area and normal
tissues, Figure 2.5 is an example of analysed area. This was done separately for each

endothelial marker.

Staining with CD31 showed that MDA-MB-231/WT tumours were more vascularised than
MDA-MB-231/CRYAB tumours (Figure 6.7, 6.8). The combination of bevacizumab and
doxorubicin significantly decreased the vascular area compared with control and doxorubicin
alone (p= 0.0288 and 0.0187, respectively). There was no significant difference between
bevacizumab alone and the combination of doxorubicin and bevacizumab (Figure 6.7, 6.8). In
MDA-MB-231/CRYAB tumours there was no significant difference in vascular area between
all groups (Figure 6.7, 6.8). The data demonstrate that MDA-MB-231/WT vascularity was
affected more than MDA-MB-231/CRYAB as evidenced by active angiogenesis through high
concentrations of VEGF and more blood vessels in MDA-MB-231/WT tumours compared with

MDA-MB-231/CRYAB tumours.

CD34 is widely considerded as a marker of endothelial progenitor cells, which mediate
neovasculogenesis in the tumour microenvironment. The expression of CD34 is low in both
MDA-MB-231/WT and MDA-MB-231/CRYAB tumours (Figure 6.9, 6.10). No significant
difference was seen in the treated groups compared to the control group for both MDA-MB-

231/WT and MDA-MB-231/CRYAB tumours.
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Figure 6.7 Tumour vascularity of MDA-MB-231/WT and MDA-MB-231/CRYAB tumours
following treatment with doxorubicin, bevacizumab and combination of both: CD31 staining.
Mice were injected into the 4th left and right mammary glands with 1 x 10® of MDA-MB-231/WT
and MDA-MB-231/CRYAB cells. Once primary tumours had established, mice were treated with
either 4 mg/kg doxorubicin ,7.5 mg/kg bevacizumab, combination of doxorubicin and
bevacizumab or saline. FFPE tumours sections were stained for CD31 and counterstained with
haematoxylin. Representative images of MDA-MB-231/WT and MDA-MB-231/CRYAB tumour
vessels captured at 10x magnification from whole slide scanning (scale bar=100 um).
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Figure 6.8 Tumour vascularity of MDA-MB-231/WT and MDA-MB-231/CRYAB tumours following
treatment with doxorubicin, bevacizumab and combination of both: CD31 staining. Mice were
injected into the 4th left and right mammary glands with 1 x 106 of MDA-MB-231/WT and MDA-
MB-231/CRYAB cells. Once primary tumours had established, mice were treated with either 4
mg/kg doxorubicin ,7.5 mg/kg bevacizumab, combination of doxorubicin and Bevacizumab or
saline. FFPE tumours sections were stained for CD31 and counterstained with haematoxylin.
Vascular area was quantified by calculating the mean percentage of DAB positive staining (% CD31
positive pixels) from whole scanned viable tumour tissue using QuPath in MDA-MB-231/WT and
MDA-MB-231/CRYAB. Data were analysed by Ordinary one-way ANOVA with Tukey’s multiple
comparisons test (*p=0.0288 for Control (saline) vs. Dox+ Bev), *p=0.0187 for Doxorubicin (Dox)
vs. Dox+ Bev), mean + SEM; n = 6-8 animals per group.
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Figure 6.9 Tumour vascularity of MDA-MB-231/WT and MDA-MB-231/CRYAB tumours
following treatment with doxorubicin, bevacizumab and combination of both: CD34 staining.
Mice were injected into the 4th left and right mammary glands with 1 x 10® of MDA-MB-231/WT
and MDA-MB-231/CRYAB cells. Once primary tumours had established, mice were treated with
either 4 mg/kg doxorubicin, 7.5 mg/kg bevacizumab, combination of doxorubicin and
bevacizumab or saline. FFPE tumours sections were stained for CD34 and counterstained with
haematoxylin. Representative images of MDA-MB-231/WT and MDA-MB-231/CRYAB tumour
vessels captured at 10x magnification from whole slide scanning (scale bar=100 pum).
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Figure 6.10 Tumour vascularity of MDA-MB-231/WT and MDA-MB-231/CRYAB tumours
following treatment with doxorubicin, bevacizumab and combination of both: CD34
staining. Mice were injected into the 4th left and right mammary glands with 1 x 10® of MDA-
MB-231/WT and MDA-MB-231/CRYAB cells. Once primary tumours had established, mice
were treated with either 4 mg/kg doxorubicin, 7.5 mg/kg bevacizumab, combination of
doxorubicin and bevacizumab or saline. FFPE tumours sections were stained for CD34 and
counterstained with haematoxylin. Vascular area was quantified by calculating the mean
percentage of DAB positive staining (% CD34 positive pixels) from whole scanned tumour
tissue using QuPath in MDA-MB-231/WT and MDA-MB-231/CRYAB. Data were analysed by
ordinary one-way ANOVA with Tukey’s multiple comparisons test, mean + SEM; n= 6-8
animals per group.
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6.3.6 Expression of active caspase-3 following treatment with doxorubicin, bevacizumab
or combination of both

The combination of doxorubicin and bevacizumab inhibited tumour volume in CRYAB
expressing tumours was likely due to in part because of the decreased VEGF levels in this
group. Apoptosis induction in this group was also assessed by staining the tumour tissues with
an antibody to cleaved and therefore active caspase-3, which is the executioner of apoptosis.
The number of caspase-3 positive cells were counted as a percentage of positive pixels on
histological sections of scanned tumour tissues, avoiding areas of necrosis and normal tissues
(Figure 2.6 is an example of the analysed area). The results showed that the percentage of
cleaved caspase 3 positive cells was higher in MDA-MB-231/WT control saline treated
tumours compared with MDA-MB-231/CRYAB treated with saline. In MDA-MB-231/WT
tumours, a combination of doxorubicin and bevacizumab significantly increased cleaved
caspase 3 expression compared with doxorubicin alone and the control group (p= 0.0104,
0.0241, respectively) (Figure 6.11, 6.12). In MDA-MB-231/CRYAB tumours, there was no
significant difference between any of the groups (Figure 6.11, 6.12). The results indicate that
combining doxorubicin and bevacizumab increased apoptosis in wild-type MDA-MB-231
tumours but not in CRYAB overexpressing tumours. Either apoptosis is not induced in CRYAB

overexpressing tumours and/or the expression of caspase-3 is not detected in these tumours.
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Figure 6.11 Cleaved caspase 3 staining in MDA-MB-231/WT and MDA-MB-231/CRYAB
tumours following treatment with doxorubicin, bevacizumab and combination of both.
Mice were injected into the 4th left and right mammary glands with 1 x 10® of MDA-MB-
231/WT and MDA-MB-231/CRYAB cells. Once primary tumours had established, mice were
treated with either 4 mg/kg doxorubicin, 7.5 mg/kg bevacizumab, combination of doxorubicin
and bevacizumab or saline. FFPE tumours sections were stained for cleaved caspase 3 and
counterstained with haematoxylin. The positive DAB cells were counted, and the percentage
of positive cells was calculated from whole scanned tumour tissues in the viable areas in MDA-
MB-231/WT and MDA-MB-231/CRYAB. Images were captured at 10x magnification from
whole slide scanning (scale bar=100 um).
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Figure 6.12 Cleaved caspase 3 staining in MDA-MB-231/WT and MDA-MB-231/CRYAB tumours
following treatment with doxorubicin, bevacizumab and combination of both. Mice were injected
into the 4th left and right mammary glands with 1 x 106 of MDA-MB-231/WT and MDA-MB-231/CRYAB
cells. Once primary tumours had established, mice were treated with either 4 mg/kg doxorubicin, 7.5
mg/kg bevacizumab, combination of doxorubicin and bevacizumab or saline. FFPE tumours sections
were stained for cleaved caspase 3 and counterstained with haematoxylin. The positive DAB cells were
counted, and the percentage of positive cells was calculated from whole scanned tumour tissues in the
viable areas in MDA-MB-231/WT and MDA-MB-231/CRYAB. Data were analysed by ordinary one-way
ANOVA with Tukey’s multiple comparisons test, mean £ SEM; n = 6-8 animals per group.
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6.4 Discussion

The aim of this chapter was to investigate the influence of CRYAB on tumour growth in a
mouse model and the efficacy of bevacizumab in CRYAB overexpressing tumours compared
to non-CRYAB expressing ones. Tumour-secreated VEGF was measured to assess the
influence of treatment. The effect on vasculature and apoptosis induction after treatment
were tested to assess any difference in the tumour microenvironment between MDA-MB-

231/WT and MDA-MB-231/CRYAB overexpressing tumours.

Bevacizumab was the first anti-angiogenic therapy when used in combination with a
chemotherapeutic agent (paclitaxel) to treat metastatic breast cancer in patients, showed
improvement in progression-free survival compared to chemotherapy alone (Miller et al.
2007). Bevacizumab monotherapy demonstrated modest therapeutic benefits, whereas
multiple preclinical investigations revealed a synergistic relationship between anti-angiogenic
treatment and chemotherapeutic agents (Miles et al. 2010, Goldfarb et al. 2011).
Bevacizumab was therefore investigated in combination with a variety of chemotherapy
drugs in multiple phase Il clinical trials (Miles et al. 2010, Goldfarb et al. 2011). Doxorubicin
is a widely used chemotherapeutic agent and herein, was used in combination with
bevacizumab to establish any synergy. Herein, a pilot study was performed first to select the
minimum concentration of bevacizumab that inhibits VEGF levels. Different concentrations
were tested (5, 7.5 and 10 mg/k), based on published papers that showed an inhibitory effect
of blocked VEGF by these concentrations, using tumour models and patients peripheral blood
(Cao et al. 2011, Heskamp et al. 2013, Hodi et al. 2014). Although, the result in the current
study showed that there was no significant difference in the levels of VEGF between these
concentrations compared to the control, 7.5 and 10 mg/kg of bevacizumab showed a
reduction in VEGF levels compared to 5 mg/kg (Figure 6.1). 7.5 mg/kg of bevacizumab was
selected in the subsequent experiments. However, further investigations could be done to
evaluate the effect of the selected concentrations on the downstream signalling activated by
VEGF. The experiments into downstream signalling pathways may give significant information
about the downstream implications of the chosen concentrations, unravelling the intricate
network of signalling events that contribute to the observed decrease in VEGF levels. For

example, western blot analysis of the VEGF-mediated signalling pathways.
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Overexpression of CRAYB in MDA-MB-231 cells implanted into the fourth mammary fat pads,
reduced tumour growth in the mouse model (P = 0.0499) compared with the wild type
tumours (Figure 6.2 A). Under control conditions (saline treated mice). CRYAB overexpresing
tumours displayed lower levels of apoptosis than wild type tumours (Figure 6.11) and hence
apoptosis could not account for differences in growth. It has previously been reported that
stable expression of CRYAB in MDA-MB-231 cells promoted xenograft tumour growth and this
tumourgenic effect was partially due to resistence to tumor necrosis factor-related apoptosis-
inducing apoptosis (Kamradt et al. 2005). These authors showed that the growth rate of aB-
crystallin overexpressing cells in vitro was not different to that of the control cell, but
nevertheless tumour growth in vivo was enhanced by aB-crystallin overexpression. Our in
vitro data are in agreement with Kamradt et al but in our hands aB-crystallin overexpressing

cells formed smaller tumours.

In this study, doxorubicin and the combination of doxorubicin and bevacizumab inhibited
tumour growth of MDA-MB-231/WT cells significantly compared with saline. Furthermore,
although bevacizumab alone had no affect on tumour growth, simultaneous administration
of both doxorubicin and bevacizumab resulted in a significant tumour regression compared
with bevacizumab alone (p= <0.0001). In addition, bevacizumab and doxorubicin together
increased apoptosis in these tumours compared with either drug alone. The high reduction in
tumour volume and increased apoptosis in tumours treated with the combination of both
drugs was also associated with high reduction in VEGF levels. It should be noted that
bevacizumab alone did not result in tumour regression in MDA-MB-231/CRYAB cells. This
could be due to the fact that MDA-MB-231/CRYAB tumours were not actively producing VEGF
compared to MDA-MB-231/WT tumours, making their growth less dependent on VEGF.
However, the addition of doxorubicin sensitised tumours to bevacizumab treatment. It needs
to be established why VEGF secretion is so substantially reduced in CRYAB overexpressing
tumours. MDA-MB-231/CRYAB tumours produced less VEGF compared to MDA-MB-231/WT
tumours. The in vivo findings confirmed what it had been previously shown in vitro (chapter
3, which showed that MDA-MB-231/CRYAB cells produced less VEGF compared to MDA-MB-
231/WT cells. Bevacizumab alone and in combination with doxorubicin were effctive in
reducing VEGF concentrations in MDA-MB-231/WT tumours compared with saline group (p=

0.0016 & 0.0011, respectively). Whilest, only the combination of both treatments decreased
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VEGF levels in MDA-MB-231/CRYAB tumours compared with saline (p= 0.0330). It could be
argued that bevacizumab has more effect on secreted VEGF and that the VEGF in the
circulation was decreased after treatment with bevacizumab alone. Nevertheless, human
VEGF was not detected in the serum of any of the mice analysed (not shown). This migh be

that the concentration was vey low to be detected by ELISA.

It is thought that anti-VEGF treatments have cytostatic rather than cytotoxic effects,
therefore, they are usually combined with cytotoxic agents such as chemotherapies to
maximise their anti-tumour effects (Gasparini et al. 2005). Bevacizumab neutralises human
VEGF and interferes with its ability to bind to VEGF receptors (VEGFR), primarly VEGR2 on
endothelial cells (Kazazi-Hyseni et al. 2010) . Consequently, inhibiting VEGF prevents the
downstraem signalling such as proliferation and survival of endothelial cells. Two mechanisms
of action have been identified for bevacizumab; starvation of the tumour and limiting the
blood supply to tumours and/or normalisation of the vasculture. Hence, these effects lead to
partial normalisation of the vasculature and a decreased interstitial fluid pressure, resulting
in better oxygenation to the tumour and hence an improved distribution of chemotheraputic
treatments (Kazazi-Hyseni et al. 2010). It is unlikely that the normalisation of blood vessels
was the mechanism of the synergistic effect observed in the MDA-MB-231/CRYAB tumours
because the tumours produced low levels of VEGF and showed low expression of endothelial
cell markers CD31 and CD34, although this warrants further investigation. In addition, mouse
VEGF decreased significantly after the combination of treatments, demonstrating a direct

effect on development of mouse vasculture in these tumours.

Efficacy of antiangiogenic therapies in pre-clinical and clinical studies are commonly
monitored by observing changes in variables such microvessel density (MVD), vessel diameter
and tortuosity, vascular partial pressure of oxygen, and interstitial pressure (Shih and Lindley
2006, Batchelor et al. 2007, Wang et al. 2008, Barral et al. 2016, Rojas et al. 2018). These
parameteters can be assessed by different techniques including imaging tools such as CT, MRI
and/or measuring the microvascular density by immunohistochemistry staining for
endothelial cell markers such as CD31, CD34 (Batchelor et al. 2007, Cyran et al. 2013). For
instance, a pre clinical study investigated the response to regorafenib a multi-kinase inhibitor
with antiangiogenic effect by measuring endothelial cells permeability using dynamic

contrast-enhanced computed tomography. The authors observed a significant decrease in
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endothelila cell permeability, suggesting that the dynamic contrast-enhanced computed
tomography can be used to monitor the response to treatment (Cyran et al. 2013). In addition,
Measuring the micrvascular density by immunohistochemistry staining of endothelial cell
markers such as CD31 is also used to assess the benefit from bevacizumab in ovarian cancer
(Bais et al. 2017). The results showed that there is association between the microvascular
density measured by CD31 and the effect of bavacizumab (Bais et al. 2017). Furthermore,
MVD by CD31 were significant predictive factors for overall survival in colorectal cancer
patients (Mohamed et al. 2019). To assess microvessel denisty to determine effects of
bevacizumab with and without doxorubicin in the experiments, immunohistochemical
staining for CD31 and CD34 were used. Assessing the microvascular density by quantifying
the expression of the endothelial cell markers is considerded challenging as some of these
markers are expressed by other hematopoitic cells. The optimal marker for micovascular
density has not been identified due to the lack of specificity of these markers. The most widely
used endothelial cell markers are CD31,CD34, von Willebrand factor and CD105 (Miiller et al.
2002, Moreira et al. 2011). CD34 has a significant role in the development of newly devloped
blood vessels as its expression increased during the wound healing and tumour growth (lto et
al. 1995). In addition, a general increase in the expression of CD34 is seen in newly generated
blood vessels in the stroma of malignancies and the expression was correlated with tumour
cell differentiation, suggesting that CD34 is an indicator not only for neovascularization but
also for tumour progression (Tanigawa et al. 1997). CD34 has been utilised to assess tumour
neovascularization and microvessel density in a spectrum of carcinomas (Tanigawa et al. 1997,
Moreira et al. 2011). CD31 is an adhesion molecule involved in interactions between
leucocytes and endothelial cells, as well as being diffusely expressed in natural killer cells
(Moreira et al. 2011). In the current study, both CD31 and CD34 were used in addition to
measurement of VEGF levels, parameters that may help to report the angiogenic status of
tumours and the response to anti-VEGF treatment. CD34 expression was less than CD31
expression in both MDA-MB-231/WT and MDA-MB-231/CRYAB tumours. In addition, MDA-
MB-231/WT tumours were more vascularised than MDA-MB-231/CRYAB tumours which may
explain why MDA-MB-231/WT tumours were larger. The simultaneous administration of both
bevacizumab and doxorubicin suppressed tumour vascularisation significantly compared to
saline in MDA-MB-231/WT tumours. This is was associated with low levels of VEGF seen in

this group. There was no significant difference seen in either CD31 or CD34 in MDA-MB-
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231/CRYAB tumours between any groups compared to control, suggesting that reduced
vascularization may not be the mechanism by which combined bevacizumab and doxorubicin

exert their anti-tumour effects in CRYAB overexpressing tumours.

The addition of both doxorubicin and bevaciazumab resulted in an anti-tumour effect in MDA-
MB-231/CRYAB tumours. This was associated with decreased VEGF levels in this group.
Nevertheless, other mechanism such as increased apoptosis or decrease in the proliferation
may be involved. Therefore, it was examined whether the combination of doxorubicin and
bevacizumab induced more tumour apoptosis in MDA-MB-231/CRYAB tumours compared to
MDA-MB-231/WT tumors. The results showed that the rate of apoptosis was very low in
MDA-MB-231/CRYAB tumours compared to MDA-MB-231/WT tumours. It is difficult to
explain this result, but it may be related to apoptosis not being activated or due to the smaller
size of tumours it was difficult to score the cleaved caspase 3. Whether proliferation is
different between MDA-MB-231/WT and MDA-MB-231/CRYAB tumours is still an
unanswered question. Investigating the proliferation rate of cancer cells in tumour sections
by staining for proliferation markers Ki67 will help to determine the effect of treatments and
to assess any differences between MDA-MB-231/WT and MDA-MB-231/CRYAB tumours. In
addition, the expression of aB-crystallin in tumour tissues needs to be established to ensure
that the differences between MDA-MB-231/WT and MDA-MB-231/CRYAB are associated

with levels of aB-crystallin.

This study is the first to show that CRYAB overexpression in tumours overcomes the inhibitory
effect of bevacizumab by inactivating the VEGF pathway, supporting tumour growth.
Importantly, this tumour protective effect can be reversed by adding doxorubicin to

bevacizumab, however the mechanism for this remains to be determined.
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Chapter7 General Discussion

7.1 aB-crystallin as a potential biomarker for resistance to antiangiogenic treatments

Angiogenesis plays a critical role in tumour growth and metastasis (Folkman 1971), a
hypothesis that led to development of numerous antiangiogenic treatments. These
treatments have been used widely in treating various malignancies. Despite the promising
outcome of these treatments, the benefit in breast cancer is modest. Many patients do not
respond to antiangiogenic treatments and some of them show an initial response that is
eventually followed by resistance. For this reason and due to the toxicity, which is often
associated with antiangiogenic agents, these treatments are discontinued in some settings.
Therefore, understanding the causes of resistance may help in two ways. First, by identifying
biomarkers that cause resistance so they can be targeted, and hence improve the outcome
of these treatments. Second, by selecting the patients who are more likely to benefit from
these treatments. Today, even after wide exploring of many potential biomarkers, there are
no reliable and validated biomarkers that would enable to select more responsive patients.
This is one of the challenges in using antiangiogenic treatments. There is urgent need to
identify more biomarkers to improve these treatments. aB-crystallin, a heat shock protein
that was associated with aggressive types of breast cancer, including basal like and triple

negative breast cancer was studied in this thesis.

aB-crystallin acts as a chaperone molecule, an anti-apoptotic protein and prevents the
aggregation of misfolded proteins under several stress conditions (Horwitz 1992). Importantly,
it is suggested to be a main regulator of endothelial cell survival during tumour angiogenesis
(Dimberg et al. 2008). Endothelial cells developed in mice lacking aB-crystallin were disrupted
and showed signs of apoptosis, suggesting that the protein acts as a regulatory factor in
endothelial cells (Dimberg et al. 2008, Kase et al. 2010). aB-crystallin was found to protect
VEGF from proteolytic degradation and transfer it to the endoplasmic reticulum for refolding
and secretion (Kase et al. 2010). In in vivo models, tumours grown in CRYAB-deficient mice
were less vascularized and showed signs of apoptosis in contrast to tumours from wild-type
mice (Dimberg et al. 2008). Moreover, aB-crystallin was shown to co-localise with endothelial

cells in breast cancer xenograft tissues, and particularly after treatment with anti-VEGF agents
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(Ruan et al. 2011). These data points to aB-crystallin as a main regulator of VEGF and tumour
angiogenesis. VEGF is the most potent angiogenic factor that stimulates migration and
survival of endothelial cells (Shibuya 2011). Several malignancies overexpress VEGF and that
associates with poor prognosis (Apte et al. 2019). It is thought that aB-crystallin stimulates
tumour angiogenesis by enhancing the stability of VEGF and increasing the survival of
endothelial cells. Therefore, the protective function of aB-crystallin to tumour angiogenesis
may contribute to resistance to antiangiogenic treatments. The aim of this thesis is to test
whether aB-crystallin contributes to resistance to antiangiogenic treatments in breast cancer.
To elucidate the functional role of aB-crystallin in breast cancer cells, a comprehensive
approach was employed, encompassing two distinct methodologies: overexpression and
transient knockdown via siRNA interference. aB-crystallin was systematically overexpressed
by integrating cDNA containing the CRYAB gene into MDA-MB-231 cell lines. Generating
stably transfected cell lines ensures sustained expression of the protein over extended
periods. Given the extended time required for the in vivo experiments, involving the
cultivation of primary tumours and the evaluation of the treatment’s efficacy, the generated
stable cell lines were used. The CRYAB overexpressing cells were also used to study the effect
of overexpression on growth dynamics, apoptosis induction following doxorubicin treatment,
and VEGF production. Conversely, a complementary approach involving transient knockdown
using siRNA was employed to reduce the aB-crystallin protein levels in MDA-MB-468 cells.
This model was used to study the influence of knockdown on VEGF production only in vitro
since the knockdown is transient. It is important to acknowledge the potential of
CRISPR/Cas9-mediated gene deletion as an alternative method. This method offers the
potential of generate stable cell lines, enabling the study of the influence of protein deletion

in vivo.
7.2 The effect of aB-crystallin overexpression on the proliferation and apoptosis in vitro

aB-crystallin was found overexpressed by numerous malignancies, including basal like breast
cancer and triple negative breast cancer (Moyano et al. 2006, Sitterding et al. 2008, Kim et al.
2011). Triple negative breast cancer is one of the most aggressive types of breast cancer and
is considered as a negative prognostic factor (Yin et al. 2020). Chelouche-Lev et al. (2004)
demonstrated that aB-crystallin was associated with lymph node involvement in metastatic

breast cancer in immune deficient mice. In addition, aB-crystallin was linked with brain
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metastasis and suggested to be a biomarker for selecting breast cancer patients with high risk
of brain metastasis (Malin et al. 2014, Voduc et al. 2015). The association of aB-crystallin with
triple-negative breast cancer, brain and lymph node metastasis indicates that aB-crystallin
may be considered as a poor prognostic factor in breast cancer patients. Herein, we confirmed
that aB-crystallin is expressed in MDA-MB-468 but not in MDA-MB-231 cells. Both are
metastatic triple negative breast cancer cells. In accordance with our finding, aB-crystallin
expression was detected in metastatic breast cancer cell lines, including MDA-MB-468, and
GILM2 but was not detected in MDA-MB-231 cells (Chelouche-Lev et al. 2004). Kamradt et a/
also showed that MDA-MB-231 cells do not express aB-crystallin (Kamradt et al. 2005). These
studies indicate that aB-crystallin may not always be expressed in metastatic breast cancer

cells.

aB-crystallin acts as a cytoprotective and anti-apoptotic protein and was suggested to be an
oncogene (Moyano et al. 2006, Bakthisaran et al. 2015). This anti-apoptotic function is
thought to increase the proliferation rate of aB-crystallin overexpressing cells. Contrary to
expectations, the growth of aB-crystallin overexpressing MA-MB-231 cells did not
demonstrate a significant difference compared to their wild type counterpart cells. Kamradt
et al. (2005) also found that overexpression of a wild type aB-crystallin construct into MDA-
MB-231 cells, the same cell line used in our study, had no effect on the proliferation of the
cells in vitro and therefore the results of this study are in agreement with their study.
Interestingly, these authors found that overexpression of a mutant construct that mimics
phosphorylated aB-crystallin at ser19, ser45 and ser59 in MDA-MDA-231 cells inhibited their
proliferation. This study suggests that phosphorylation status of aB -crystallin is important for
regulating proliferation. The findings of this study are also consistent with a previously
published report showing that overexpression wild type aB-crystallin in bladder cancer cells
had no significant effect on their proliferation compared to control cells (Ruan et al. 2020). In
contrast, aB-crystallin overexpression promoted the proliferation and invasion of colorectal
cancer cells (Li et al. 2017). Similarly, other groups showed that overexpression of oB-
crystallin in human mammary epithelial cells induced malignant-like properties such as
luminal filling and increased proliferation. Similar to the MDA-MB-231 cells, overexpression
of the phosphorylated aB-crystallin mutant (at ser19, ser45 and ser59) in mammary epithelial

failed to induce development of malignant-like properties (Moyano et al. 2006).
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One of the most known functions of aB-crystallin is its anti-apoptotic function. The data of
this study showed that treating aB-crystallin overexpressing cells with doxorubicin, induced
apoptosis more than in wild type cells. It has been reported that the chaperone function of
aB-crystallin is dependent on its phosphorylation (Bakthisaran et al. 2016). We do not have
any information on the phosphorylation status of the aB-crystallin that we overexpressed and
whether it might have influenced its function as an anti-apoptotic protein. Due to the
conflicting findings about the role of aB-crystallin phosphorylation and the possibility that its
functions may be highly context-dependent, it is unclear whether phosphorylation and at
which specific residues is essential for its chaperone function. aB-crystallin phosphorylation
at ser-59 was found to be essential to act as a cytoprotective protein in cardiac myocytes and
endothelial cells (Morrison et al. 2003, Dimberg et al. 2008). Specifically in breast epithelial
carcinoma MCF7 cells, it was reported that aB-crystallin overexpression lowered apoptosis
levels in response to inhibitors of microtubule polymerization (vinblastine), used as anti-
cancer agents (Launay et al. 2010). However, expression of ser-59 constitutive
phosphorylated aB-crystallin mutant induced apoptosis in vinblastine treated cells,
suggesting that phosphorylation of aB-crystallin at this specific site can drive apoptosis
(Launay et al. 2010). Our data showed that of aB-crystallin overexpression did not influence
proliferation while overexpression had a negative influence on apoptosis. It seems that
testing for phosphorylated aB-crystallin in the cells used in this study will be essential in order
to understand the negative effects that were observed on apoptosis induction by
overexpressing aB-crystallin. Although it is not clear which kinases mediate phosphorylation
of various residues in aB-crystallin in cells, it is thought that members of the MAPK pathway
which are highly activated in cancer are involved (Muranova et al. 2018). Understanding
pathways that lead to phosphorylation of aB-crystallin and establishing the effects of each
phosphorylation site on the chaperone activity of the protein will be important to determine

its function in breast cancer.

7.3 The influence of aB-crystallin overexpression and knockdown on VEGF production

As stated above, the protective function of aB-crystallin has been linked with VEGF in several
studies. Kase et al. (2010) reported that aB-crystallin protects VEGF from proteosomal
degradation under hypoxic stress and redirects VEGF to endoplasmic reticulum to be refolded

and secreted. Growing number of evidence showed that aB-crystallin stimulates the survival
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of endothelial cells and that was correlated with protection of VEGF. This specifically has been
shown in the retinal pigment cells that derived from aB-crystallin deficient mice after hypoxia
(Kase et al. 2010). The cells secreted low levels of VEGF compared to cells from wild-type mice.
In addition, aB-crystallin has been shown to interact with important regulatory proteins, in
addition to VEGF such as FGF, insulin and B-catenin and protected them from aggregation and
unfolding (Ghosh et al. 2007). One of the main objectives of this thesis was to assess whether
aB-crystallin protects VEGF and increases its secretion under stress conditions (heat shock,
hypoxia) in breast cancer cells. First, the results in chapter 3 confirmed that aB-crystallin was
induced in response to heat shock in both aB-crystallin overexpressing MDA-MB-231 cells and
wild type MDA-MB-468 cells. Although aB-crystallin was not induced in response to hypoxia,
the expression of VEGF in the cells was tested since hypoxia is the main regulator of VEGF
pathway with more VEGF being produced during hypoxia (Harris 2002, Ruan et al. 2009).
Therefore, production of VEGF in aB-crystallin overexpressing MDA-MB-231 cells and siRNA
mediated knockdown in MDA-MB-468 cells was tested by ELISA. As expected, hypoxia
induced VEGF production in all cells. However, MDA-MB-231/WT cells significantly induced
more VEGF in conditioned media than MDA-MB-231/CRYAB cells. In heat shock, although aB-
crystallin overexpressing cells produced less VEGF than wild-type cells, VEGF produced in heat
shock was more than VEGF from cells in normal conditions (37 C°) only in aB-crystallin
overexpressing cells not in wild-type cells. Moreover, aB-crystallin knockdown cells showed
the same trend. The knockdown cells produced higher levels of VEGF than the wild type cells
in all conditions. It was indeed envisaged that aB-crystallin would protect VEGF from
degradation and increase its production. The findings were unexpected and contrary to
previous studies that showed that aB-crystallin increased VEGF in normal conditions and in
hypoxia (van de Schootbrugge et al. 2013). In the literature, lack of aB-crystallin in retinal
pigment cells reduced VEGF secretion compared to wild-type cells (Kase et al. 2010). In
chapter 6, we found the same trend in our in vivo model; tumours derived from aB-crystallin
overexpressing cells produced less VEGF than wild-type tumours. Collectively in vitro and in
vivo data suggest that VEGF expression and/ or stability is negatively regulated by aB-
crystallin in the system used in this study. Further experiments are warranted to investigate
the stability of VEGF protein itself and/or test levels of mMRNA to determine whether gene
expression was affected or protein stability or both. miRNAs are responsible for regulating

gene expression and their distribution and expression in cancer is deregulated (Peng and
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Croce 2016). miRNA is non-coding RNA that regulates the gene expression of various genes
by inhibiting their translation or regulating the cleavage of mRNA (Cai et al. 2009). It may be
useful to consider the expression of various miRNAs, for example, those responsible for
regulating VEGF (Soheilifar et al. 2022) in the cell system of this study to see whether
overexpression of aB-crystallin plays a role in regulating miRNAs that are directed against the

VEGF gene.

7.4 aB-crystallin may act as a tumour suppressor

The less tumourgenic features of the aB-crystallin overexpressing cells may be due to aB-
crystallin acting as a tumour suppressor. There is some literature that demonstrated that aB-
crystallin acts as tumour suppressor through different signalling mechanisms. For instance,
aB-crystallin was found to be one of the p53-targeted gene and is essential for p53-induced
apoptosis (Watanabe et al. 2009). In nasopharyngeal carcinoma, overexpression of CRYAB
inhibited E-cadhenin translocation and internalisation from the membrane and reduced cell
invasiveness (Huang et al. 2012). aB-crystallin prevented disruption of cadherin/catenin
adherens junctions, which is a key EMT initiation step. The authors found that aB-crystallin
localised to junctions prevented cancer cell invasion and migration and the protein was acting
as an anti-oncogene. In addition, through regulation of EMT proteins, aB-crystallin was found
to inhibit metastasis of nasopharyngeal carcinoma (Huang et al. 2012). Beta-catenin also
remained membrane associated, and reduced b-catenin signalling led to a reduction in
spheroid formation and proliferation in vitro. It will be interesting to see if how E-cadherin
and b-catenin are affected by aB-crystallin overexpression in the breast cancer cells of this
study and whether this is associated with the reduced tumour growth that was observed in

vivo.

Similarly, it is suggested that aB-crystallin inhibited the migration and invasion of bladder
cancer cells (Ruan et al. 2020). Overexpression of aB-crystallin in bladder cancer cells reduced
phosphorylated ERK and AKT (Ruan et al. 2020). Activation of MAPK/ERK and PI3K/AKT
signalling pathways through RAS activate transcription factors involved in tumour
proliferation and invasion and hence inhibition of this pathway can lead to a reduction in
proliferation (Pearlman et al. 2017). These data suggest that aB-crystallin could act as tumour
suppressor protein via this mechanism. However, this is not a general mechanism as aB-

crystallin increased the EMT and proliferation of colorectal cancer cells through activation of
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the MAPK/ERK pathway (Li et al. 2017). Similarly, aB-crystallin overexpression in human
breast epithelial cells initiated the invasive phenotype through the MAPK/ERK pathway.
Contrary to the aforementioned study about the inhibitory function of aB-crystallin in
nasopharyngeal cancer, Mao et al. reported that aB-crystallin is associated with aggressive
phenotype of laryngeal squamous cell carcinoma (Mao et al. 2012). These data collectively
indicate a dual role of aB-crystallin as an oncogene or tumour suppressor. This, in some cases,
can be due to the different cancer types. The in vitro and in vivo data indicate that aB-
crystallin may act as tumour suppressor protein. As VEGF acts as mitogenic factor for both
endothelial cells and cancer cells (Mercurio et al. 2005). However, more research is needed
in order to reveal the relationship between aB-crystallin and oncogenic-related pathways

such as the MAPK pathway.

7.5 The efficacy of bevacizumab, doxorubicin and the combination of both treatments on
aB-crystallin-overexpressing tumours

Bevacizumab decreased VEGF levels in MDA-MB-231/WT tumours significantly. However, it
did not decrease VEGF levels in MDA-MB-231/CRYAB tumours. It may be that because the
significantly smaller MDA-MB-231/CRYAB tumours did not actively produce VEGF compared
to MDA-MB-231/WT tumours, their growth was less dependent on VEGF. Nevertheless, the
combination of bevacizumab and doxorubicin significantly decreased VEGF levels in MDA-MB-
231/CRYAB tumours. Bevacizumab is the first antiangiogenic therapy that used in
combination with a chemotherapeutic agents (paclitaxel) to treat metastatic breast cancer
and showed improvement in PFS compared to chemotherapy alone (Miller et al. 2007). Our
results suggest that the combination of bevacizumab and doxorubicin is a good strategy to

make the tumours more sensitive to bevacizumab.

Moreover, to determine the efficacy of bevacizumab and to assess whether CRYAB alters its
efficacy, endothelial cell markers were analysed by IHC. As discussed in chapter 6, selecting
reliable markers of endothelial cells is challenging due to the lack of specificity as most of
these markers are expressed by endothelial cells and other hematopoietic cells. Here, we
used two of the widely used endothelial markers CD31 and CD34 for estimation of tumour
vasculature along with measuring VEGF. CD31 staining showed that MDA-MB-231/WT
tumours are more vascularised than MDA-MB-231/CRYAB tumours (Figure 6.7). That may
explain the bigger size of MDA-MB-231/WT tumours and smaller size of MDA-MB-231/CRYAB
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tumours and correlates with the levels of VEGF produced by the cells. The simultaneous
administration of both bevacizumab and doxorubicin supressed tumour vascularization
significantly compared to saline in MDA-MB-231/WT tumours. This was associated with
significant low levels of VEGF seen in this group. There was no significant difference in CD31

expression in MDA-MB-231/CRYAB tumours in all treatment groups compared to control.

Quantification of CD34 by IHC showed no significant difference between treated and
untreated groups in both MDA-MB-231/WT and MDA-MB-231/CRYAB tumours. Taken
together, the vascular marker expression was very low in MDA-MB-231/CRYAB tumours. This

could be as a result of low VEGF levels produced by these tumours.

Treatment with combination doxorubicin and bevacizumab resulted in a significant inhibition
in tumour growth in MDA-MB-231/CRYAB tumours. The data of IHC vascular markers indicate
that the inhibition was not due to inhibition in the vasculature. In seeking a mechanism by
which the coadministration of doxorubicin and bevacizumab caused growth inhibition in
MDA-MB-231/CRYAB tumours, IHC for cleaved caspase 3 was performed. The results showed
that the expression of cleaved caspase 3 was very low in the group that was treated with a
combination of doxorubicin and bevacizumab, showing very little apoptosis levels in this
group. This finding also suggests that due to the smaller size of these tumours, apoptosis was
low and cleaved caspase 3 was not detected. Alternatively, proliferation rate by IHC staining
for proliferation markers such as ki67 needs to be determined to assess if the inhibition effect
seen after treatment with doxorubicin and bevacizumab was due to a decrease in

proliferation.

7.6 Influence of breast cancer cells that express different levels of aB-crystallin on
endothelial cell responses

Conditioned media from breast cancer cells expressing different levels of aB-crystallin did not
upregulate the protein in endothelial cells. It was hypothesized that breast cancer cells would
induce aB-crystallin in endothelial cells and promote their cell survival. This was hypothesised
based on several studies showing that aB-crystallin promoted tumour vascularisation and
that was associated with endothelial cell survival and proangiogenic properties (Dimberg et
al. 2008, Kase et al. 2010, Ruan et al. 2011). For instance, in co-culture model, breast cancer
cells induced the expression of aB-crystallin in endothelial cells. The increase of aB-crystallin
in endothelial cells was correlated with the malignancy of breast cancer cells used in the co-
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culture model (Ruan et al. 2011). This was in contrast to our data, as conditioned media from
MDA-MB-231 and MDA-MB-468 cells that are both highly tumorigenic cells failed to induce
the expression of aB-crystallin in endothelial cells. It may be that the growth factors in our
conditioned media were too dilute to influence endothelial cell expression of aB-crystallin. In
addition, the conditioned media were harvested from breast cancer cells after a 48 h
starvation period before they were collected and incubated with endothelial cells. It might be
that some of growth factors were degraded during this process. More experiments are
needed to establish the effect of conditioned media isolated from breast cancer at different
time points. In addition, differences between the model of the present study and those
presented in previous published data may explain the difference of outcome. The conditioned
media was used in this study, whereas previous authors used co-culture models. The co-
culture model may ensure the transfer of growth factors through transwell inserts to
endothelial cells directly. Herein, endothelial cells were incubated directly with conditioned
media from breast cancer. The model of co-culture may facilitate the delivery of growth

factors between cells more efficiently than conditioned media.

The migration of endothelial cells might be influenced by the production and secretion of
various factors from breast cancer cells with different levels of aB-crystallin. These factors
might include VEGF but also other growth factors that can support endothelial cells migration.
It was hypothesised that since aB-crystallin overexpression led to changes in VEGF production
and potentially production of other factors that might influence migration, conditioned media
from the breast cancer cells would influence endothelial migration. No significant difference
was found between any of the cells that were incubated with conditioned media from breast
cancer cells expressing different levels of aB-crystallin. The conditioned media from MDA-
MB-231/WT was confirmed to have more VEGF than that from MDA-MB-231/CRYAB cells
(chapter 3). It is well established that VEGF acts to stimulate migration of endothelial cells
(Soga et al. 2001). However, the higher amount of VEGF produced from MDA-MB-231/WT did
not enhance endothelial cell migration compared to MDA-MB-231/CRYAB in our experiments.
In contrast to a previously published study, conditioned media from SKBR3 HER2-positive
breast cancer cells induced tubular formation of endothelial cells compared to control cells.
The induction of angiogenesis was substantially dependent on aB-crystallin (Yang et al. 2022).

Another study by Dimberg et al. (2008) who also performed the tubular formation assay and
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found that aB-crystallin was significantly induced in endothelial cells during the formation of
blood vessels. The tubular formation is an assay that is used to assess in vitro angiogenesis
and could be an additional method for testing the effects of CM from breast cancer cells in
the model system of the present study. Collectively, it appears that the effect of aB-crystallin
on endothelial cell response is dependent on cell-type and/or specific assay conditions. In
addition, it could be that the levels of factors in conditioned media were not sufficiently high

to influence migration.

7.7 The interaction between aB-crystallin and VEGF

High levels of VEGF indicate poor prognosis in various malignancies (Poon et al. 2001). VEGF
is a mitogenic factor that increases proliferation, survival and migration of endothelial cells
(Apte et al. 2019). Both clinical and animal studies demonstrated that VEGF is a mitogenic
factor also for malignant cells. For instance, in breast cancer cells, both VEGF and VEGFR were
found to be expressed, suggesting that breast cancer cell progression depends on both
autocrine and paracrine signalling (De Jong et al. 1998, Mercurio et al. 2005). On the level of
gene expression, both VEGFR1 and VEGFR2 were found expressed in breast cancer cell lines
including MDA-MB-231, T-47D, and MCF7 (Price et al. 2001). It should be noted that the
expression of VEGF and VEGFR was associated with survival and invasion of breast cancer cells
(De Jong et al. 1998, Price et al. 2001). The low levels of VEGF produced from aB-crystallin
overexpressing cells in vitro were compatible with in vivo results. Indeed, low levels of VEGF
correlated with low tumour VEGF and low tumour volumes seen in the tumours derived from
these cells. Tumour growth is dependent on the ability of tumour cells to induce angiogenesis.
Therefore, a probable explanation for slow tumour growth is lack of VEGF-dependent
angiogenesis. It is also possible that growth of MDA-MB-231/CRYAB cells was dependent at
least in part on VEGF signalling potentially acting in an autocrine manner. However, in vitro
the proliferation of cells appeared to be independent on aB-crystallin expression and VEGF
since no differences in proliferastion were observed. However, to confirm that VEGF plays no
role in autocrine signalling to proliferation, VEGF or VEGFR inhibitor experiments would need

to be performed.

A main aim of this thesis was to reveal whether aB-crystallin levels in breast cancer cells
contribute to resistance to anti-angiogenic therapies by refolding and protecting VEGF from

degradation hence increase in its production. However, this relationship between aB-
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crystallin and VEGF from the data presented in this thesis contradicts data in the literature.
Beside the reasons of differences between the data of this study and those published data
that were discussed in each chapter, the validity of some published data may be questioned.
For example, in July 2022, the article by Ruan et al, 2011 where they described co-culture
experiments between breast cancer cell lines and endothelial cells on which the conditioned
media experiments were based , was retracted by the journal due to the reuse of an image in
this article from another journal (Ruan et al. 2022). This should be borne in mind when

discussing data from that study and comparing it with the data in this thesis.

Because of the importance of aB-crystallin as a VEGF regulator and angiogenesis, effort has
been made to develop inhibitors of aB-crystallin and VEGF interactions. Chen et al showed
that the interaction between aB-crystallin and VEGF165 could be targeted by small molecule
inhibitor (NCI-41356) in TNB cells. They tested this compound using MDA-MB-231 cells and
demonstrated that this compound led to significant decrease of VEGF165 and reduction of
proliferation and invasiveness of MDA-MB-231 cells in vitro. They also showed a significant
reduction in tumour growth in vivo. However, MDA-MB-231 cells do not express aB-crystallin,
as was observed in this study and other studies (Chelouche-Lev et al. 2004, Kamradt et al.
2005). The authors do not demonstrate aB-crystallin levels in their cells and therefore it is
difficult to interpret their data. More studies are needed to establish the interaction between
aB-crystallin and VEGF in a wide spectrum of breast cancer cells that express the protein. This
will help to reveal the role of aB-crystallin in breast cancer and identify ways through which
it can be targeted. It should be noted that aB-crystallin could be targeted by specific miRNAs
that target CRYAB gene (Wang et al. 2017). For example, overexpression of miR-491 in
osteosarcoma (OS) inhibited the OS cell lung metastasis, and increased the chemotherapeutic
effect in vivo and in vitro models. This anti-cancer effect was found due to miR-491 targeting

the CRYAB gene in OS (Wang et al. 2017).

7.8 Limitations and future work

The results presented in this thesis agree only with a part of the literature on aB-crystallin.
The majority of published studies reported a tumour promoting, antiapoptotic and
proinvasive role for aB-crystallin in cancer in general but also specifically in breast cancer
(Chelouche - Lev et al. 2004, Moyano et al. 2006, van de Schootbrugge et al. 2013). It will be
important to establish the mechanisms through which in the current study aB-crystallin was
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not protective against apoptosis and was associated with a reduced VEGF production and
smaller tumour growth. The data of this study point to aB-crystallin as a potential tumour
suppressor. There are also other studies that linked aB-crystallin with non-tumourgenic
properties (Watanabe et al. 2009, Huang et al. 2012). Therefore, it is important to establish
the mechanisms through which it may promote tumorigenesis or inhibit it. Indeed, identifying
its specific role in the context of diverse malignancies will help to determine its role as a
prognostic biomarker or/and a therapeutic target. aB-crystallin binds to misfolded proteins
and prevents their aggregation (Koletsa et al. 2014). Its interaction with specific substrates
and molecular systems that may drive proliferation, apoptosis or invasion in different cancer
cells plays a crucial role in disease progression. It is important to understand this interaction
with each particular substrate and system. Therefore, interactions that promote tumour
growth could be targeted through drug intervention to influencing the advancement of a

particular disease type.

Furthermore, an important aspect that requires more investigation is confirming the results
in this study. Using advanced methods like mass spectrometry to study changes in how
various proteins are expressed is important for understanding the detailed molecular
processes that cause the observed traits in aB-crystallin-altered cells. This validation
approach will help to reveal possible protein patterns that could be responsible for the

complex interactions between aB-crystallin and VEGF.

Several studies showed that in some cell types aB-crystallin chaperone function is
phosphorylation-dependent (Ecroyd et al. 2007). It therefore needs to be determined
whether the phosphorylation of aB-crystallin is essential for its activity as a regulator of
apoptosis and VEGF production in the breast cancer. Phosphorylation is known to influence
the formation of oligomeric structures of aB-crystallin molecules (Ito et al. 2001). It is not
clear how oligomerization influences chaperone activity. Phosphorylation is thought to alter
the distribution of aB-crystallin within different cell compartments. For example, aB-crystallin
localizes to the cytoskeleton in response to stress stimuli (Launay et al. 2006). It is possible
that in the system of this study, overexpression of the protein led to subcellular localization
which in way that it interfered with its chaperone activity. It will also be important to analyse
signalling pathway that might be responsible for the effects seen by overexpressing aB-

crystallin in this study. For example, investigating the activation of MAPK/ERK and PI3/AKT
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pathways would reveal whether a relationship exists between aB-crystallin and these
dominant oncogenic pathways in these cells. In addition, checking the markers of EMT to

check whether aB-crystallin is involved in regulating EMT markers.

7.9 Conclusion

The aim of this thesis is to determine the role of aB-crystallin as a potential biomarker of
resistance to anti-VEGF treatments. The in vitro and in vivo results suggest that aB-crystallin
negatively regulates VEGF and breast cancer growth and angiogenesis, which contrasts with
previous literature, suggesting that in breast cancer and other cancers aB-crystallin was
protective of VEGF and promoted tumour growth. Additionally, aB-crystallin overexpression
tended to induce more apoptosis in response to doxorubicin compared to wild-type cells.
Although bevacizumab showed no efficacy in aB-crystallin overexpressing tumours,
nevertheless, the combination of doxorubicin and bevacizumab increased the efficacy of
bevacizumab. Overall, aB-crystallin may acts as tumour suppressor protein in the system of
this study by inactivating VEGF production. This needs further investigation to reveal its role
in oncogenic-related pathways. Additionally, the interaction of aB-crystallin and VEGF in

other breast cancer types could reveal additional information of its role in the disease.
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Appendix

List of reagents and suppliers detailed in the materials and methods

0.2 um nitrocellulose membrane

Bio-Rad

10% Mini-PROTEAN® TGX™ Precast Gel

Bio-Rad, #4561033EDU

10% Mini-PROTEAN® TGX™ Precast Protein
Gels

Bio-Rad, 4561033

10% precast polyacrylamide gels

Bio-Rad, 4561033

1X NuPAGE LDS sample buffer

ThermoFisher Scientific

3,3-Diaminobenzidine substrate (Rakha et
al.)

Vector Laboratories

Alpha B Crystallin (CRYAB) Human siRNA
Oligo Duplex (Locus ID 1410)

Origene, SR300995

Ammonium persulfate (APS) Sigma, A3678
Annexin binding buffer Biolegend,422201
Avastin (25 mg/ml) Roche

BCA protein assay kit Thermofisher,23250

Clarity™ Western ECL Substrate

Bio-Rad,#1705060

Dimethyl Sulphoxide (DMSO)

Sigma-Aldrich, D5879

Dithiothreitol (DTT)

ThermoFisher Scientific, R0O861

Dithiothreitol (DTT)

ThermoFisher Scientific, R0O861

Doxorubicin (2mg/ml)

Pfizer

Dulbecco’s phosphate buffered saline
(DPBS)

Lonza, BE17-512F

DuoSet ELISA Ancillary Reagent Kit 2

R&D systems, DY008

Eosin

Sigma, E4009

Ethanol

Fisher Scientific

Fetal Bovine Serum (FBS)

Invitrogen, 10270

FITC Annexin V

Biolegend, 640906

Geneticin G418 sulphate

Gibco, 11811

Gill’'s haematoxylin

Sigma, GHS116

Human VEGF DuoSet ELISA

R&D systems, DY293B-05

Hydrogen peroxide (30%)

Sigma

Isopropanol

Sigma, 650447

L-Glutamine

Lonza, BE17-605E

Lipofectamine

Invitrogen

Lipofectamine  RNAIMAX  Transfection
Reagent

ThermoFisher Scientific-13778075

Mammalian Cell Lysis Kit (RIPA buffer)

Sigma-Aldrich, MCL1

Marvel dried skimmed milk

Methanol

Fisher Scientific

Mouse VEGF ELISA

R&D SYSTEMS, MMVO00
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Mouse VEGF Quantikine ELISA Kit

R&D systems, MMV00

NaCl 0.9% w/v (Saline solution)

Opti-MEM™

ThermoFisher Scientific

Penicillin and streptomycin

Life Technologies, 15140

Pierce™ BCA Protein Assay Kit

Thermo Scientific, 23227

Precision Plus Protein Dual Color Standards

Bio-Rad, 1610374

protease inhibitor cocktail

Sigmaaldrich, 4693132001

Protogel 30%

National Diagnostics, EC-890

Reagent

Supplier

Resolving Buffer x4

National Diagnostics,EC-892

Stacking Gel Buffer x4

National Diagnostics, EC-893

Superfrost® Plus microscope

Fisher Scientific, 10149870

Target Retrieval Solution (10x)

DAKO,S51699

TEMED Invitrogen, 15524-010
TOPROS3 Thermo Fisher
Transfer stacks/ filter paper Bio-Rad

TransIT-Brca Mirus

TranslIT-X2® transfection reagent

Mirus, MIR6000

Tris-glycine electroblotting buffer

National Diagnostics, EC-880

Tris-glycine SDS PAGE buffer

National Diagnostics, EC-870

Trypan Blue Life Technologies
Trypsin Lonza,17161F
Tween20 Sigma-Aldrich, UK
Wax pen Vector

Weigert’s iron hematoxylin solution

Sigma, HT1079

Xylene

ThermoFisher Scientific

Equipment detailed in Materials and Methods

Supplier
Equipment
ChemiDoc™ MP System Bio-Rad
Fisherbrand™ Bead Mill 4 Mini Homogenizer | Fisher scientific, 15525799
HIER pressure cooker Aptum Aptum
LSR Il Flow Cytometer BD Biosciences
Nikon Eclipse TS100 phase contrast | Nikon

microscope

Orbital shaker

Stuart, Staffordshire, UK

Pannoramic slide scanner Sysmex
TC20 Automated Cell Counter Bio-Rad
Trans-Blot® Turbo™ Blotting system Bio-Rad
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Consumables detailed in the Materials and Methods

Material Supplier

25 cm2 /75 cm? filter-cap flasks ThermoFisher Scientific
5 mL round-bottomed polystyrene tubes ThermoFisher Scientific
6, 12 & 96 well cell culture plates ThermoFisher Scientific
Disposable pipets 10 ml Thermo fisher scientific
Macrosette processing/embedding | Simport Scientific
cassettes

Two-well silicone cell culture inserts Ibidi, 81176

Universal tubes 25-50 ml Sarstedt

CRYAB cDNA full sequence:

GAAACAAGACCATGACAAGTCACCGGTCAGCTCAGCCCTGCCTGTGTTTCTCTTTTCTTAGCTCAGTG
AGTACCGGAAGCTTCAGAAGACTGCATATATAAGGGGCCGGCTGGAGCTGCTGCTGAAGGAGTTG
ACCAGCCAACCGACTCTGCATTCATCTAGCCACAATGGACATCGCCATCCACCACCCCTGGATCCGGC
GCCCCTTCTTCCCCTTCCACTCCCCAAGCCGCCTCTTCGACCAGTTCTTCGGAGAGCACCTGTTGGAG
TCTGACCTCTTCTCAACAGCCACTTCCCTGAGCCCCTTCTACCTTCGGCCACCCTCCTTCCTGCGGGCA
CCCAGCTGGATTGACACCGGACTCTCAGAGATGCGTTTGGAGAAGGACAGATTCTCTGTGAATCTG
GACGTGAAGCACTTCTCTCCGGAGGAACTCAAAGTCAAGGTTCTGGGGGACGTGATTGAGGTCCAC
GGCAAGCACGAAGAACGCCAGGACGAACATGGCTTCATCTCCAGGGAGTTCCACAGGAAGTACCG
GATCCCAGCCGATGTGGATCCTCTCACCATCACTTCATCCCTGTCATCTGATGGAGTCCTCACTGTGA
ATGGACCAAGGAAACAGGTGTCTGGCCCTGAGCGCACCATTCCCATCACCCGTGAAGAGAAGCCTG
CTGTCGCCGCAGCCCCTAAGAAGTAGATCCCCTTTCCTCATTGAGTTTTTTTTAAAACAAGGAAGTTT
CCCATCAGTGATTGAAAATCTGTGACTAGTGCTGAAGCTTATTAATGCTAAGGGCTGGCCCAGATTA
TTAAGCTAATAAAAATATCATTCAGCAACAAAAAAA AAAAAAAA

Alpha B Crystallin (CRYAB)g Human siRNA Oligo Duplex

Duplex Sequences:

SiRNA 1 (SR300995A): rGrGrArArCrUrCrArArArGrUrUrArArGrGrUrGrUrUrGrGGA
siRNA 2 (SR300995B): rArCrCrArGrUrGrArArUrGrArArArGrUrCrUrUrGrUrGrACT
siRNA 3 (SR300995C): rUrGrArArGrArGrCrGrCrCrArGrGrArUrGrArArCrArUrGGT
Scramble control (SR30004): rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrGrCrGrUAT
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