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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 cao$¢his innate resistance need to

be investigated so that they can be targeted in order improve ffieacy of these treatments.
Additionally, identification of biomarkers can be utilised to select patients who are more likely

to respond t erystaltineisaatsmad hetatsshock grBtein encoded by Gl AB

gene and known to function as a chapee protein. Its function is to protect misfolded
proteins from degradati on an erysdapiroipthoaghtitos unde
protect VEGF from degr adat icrgstallinas gignifisantly p o r t
upregulated in tumour vasilature during angiogenesis and after aviEGF treatment.
Protecting VEGF from degradation and increasing its stability may stimulate tumour growth
and contribute to resistance to arW{EGF therapies. Therefore, this project tests the

hy pot he s-rgstallinfcentributasBo the resistance to aMEGF therapies in breast
cancer. To test this hypothesis, | made transgenic triple negative-MB231, breast cancer

cell s that pr od u-crgstalini(MDAWBR28LICRYABadcentras cefitifat o B

do not p crygsthllinc(MDAMBER231/WT). These cellwere comparedwith triple
negative breast cancer <cel |l s fcrigstallin (MDAYBI r al | y
468) and MDAVB-4 6 8 cel | s i n -cwydtallicHave beervredudsby siRNAla B

vitro, VEGF production from breast can<rgstalincel | s
were measured by ELISA after heat shock (42°C/24h), or hypoxiadg2ib) and sensitivity

to doxorubicin induced apoptosis was measured by tgtometry.In viva MDAMB-231/WT

and MDAMB-231/CRYABells were administered by intrductal injection into BALB/c nude

mice #days prior to PBS (control), 4 mg/kg/week doxorubicin, 7.5 mg/kg/3X per week
bevacizumab or a combination of both. Tumour gtiowvas measured using callipers,
tumour/microenvironmental VEGF analysed by ELISA and tumour microvascular density
(MVD) was assessed following CD31 and CD34 immunohistochemidata showed that

under heat shock and hypoxia, overexpressio@BfY Ay MDAMB-231 cells reduced VEGF
expression compared to wHtype cells, whereas the knockdown GRYAB MDAMB-468

resulted in more VEGF compared to wiyghes cellsin viva MDAMB-231/WT tumours grew

more rapidly and produced more VEGF compared witBAWIB-231/CRYABumours.
Bevacizumab alone reduced tumour growth in MBIB-231/WT cells but not in MDMB-



231/CRYARells. Howeverresistance to Bevacizumab was overcome by the addition of
doxorubicin with the combination of doxorubicin and bevacizumamergistically reducing
tumour volume and VEGF levels of MBIB-231/CRYABumours but not MDAMB-231/WT
tumours. Furthermore,vascular marker expression was very low in MBDB231/CRYAB
tumours compared to MDAMB-231/WT tumours. The vitroandin vivoresults suggesiat

o Erystallinnegatively regulates VEGF and breast cancer growth and angiogedesiall,

o Erystallin may act as tumour suppressor protein in our system by inactivating VEGF

production. This needs further investigation to reveal its role inogienicrelated 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 searal 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 ardingiogenic 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;aagiogenic ages 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 devekistance 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.

o Erystallin § a heat shock protein that is highly expressed in aggressive types of breast
cancer such as basal | i k e -crgstallin atty as gntipeptotice g at i v
protein that prevents aggregation of proteins under stress conditions. In addit heat, it

i s upregul ated by c¢hemot herystalinestabilses VEGH andt s .
promotes its secretion and is thought to act to promote angiogenesis in cancer. It is
hypot hes.i-srngstllintthiraugh itsapBotective functioon 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 MiGF and angiogenesis can be targeted

with antiangiogenic drugs. Mechanisms of resistance to-¥B(GF treatments and the
current approaches to overcome resistance wi
crystallin as an antapoptotic and poangiogenic factor in breast cancer and its potential

contribution to resistance to an&ngiogenic treatments will be discussed.



1.1 Breastcancer

Between 2016 and 2018, there were around 55,920 new cases of breast cancer diagnosed in
the UK, and breast capr is the most common cancer among female& 2018) Breast
cancer is a heterogeneous disease that mainly arises fronmsbtessue that lines the milk

ducts or the lobulegSharmaet al. 2010)The traditional classification of breast cancer was
based on histological characteristics and tumour grduié¢eigelt and Reifilho 2009)
Following the evolution of microarrays, breast cancers are classified according to their

molecular characteristics, which araded on gene expression patterns.

1.1.1Histopathological classification

Histopathological classification divides breast cancer into two typestu(ductal and lobular)

and invasive breast cancer. There are more than 21 subtypes of invasive breast caycinoma
and the most frequent type is Invasive Carcinoma of No Special Type (NST), also known as
invasive ductal carcinoma. NST constitutes aroune/6@b of all breast cance(sE | i gtat k1 n
al. 2015) . The remaining tumour types are histological special sypwhich are
morphologically distinct including invasive lobular, tubular, mucinous and metaplastic
carcinoma, and carcinoma with medullanguroendocrinepr apocrine features and they all
constitute about 2625% of all breast cancers. Although the hisgrical special types provide
prognostic information, they are relatively uncommqrE | i gtalt2®L5) n

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 pleomphism, and c) the mitotic counEach featuras
assigned a score and then combined to give a grade betw&ksmwhere grade 1 tumours are

the most differentiated and grade 3 are the least. This grading system is known as Nottingham
Grading System (NGS)dais combined with lymph node stage and tumour size to form
prognostic indices: the Nottingham Prognostic Index (KR&khaet al. 2010, Vuonget al.

2014)

Histopathological classification of breast cancer bame drawbacks, such as it is widely

subjective and depends on the pathologist’s
of breast cancer and the development of gene expression techniques has resulted in the

development of other taxonomy basech@ene expression profiles.



1.1.2Microarray-based gene expression profiling of breast cancer

The taxonomy is based on the variations of gene expression patterns of breast tumour tissues,
using cDNA microarrayBgou et al. (2000)first classified breast cancer based on molecular
characteristics into Lumindike breast cancer (Oestrogen receptor positive-pgoBitive),
Human dermal receptor 2 (HERZ2) positive breast cancer,-blasdlreast cancer, and normal

like breast cancer. A further study divided the lumitige breast cancer into luminal A and
Luminal B(Sarlie 2004) Outcomes of patients were associated withespic molecular
subtypes, such as poor prognosis was associated with the-lilesalubtype, suggesting that

the molecularbased classification has improved the prognosis of breast cancer. In clinical
practice, gene expression profiles are combined witheo 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 "lumin8l, HER2+, and baskite breast cancer, bas cytokeratins
(CK14 and CK5/énd the epidermal growth factor receptor (EGFR) can also be used as
markers( E | i gtal.t2®lb).n

1.1.2.1 Luminatike breast cancer

Luminallike breast cancer is oestrogen receptor positive-figBitive) and is subdivided into
Luminal A, and Luminal B. Around 56086 of all breast cancers are Luminal A and
characterized by lower lel®of Ki67, positive or negative of progesterone receptor (PR), low
histological grade and are HER@gative. Patients with Luminal A have an improved
prognosis, and treatments are hormone based. Luminal B compris@9%50f all breast
cancers, is of a ghergrade, PFpositive or negative, HER2gative 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
responsiveto hormonal therapy compared to Luminal (®Wuonget al. 2014, Yersal and

Barutca 2014)

1.1.2.2 Humandermal receptor 2 HER2 positive breast cancer

HERZpositive tumours account for 280% 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 biologicaharacteristics. They are highly proliferative and have a high

histological gradé E | i gtalt2®lb)n

1.1.2.3 Basal Like breast cancer

Basallike breast cancer represents between 8% to 37% of all breast cancers, and are
aggressive tumours, mostly gradeThey are known with triple negative breast cancer due

to the lack of hormone receptors and HERZ2. They are characterised by high expression of high
molecularweight cytokeratins CK 5/6, CK14 and epidermal growth factor receptor (EGFR)
(Yersal and Barutca 2014)yiple negative breast cancer is not always a synonym of-bsal

breast cancer. Triplaegative breast cancer can be identified by immunohistochemistry and

has some subgroups that do not express basal cytokeratin genewh er eas t-he t er
i s b dKreikdet abh 2007} Claeidifigve N e e X |

tumours are another aggressive stype tha show several common features with badifie-

|l i ke breast cancer

like tumours. This sutype was identified by low expression of genes involved in tight
junctions and celtell adhesion, including Claudins 3, 4, 7, Occludin, acddR&erin

(Herschkowitzt al. 2007)

1.1.2.4 Normallike breast cancer

These tumours account for about 526% of all breast carcinomas. They are classified as
triple-negative as they lack the expression of ER, PR and HER2, but they are nbkdasal

cancer becausthey are negative for CK5 and EGF&tsal 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. 8ltavolves sequencing the whajenome, whole

exome sequencing, cancer derived gene sequencing, and hotspot sequencing, which
sequences specific regions or regions with recurrent mutatiorgeaesof interest. NGS has

been used to characterise genomiceatitions 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 nappear 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 eh&ryonic development by

the differentiation of mesodermal stem cells called angioblasts that form the primary capillary
plexus. This process is referred to as vasculoge(fesiau and Flamme 1999he established
capillary plexus undergoes differentiation and remodelling to generate new blood vessels
through a process called angiogenegBhung and Ferrara 2011, Kolet al. 2016)
Angiogenesis is an active pathway during the developmental stage and becomes quiescent in
healthy adult tissues. However, in certain pathologies such as dabetinopathy and
proliferating tumours, the formation of new blood vessels increg&#sing and Ferrara 2011)
Angiogenesis isnedated 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 ae 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 angiogen@isau 1997)

1.3.1Sprouting angiogenesis

Sprouting angiogenesis is the formation of new capillary vessel®fopte-existing ones
(Figure L.1A)(Hillenand Gr i f fi oen 2e0ad20]11) ISstayspith®iading af s k a
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
surounding 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)n healthy tissues, angiogenesis is controlled by a balance
between preangiogenic molecules such as VEGF, fibroblast growth factors (FGFs),-platelet
derived growthfactor (PDGF), epidermal growth factor (EGF), and antiangiogenic factors such
as thrombospondirl, endostatin, tumstatin and canstati(Bergers and Benjamin 2003,
Hillen and Griffioen 2007)The stinulation 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 ind different phenotypes. Initially, endothelial cells differentiate into tip

cells that act to guide the migrating cells into an emerging sprout toward the proangiogenic
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gradient. Following this, the endothelial cells called stalk cells migrate and patdifalong

the sprout, forming a lumetriBlanco and Gerhardt 2013)his process is controlled by the
Notch pathwayghat regulates endothelial cell fate determination. Tip cells migrate toward
the VEGF gradient and express high levels of digkdigand 4 (DL-4) that binds to Notch in
adjacent stalk cells. This interaction leads to downregulation of VEGFR2 expresbiesein t
cells.This is an important regulatory step to prevent the formation of new tip cells and favours
their differentiation into stalk cells. In additiontask cells express Jaggéd whichis a
proangiogenic factothat antagonises the DII4 Notch pathyaStalk cells also express high
level of vascular endothelial growth factor receptbr(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 basementmiane 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 a process called anastomo@iisau 1997, Thurston and Kitajewski 2008,

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

1.3.2Intussusceptive angiogenesis

Intussusceptive angiogenesssa type of angiogenesis that is distinct from sproufiRigure
1.1B)( St y p - Ret &.80419 Khés process involves splitting akgexisting 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 nijwoblasts. At the final stage, the endothelial cells
retract, the pillars enlarge, and two separated vessels are prod(idd#ldn 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 tunsodependent on
angiogenesis for continued growth. He also predicted that tumour cells produce diffusible
tumour angiogenic factors (TAFand proposed the idea of aamgiogenesis with a TAF

antibody, as a form of cancer treatmefftolkman 1971, Folkman 2008)



1.4.1 Angiogenic switch

Folkman proposed that tumours do not grow begbfew millimetre in the absence of a
vasculature and remain dormaffolkman 1971)Tumours become vascularised in response

to growth factors produced by the cancer cells that lead to the differentiation and sprouting
of endothelial cellsThe rapid and continued growth of the tumolgads to an imbalance
between oxygen supply and consumption and that causes hypoxia in the tumour
microenvironment. Tumour angiogenesis is controlled by the balance between proangioge
factors and anfaingiogenic factors. To meet the metabolic demands of a hypoxic
microenvironment, production of prangiogenic growth factors and activation of several
downstream signalling factors increase, hence the angiogenic switch is established in the
tumour microenvironmeh(Bergers and Benjamin 2003, Verhetu&l.2004) VEGF signalling
pathways are upregulated to activate the sprouting of new blood ves&isd vessel
proliferation and sprouting in the tumour microenvironment results in an increase in the
permeability of tumour blood vessels. Endothelial cells in tin@our 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 (PDG@Bgrges and Benjamin 2003hat 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 maition. However, the perivascular cells in the
tumour vasculature associate loosely with the endothelial cells and do not function properly
(Morikawaet al.2002) The disruption of these functions mediates irregudbod 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 fac{@srgers and Benjamin 2003,
Komohara and Takeya 201%) contrast to the normal physiological function of angiogenesis,
the tumour vasculature continues growing and remodelling and losses the balance between
theposi tive and negative control, h e (Deoeak i t

1986, Bergers and Benjamin 2003)



1.4.2 Structural and functionalcharacteristicsof tumour blood vessels

As a consequence of aberrant angiogenesis)dur blood vessels awdifferent from normal

blood vessels terms of their structure, organisation and functi(fPlukumura andain 2007)
Unlike the normal vascaiure which is arranged in a hieranchl order with well-
differentiated arterioles, capillaries, and venulethe tumour vascuatture is disorganised,
chaotig dilated, and tortuous. Normal vasculature has dichotomolrsanching with even
diameters, but tumour vasculaturkastrifurcations and branches with variable siz8ke
pericytes in tumour blood vessels exhibit aberrant shape and show less association with blood
vessels.In addition, the tumour vasculature has wehed and weak inter-endothelial
junctions, an increased number of fenestrations, vesicles, and veammlar channels, and
lacks a normal basement membran¢Dvorak 2002, Azat al. 2013) Because of these
characteristics, tumour blood vessels are often describetinasature, andtheir function is
abnormal. The defective tumour vessels exhibit hyperpermeabdig to their poor
endothelial junctions and poor pericyte coverage and the constant production of
proangiogenic factors. VEGF which is a potentgnrgiogenic factor is alsknown 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 ovenéaand canstop altogether,

and flow can even reversdirection in some vesselgFukumura and Jain 20D As a
consequence, regions with poor or no perfusion are prevalent, which results in hypoxia in the
tumour microenvironment(Azziet a. 2013) In additionto the defective bloodvesselsthe
tumour microenvironment lacks or has ndmnctional lymphatic vessels, which can lead to
poor drainage of fluid and interstitial proteins from the tumour tisswéich increase the
interstitial fluid pressurgHeldinet al.2004) Taken together, the almrmal morphology and
characteristics otumour vascudture contribute to nonfunctional blood vesseland the

hypoxic nature of the tumour microenvironment

1.5 Hypoxia and lypoxia inducible factors

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

tumour cells.Thedysfunctional vasculature in the tumour microenvironment impairs blood



flow and increases hypoxia. Hypoxia leads tm@plex microenvironment and is considered

as a poor prognosis factor.

In a hypoxic microenvironment, hypoxiaducible transcription factor 1 (HE) is induced

and activates different gene targets, includiwgGRHarris 2002)HIF1 is a heterodimeric

protein consistingof HIFoh a n 4 [3tburfts HIFL B presentin tissues under all oxygen

levek, whileHIFa i s found under -dhylpoewxeélcs comsti thenisnd
HIF1 transcriptional complex to be functional. The Spl transmmpffactor is primarily
responsible for the constitutive expression of ti#F1 gene. Other transcription factor

binding sites, such as APand 2, NA, and NFKB, can also be found in the promoter region

of the HIF1 gene.Oxygen levedinfluence the sability ofthe HIFta s ubuni t . Under
oxygen levels, three specific oxygedapendent prolinehydroxylases (PHD-3) hydroxylate

two key proline residues in HfelL w i its bxiygenrdependent degradation domain. The
hydroxylated HIFtx i s r e \ctle gam Higpelldndau tumour suppressor protein (pVHL)

and E3 ubiquitin ligase complex, which leads to ubiquitylation oflHiF, hence | eadi n
proteasomal degradation. In hypoxic conditions, the PHD enzymes are inhibited due to the

lack of oxygentherefore HIFlo i s not t ar ge tOacegstabilsed HIHleegr ad a't
transfers to the nucleus and can dimerise with-#iIB . HIFhheterodimerthat is formed

then binds to hypoxic response elements in the promoter regions of its target gerobas
VEGFactivating their expression. In addition, IF can be hydroxyl ated b
HIF1 (FIH) atan asparagine residue anthis inhibits its interaction with the coactivator

p300/CBP, therefore inhibiting transcriptional activation (DéraleR005, Ziellet al. 2007,

Jing et al. 2019)

HIF1 also undergoe$iypoxiaindependent regulatiofMaxwell et al. 1999, Richarckt al.
1999, Semenza 2003, Déy al. 2005, Tanakt al. 2006, Ziellcet al. 2007). For example,
phosphorylation by p42/p44nitogenactivated protein kinases results in increased
transcriptional activity of the HHE complex (Richardt al. 1999). Moreover, HHE canalso
accumulate due to excessive translation (Détrgl. 2005). Tk increase in protein translation
appears to be sufficient to tip the balance between synthesis and degradation in favour of
normoxic HIFL accumulation (Déry et al. 2008enetic alterationn von HippelLindau (VHL),
which encodes the von Hippeindautumour suppressor protein (pVHIlbasbeen reported

to be responsible for the stabilization of HIFoh s u Maxwelléet al. 199). Thidedto the
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hypoxiaindependent activation of HIE in two VHEdeficient renal carcinoma cell lines, RCC4
and 7860. Consequdly, this activation upregulatednRNAs responsible for encoding
hypoxically inducible proteins such ¥E&GFRand glucoseransporter 1 in these tumour cells
(Maxwellet al.1999) The PI3K/Akt and MAPK signallirghpvays activate mammalian target

of rapamycin and the proteisynthesizing machinery, which in turn promotes -HIF
expression and activation. HIF can be activated by autocrine processes since it
transactivates growth factor genes such as VEGF, idgdingrowth factor 2, and
transforming growth factor, the products of which can activate PI3K/Akt and MAPK signalling
(Semenza 2003)HIF1 expression was significantly reduced in mouse hepatocellular
carcinoma (HCCELt lines after treatment with the PI3K inhibitor LY294002, demonstrating
that HIF1 expression is dependent on PI3K/Akt signallirenakaet al. 2006)

1.6 Methods of tumour vascularisation other than angiogenesis

In addition to angiogenesistumours canacquire a blood vessel network through other
mechanisms. Theseclude vessel coption, vasclogenic mimicry and vasculogenedtigure
1.1).

1.6.1Vessel ceoption

Vessel caption occurs when the tumour cells do not induce an angiogenic respduse,
insteadgrow along thepre-existingvessels of normal tissues and/amhour cells may invade
the space between the prexistingvasculature leading to the incorporation dflood vessels
into the tumour masgFigure 1.1C). This vascular phenotype was observed with tumours in
highly vascularised organs to facilitate in thetabolic demand and potential for metastasis
without inducing angiogenesi#iolashet al. 1999, Stesselst al. 2004, Hillen and Griffioen
2007) Vessel cmption has been observed in various primary and metastatiecers such as
breast cancer that metastasised to liver, melanomas, and lung carcifidiraeet al. 2002,
Stessel®t al. 2004, Traviet al. 2011) Vessel coption was detected in a glioma model in
which tumourcell early growth utilized coption followed by an angiogenic response. Initially,
tumour cells were capted to the existing host blood vesséldolashet al. 1999) The ce
opted vessels then underwent high megsion, which is thought to be a host defensive
mechanism. The remaining tumour cells then activated an angiogenic resfidolseshet al.
1999) This process in which -@aption is followed by angiogenesis is yrne form of ce

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 cepption was observed in bronchoalveolar carcinomajca-
smallcell lung cancer subtype, where lung cancer celbsewobserved to grow along the
alveolar walls and replaced the alveolar epithelium, but preserved the alveolar (Wedlgs

et al.2011)

1.6.2Vasculogenic mimicry

Vasculogenic mimicry is another mechanism that tumour cells exploihdace a blood
supply(Figure 1.1D). This process has been observed in aggressive malignancies in which
tumour cells generate a vasculogenic network lined with-eadothelial cells and composed

of extracellular matrixManiotis et al. (1999)described microcirculatory channels combined
with extracellular matrix in aggressiveelanomas. These channels were lined with tumour
cells; expressed endothelial cell associated genes and differentiated into vascuibiggenic
networks. This vasculogenic network is thought to act independently or alongside other form
of vascularisation t@upport blood perfusion and dissemination of cancer g@llaniotiset

al. 1999, Hendrixet al. 2003, Williamsoret al. 2016)

1.6.3Tumour vasculogenesis

Vasculogenesis is another mechanism through which tumours bea@scularised through

new blood vessels formation and the recruitment of endothelial progenitor cells (EPCs) also
known as angioblastato the tumour site (Figure 1.EE). This process is regulated by several
growth factors and cytokines that are producetlring 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 thecelation. The EPCs then home via the
angiogenic vasculature before they differentiate into endothelial dqgliien and Griffioen
2007, Dinget al.2008) The proangiogenic growth factor VEGF activates the differentiation of
EPCs into endothelial cells, whereas plateletived growth facto/BB (PDGBB) attracts
murd cells that contribute to the maturation and maintenance of stabilised blood vessels
(Miyataet al.2005) The involvement of EPCs in the tumour vasculateraains controversial.
There are studies demonstrating substantialrole of EPCs in the tumour vasculature,
whereas there are other reports of a modest contribution of EPCs in developing of tumour
blood vessel§Asalaraet al. 1999, Macheiret al.2003). For instance, mice transplanted with

bone marrow cel | s-galclosidase lacd bellsyunder xhp tramssriptiorfhl
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regulation of fetal liver kinasé (Flk1) and Tie2 (endothelialspecific promotersjvere used

to study the contribution of EPCs in the vasculature of colon cancer. The study demonstrated
that there are abundant Hk or Tie2 expressing EPCs at the tumour periphery and in the
vascularised region of developing tumours, suggesting thase¢HePCs were mobilised and
recruited to contribute to tumour vascularisatigAsaharaet al. 1999) Tie2 progenitor cells
integrate at the tumour periphery in the vascular bed, however, they minimally contributed
to vessel formation in a murine glioma tumour mogéacheinet al.2003) Taken together,
these conflictingstudies suggesthat 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 vascularisationTumours induce blood vessel
formation through different mechanism#.) New blood vessels are formed from pegisting

ones by sproutingngiogenesisB) Intussuceptive angiogeesis in which a new transvascular
pillar is formed and then it splits into a new lume&) Tumours can copt and grow along a
pre-existing vessel of normal tissud3) Vasculogenic mimicry in which tumour cells mimic
the endothelial cells and generatevasculogenic network lined with tumour cellS. 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)

VEGEF is the mosbfent angiogenic factor and is essential in physiological and pathological
angiogenesis. The VEGF family consists of several members including, WE&HB, VEGF

C, VEGP and placenta growth factor (PIGFgrramet al.2003, Vempatet al.2014, Ahmad

and Nawaz 2022)VEGHA is a key regulator of angiogenesis, while lymphangiogenesis is
regulated by VEGFC and VE@FDraraet al.2003, Apteet al.2019, Ahmad and Nawap22)

The various VEGF family members bind to tyrosine kinase VEGF receptorslyFEGRR

and VEGFR expressed by endothelial cells in an overlapping pattern to activate signal
transduction and various biological functiofSigure 1.2 (Li and Eriksson 20Q01YEGHRA
(referred to as VEGF) triggers multiple functions in endothelial cells, including proliferation,
migration and vascular permeabiliffdicklin and Ellis 2005YEGF is a prognostic factor in
several malignancies as high levels of VEGF are associated with the progression of disease and
poor survival(Georgeet al. 2001, Bandcet al. 2005, Hsuet al. 2009) The VEGFA 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 i(Hmlda 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 exampMEGF121 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 prapesin terms of matrix bindingThedifferent isoforms differ

in terms of their activitiesand give rise to different vascular structuresith different
branching patterns during embryonic developméHicklin and Ellis 2005)he different roles

of the isoformsin alsodirecting tumour blood vessel developmemave been evaluated by
Tozeret al usingfibrosarcoma cell lines thaachexpress only one of the major isoforms of
VEGHke VEGK120, VEGFA164 or VEGFAIRferet al.2008) The study revealed different
functions of VEGF isoforms in vascular growth and morphology during fibrosarcoma growth.
When implanted into mice the VEGF188 fibrosameocells developed into tumours with a
more stabilized and mature vascular phenotype compared to those developed by VEGF164
and VEGF120 expressing fibrosarcoma cells. VEGFA120 expifdssisgrcomas had leaky

vessels and developed haemorrha@Eozeret al. 2008) Therefore, it appears that VEGF
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isoforms play an essential role itumour angiogenesisas well asnormal vascular

developmentin the embryo

1.7.1Regulation of VEGF expression, secretion, and degradation

VEGHs a potent growth factor that is regulated #lhe transcriptiona) posttranscriptional
and posttranslational levelgPagés and Pouysségur 2006)the tumour microenvironment,
hypoxia is a key factor responsible fioanscriptionalregulationof VEGHut also various
effectors includinggrowth factors, hormones, cytokinesncogens, tumour suppraesosand
cellular stressare known to promote VEGF transcriptidtlypoxia, througthe activation of
HIF1, is a main regulator of VEGF gene expregftages and Pouysségur 200%) described
in section1.5, the HIF1 heterodimerbinds to thehypoxiaresponsive element (HRE) site on
the VEGF promoter topregulate VEGF transcriptigRicharcet al. 1999, Maxwelet al.2001,
Lour eir o and.TH2 maAogaen activatedOptein kinaged2/p44 MAPpathway,
itself activated by many growth factgrgytokines andncogenes such as RA8sreported

to activate the gene expression of VE@erraet al.2000) In non-hypoxicconditionsp42/p44
MAP activates VEFpromoter by recruitingSp1l/AR2 transcription factors thatbind and
upregulate theexpression of VEGHMoreover, in hypoxia, p42/p44 MAP induces the
phosphorylatiorof HIF1, which activates the transcriptionaxpression of VEGBerraet al.
2000) TNFa is a macrophage/moncyte derived cytokinethat is found to induce
angiogenesis througlactivation ofthe gene expression of VEGS well as other pro
angiogenic factors includinigterleukin8 (1l-8) and bFGKYoshidaet al. 1997) In human
microvascular endothelial cells that were treated with JTWNF mMRNA of t hese
and their receptors increasl. In additionanti-IL-8, anttVEGF, and arbiFGF antibodies all
decreased TNHependent tubular morphogenesis in vascular endothelial cells, and
coadministration of all three antibodies almost totally blocked tubular formatmahcating
reduced angiognic activity(Yoshidaet al. 1997) In terms of hormonal regulation of VEGF,
oestrogen and androgens wereahin to stimulate VEGF expression by increa#iimggene

transcription and mRNA stabilifRuoholaet al. 1999)

At the posttranscriptional level VEGF is regulated by the alternative splicingrdi@NAas
described in the previous sectioAt the posttranslational levelVEGF undergoes different
posttranslation regulatios such as glycosylationVEGF is glycoprotein contains- N

glycosylation sit¢Kanget al. 2013) VEGFSlycosylatiorhas been reported to increase VEGF
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bioactivity and secretioifBrandneret al. 2006, Kangpt al. 2013) Moreover, theproteolytic
processingof VEGFoy matrix metalloproteinases (MMP$lays a critical role iWEGF
regulation MMPs area class of zindependent extracellular matrix (ECM) remodelling
endopeptidases that may degrade nearly every ECM compq@aiiralPacheceet al.2020)
Soecifically for the extracellulanoundlong VEGF isoform$/IMPscleave ECM androcess
VEGF andbelp to releaeit from the matrix and enhance its bioavailabilifizeeet al. 2005)
Leeet al, 2005 showedthat MMP-cleaved VEGF induced a distinct blood vessels structure
that differ from MMP resistarttVEGF constructsuggestinghat MMPsare key regulators of
VEGHioavailability(Leeet al. 2005) As described in the previous sectioviEGHsoforms
differ in their affinities to heparan sulfate proteoglycarihe longer VEGIBoforms with
heparanbinding affinity,when they are secreted, theygmainsequesteed in the ECMand
remain more protected from proteolytic degradatiqivempatiet al. 2014) VEGFcan be
targeted by endogenoushibitors, such asoluble receptor VEGFRXH secreted isoform of
the membrane VEGF receptor VEGFRis soluble VEGFRL1 is considereal keesyregulatory
factor that canlead toinactivation of VEGFand limit its activity hencepromoting vascular
guiescencgVempatiet al. 2014) High circulating soluble/EGF1 levelsave been found to
be associated with better prognosis in canceripats (Aoyagiet al. 2010) Loss of VEGE&an
also occuthrough clearance and degradati@md these are also important mechanisms for
limiting VEGF activity. Relevant pathwayslude lymphatic drainage, transvascular transfer
into the bloadstream, proteolytic breakdowand cellular endocytosis; however, their relative

relevancen canceris unknown(Vempatiet al.2014)

1.7.2VEGF receptors

VEGF binds to tyrosine kinase receptors that consist of seven extracefiot@anoglobulin
domains, and a tyrosinkinase site in the cytoplasmic domdHicklin and Ellis 2005, Apté

al. 2019, Ahmad and Nawaz 2022)EGFR and VEGFR are identified mainly on the cell
membrane of enddtelial cells and hematopoietic cells, and VEGHERprimarily expressed

by lymphatic endothelial cell§igure 1.2 VEGF also binds to neuropilinneuropilir2 that

act as cereceptors and the longer VEGF isoforms also bind to hegsatphate proteoglcan.
Interactions of VEGF with the neuropilins enhance its binding to the tyrosine kinase VEGFRs
and alter VEGF signallifigicklin and Ellis 2005, Apg&t al. 2019) It should be noted that
different VEGF ligandsind to different VEGFRs with different affinities. For example, VEGF
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A has high binding affinity for VEGFR1 and VEGFR2;B/&®@&HPIGF interact with VEGFR1,
whilst VEGFC and VEGFD bind to VEGFRS3 in lymphatic (eisgets 1.2 The biological
responseof 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 higetidg.
VEGFR2 is a key mediator of angiogenesis; additionally the kinase activity of VEGFR2 is
stronger than VEGFRShibuya and Claesstdelsh 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 eHeetar 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

VEGFRL1 is a receptor for VEGFA, VBG@Rd PIGH-igure 1.2 Binding to VEGFA induces
signal transduction for growth and survival of endothelial cells. VEGFRL1 is important for
vascular organisation during embryogenesis. Fetraj demonstratedthat VEGFR1 knock out
leads to vascular malformations in mouse embryBenget al. 1995). However, VEGFR1
triggers weak mitogenic effects in endothelial cells. A study by &iled investigated the
signal transduction produced by both VEGF1 and VE@EGiiRE et al. 2000) They used
engineered VEGA to bind seledvely 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 receptossich as for example monocytes that express VEGFR1 which
stimulates their migration through binding to VE&KGille et al. 2000, Matsumoto and
ClaessofWelsh 2001) It is worth noting that VEGFR1 may serve as a negative regulator of
angiogenesis by binding VEGF, hence decreasing its binding to VEGFR2, thug nesultin

downregulation of angiogenic signallifigoch and Claessaielsh 2012)

1.7.2.2 VEGFR2

VEGFR2 binds VEGFA, VEGFC, VEGFD anFit@&E.2 The effector molecules bind via

their Src homology2 domain with the autophosphglated 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 embryogen8hislby and
colleagues demonstrated this findinging mice with a mutation in VEGFE&halabyet 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 Haring t
embryogenesig¢Shalabyet al. 1995) The physiological anghthological 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 PiyC athway 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 s
MAPK involvedni 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 Eell lymphoma 2 (Bd)-associated death promoter homologue
(Maksimiuket al) and Caspase @erberet al. 1998, Crosst al.2003, Shibuya and Claesson
Welsh 2@6). In addition, Tyrosine kinase 1175 phosphorylation triggers binding and
activation of Shb adapter protein which regulate the focal adhesion and migration of
endothelial cellgHolmqvistet al. 2004). Activation of AKT/PKB pathways is also implicated

in the increase of vascular permeability through stiniola of endothelial nitric oxide
synthase (eNOS) which generates nitric oxide and activation of cellular permeability
(Dimmeleret al. 1999, Shibya and Claessewelsh 2006) Moreover, binding of VEGF to
VEGFR2 regulates the migration of endothelial cells through the phosphorylation of tyrosine
951 (Matsumotoet 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 endothial cell migration(Figure 1.2(Matsumotoet al. 2005)
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Figurel.2 Biological functions mediated by VEGF receptofke regulation of angiogene:
occurs mainly through VE&EGFR2 binding and signalling. VBGfinds to VEGFR2 ¢
activates differentyrosine residues which in turn activate several functions in endothelia
including proliferation, survival, migration and vascular permeability. The phosphoryla
tyrosine 1175 (Y1175) triggers proliferation, survival, migration and permeaMiigyation o
endothelial cells can also be activated through phosphorylation of tyrosine 951 (Y951)."
stimulates monocyte migration through binding to VE&F VEGIB and PLG
Lymphangiogenesis is regulated by VEGnd VEGP binding to VEGFR3.
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1.8 Anti-VEGF therapies

Targeting ¥GF became an attractive therapeutic strategy after the role of VEGF as an
angiogenic growth factor was establish@€errara 2005)Kimet al, 1993investigated the

role of VEGF as a tumour angiogenic fagtoriva They tested th 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 mannefKimet al. 1993) The antibody was later humanised (known as
bevacizumab) and was tested in clinical tri@sestaet al. 1997) The US FDA first approved
bevacizumab for treating previously untreated metastatic colorectal cancer in February 2004
(Hurwitzet al.2004) Subsequently, FDA and regulatory bodies in other countries approved
bevacizumab for up to six malignancies, including -egmamous norsmall cell lung
carcinoma (NSCLC),opliastoma 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 (TKIs), an antibody
targeting VEGR2 activity and a chimeric soluble VEGF recef@pteet al.2019) There are
some of these agents are used in combination wittlemotherapeutic agents and some are

used as a single agent (Table 1Kanthou and Tozer 281Jaszai and Schmidt 2019)
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Table 1-1 FDA approved anttVEGF 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 | et al.
lonal Ab , first and 2004,
second line Cohenet
al. 2007)
Recurrent or With 2006 | (Cohenret
metastatic NSCLC chemotherapy al. 2007)
, first line
Recurrent With 2009 | (Garcieet
glioblastoma chemotherapy al. 2020)
Recurrent ovarian| With 2014 | (Pujade
fallopian or chemotheapy Lauraine
peritoneal cancer. et al.
2014)
Metastatic RCC. | With 2009 | (Escudier
interferon alfa et al.
2b, single 2010,
agent Garciaet
al. 2020)
Recurrent or With 2014 | (Tewariet
metastatic cervica| chemotherapy al. 2014)
cancer.
Ramucirumab/mono | VEGFH Metastatic CRC | With FOLFIRI | 2015 | (Goelet
clonal Ab 2 chemotherapy al. 2016)
Metastatic NSCLQ With 2014 | (Das and
docedaxel Wakelee
2014)
Metastatic gastric | Single agent o[ 2014 | (Casalet
or combired al. 2015)
gastroesophageal| with paclitaxel
in advanced
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junction disease
adenocarcinoma
Ziv-aflibercept/VEGF| VEGF | Metagatic CRC | With FOLFIRI | 2012 | (Ricciet
Trap Recombinant A chemotherapy al. 2015
fusion protein ’
VEGF
B,
PIGF
Sorafenib/RTKi VEGFR RCC Single agent | 2005 | (Wilhelm
-2,3 et al.
PDGFFHF 2006)
s, RAF
KIT, HCC Single agent | 2007 | (Kimet al.
FLT3 | (Unresectals) 2017)
metastatic thyroid | Single agent | 2013 | (McFarlan
carcinoma d and
Misiukiew
icz 2014)
Pazopanib/ RTKi VEGFR Advanced soff Single agent | 2012 | (Van Der
1-3 tissue carcinoma Graafet
al. 2012,
FGFRs Leeet al.
KIT 2019)
Advanced RCC | Single agent | 2009 | (Ward
and
Stadler
2010)
Sunitinib VEGFHR 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 et al.
cancer 2011)
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Axitinib VEGFR Advanced RCC | Single agent | 2012 | (Tyler
1-3 2012)
Vandetanib VEGFR Advanced/metast | Single agent | 2011 | (Chau and
1-3, atic medullary Haddad
Tie-2, | thyroid cancer 2013)
EGFR,
RET
CabozantinibS VEGFHR Metastatic Single agent | 2012 | (Weitzma
malate s, RET| medullary thyroid n and
MET, | cancer Cabanillas
Tie2, 2015)
FLT3
Advanced RCC | Single agent | 2016 | (Escudier
et al.
2016)
HCC Single agent | 2019 | (Personen
ietal
2019)
Regorafenib VEGFR Refractory and Single agent | 2012 | (Caiet al.
1-3, metastatic CRC 2018)
FGFR,
PDGFH HCC Single agent | 2017 | (Heo and
, KIT, Syed
TIE2, 2018)
Raf
Locally advanced, | Single agent | 2013 | (Cronaet
unresectable or al. 2013)
metastatic
gastrointestinal
stromal tumour
Lenvdinib VEGFR Differentiated and| Single agent | 2015 | (Nairet
RTKi -1-3 refractory to al. 2015)
FGFR | radioactive iodine
1, thyroid carcinoma
PDGFH Unresectable HC( Single agent | 2018 | (Hao and
s, KIT Wang
2020)
RCC With 2016 | (Lietal.
everolimus 2020)
endometrial With 2019 | (Walker
carcinoma pembrolizuma et al.
b 2023)
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AB, AntibodyCRC, colorectal cancer; HCC, hepatocellular carcinoma; NSCis@atlocell
lung cancer; RCC, renal cell carcinoma; EGFR, epidermal growdh rectptor; FGFR,
fibroblast growth factor receptor; mTOR, mammalian target of rapamyeir¥3, fms like
tyrosine kinase 3; KIT-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homaligT,
mesenchymaepithelial transition proteoncogene; PIGF,lgcental growth factorPDGFR,
platelet-derived growth factor receptofTIEZ2, tyrosine kinase with immunoglobulike and
EGHike domains 2; RET, receptor tyrosine kinase partoogene; VEGF, vascular endothelial

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

Bevacizumab was the first aNfEGF therapy used to treat breast cancer patients. This is a
monoclonal antibody that binds VEGF and was approved for the treatment of human
epidermal growthfactor receptor type 2 (HERZ)egative breast cancer, in combination with
paclitaxel, a chemotherapeutic agent The combination showed a significant increase in
progressioAfree survival (PFS) compared to using chemotherapy albtiéer et al. 2007,
Ayoubet al. 2022) This led to the European Medicines Agency (EMEA) and Food and Drug
Administration (FDAapproval of using bevacizumab as a treatment for HidRtive 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(Kristenseret 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 mo 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 approva(Kristensenet al. 2014) Different chemotheapy regimens have
been combined with bevacizumab (Avastin), such as Avastin plus Docetaxel (AVADO) trial
(Mileset al.2010)and RIBBONM (Regimens in Bevacizumab for Breast Oncology]Riuddert

et al.2011) All these trials showed a significant benefit in the PFS but not in overall survival
of breast cancer patienté€Sledge 2015)A recent clinical trial analysed data of two identical
clinical trials tested the addition of bevacizumab to endloe therapy as firstine treatment

in metastatic hormone receptepositive 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 doimation 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);kat (KIT), and FB receptors(Barios et al. 2010) Sunitinib was used as a
monotherapy for treating HER2egative breast cancer in a phase Il trial. Sunitinib did not
improve PFS and was associated with higher severities of many common adverse events

compared with a chemotherapeutigant (Barrioset al. 2010)

Sorafenib, another TKI was used in combination with-aatmone 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 treatmemtsulted in discontinuing treatment

in many patientyIsaacst al. 2011) A recent clinical trial demonstrated that no benefit in
terms of survival outcomes for the addition of sorafenib to letrozole (hormone theraipg)
cyclophosphamide (chemotherapeutic agent) lbcally advanced HER2 negative breast
cancer patients. In addition, large number of patients who received combination therapies

containing sorafenib displayed disease progresgianzaet al. 2020)

It is widely acknowledged that VEGF inhibitors have considerable benefits in many patients,
including metastatic colorectal cancer and renal cell carcin@lamet al.2009, Sledge 2015)
However, the outcomes of art{EGF treatments in breast cancer are modéainet 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 theatlenges in the use of arRMEGF inhibitors.
Another challenge with using arfEGF 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 initiadsponse is followed by tumour regrowth and sign of toxicities
while other patients showed no response at(8érgers and Hanahan 2008, Jaysbal.2016,
Oguntadeet al.2021) Understanding mechanisms of resista could explain the reasons of

no response or relapse in a large proportion of patients.

1.9 Resistance to an{VEGF treatments

Resistance to VEGF pathway inhibitors has become the topic of extensive research. There is
an initial response, which may be lfmled 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 (gesting) resistance may exi@ergers and
Hanahan 2008, Loges al. 2010, Weathers and De Groot 2014)

Experimental work has suggested several mechanisms through which resistance to
antiangiogenic agents may be acquiréBergers and Hanahan 2008Jhese include
upregulaton of alternative proangiogenic signalling pathways, and recruitment of bone
marrow derived progenitor cells that can activate VE&@ependent angiogenesis. In
addition, increased tumour growth but also metastasis and invasion are likely because of
hypoxa (Bergers and Hanahan 2008)Joreover, 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 signalliri@ergers and Hanahan 200Neathers and De Groot 201#ntangiogenic
therapies if given for extended periodsause extensive destruction of the tumour blood
vessels, which led to hypoxia and subsequent activation of proangiogenic growth fgdetiors

2005, Ribattet al.2019)

1.9.1Evasive (adaptive) resistance

1.9.1.1 Upreguldion of alternative proangiogenic signalling pathways

In this situation, tumour cells and stromal cells may use M@#pendent angiogenesis using
alternative proangiogenic factors such as PDGF, F8Rndl Insulin like Growth Factor (IGF)

to induce tunour vessel growth. For instance;8Lis a proangiogenic chemokine and was

found to be upregulated after the knockdown of HIFa i n(Mizakamiet al. 2005). HIF

la is the main regulator of VEGF signalling
induction of VEGF led to compensatory activation of proangiogenic pathway s8a IL
(Mizukamiet 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
proangiogenigpathways(Lieuet al. 2013) Aclinical investigation reported that glioblastoma

patients treated with the VEGFR inhibitor AZD2171 demonstrated a response phase followed

by a relapse. FGF and stromalcekr i ved factor 1a (SDF1 a) | e\
in the blood during theelapse phase compared to that during the response phase in the

same patients, suggesting the upregulation of alternative proangiogenic pathways. This study
proposed FGF and SDFl1la as bi omar ker s and
combination with AD2171 to maximise benet{Batcheloret al.2007) Human glioblastoma

associated endothelial cells showed resistance to both YRE&Hbitor (ki8751) and the VEGF

blocking antibody (B2Q(Liu et al. 2018). Notably, these cells were found &xpress less

VEGFR 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 cell$2DGF was implicated in acquiring theétle mesenchymal phenotype

and in the downregulation of VEGERnN glioblastomandothelial cells. Therefore, PDGF

renders glioblastoma&ndothelial cells resistant to arRWEGF treatments by these
mechanisms. Combining the PDGFR inhibitor (crenolanib) VBBGFR (ki8751), inhibited

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

endothelial cells sensitive to arEGF treatmen(Liuet al. 2018)

1.9.1.2 Excessive vessel pruning ahgipoxia.

1

Mo s t antiangiogenic therapies aim to nor ma
process initially leads to pruning and remodelling of the small and leaky blood vessels, leaving
the mature and functional bled 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 respnse. 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 “vascul ar nor mal i s
antiangogenic 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(@éitkleret al. 2004, Jain 2005,
Batcheloret al. 2007, El Alaodiasnaili and Faivre 2018)or instance, VEGF levels and
interleukin-8/CXCL8, prangiogenic factors were increased in renal cell carcinomas (RCCs)
after treatment with bevacizumab compared with normal tissues. In addition, treatment with
bevacizumab in nudenice enhanced the growth of RCi@svivg with selection of tumour

cells with a high growth capaciffrepinet al. 2012) Furthermore, hypxia enhanced the
invasion and metastasis of tumour cells to distant sites once tumour cells escaped from the
initial treatment (Grepinet al. 2012) Several studies have reported metastasis following the
development of resistance to aAEGF therapy. Shojaet al investigated metastatic
induction after treatment with sunitinib in several tumour cell lines including breast, lung and
coloredal cell lines, withmetastasis demonstratedn breast and colorectal cell lines,
suggesting that sunitinibinduced metastasis is tumour depende(Bhojaeiet al. 2012)
Furthermore, one study investigated invasiand metastasis of tumour cells in a mouse
model of pancreatic neuroendocrine carcinoma after treatment with a VEGF receptor

inhibitor (DC101)(PaezRibeset al. 2009) After an initial anttumour 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 tumoumicroenvironment after treatment with angiogenesis
inhibitors compared with untreated tumours, suggesting that hypoxia may be implicated in

this treatment resistancéPaezRibeset al. 2009)

1.9.1.3 Recruitment of bone marrow progenitor cells

Hypoxia induced after treatment with arMEGF inhibitors, stimulates release of pro
angiogenic factorand cytokines from both tumour and stromal cells that promote neo
vascularisation by recruitment of bone marrow derived célBuliano and Pagés 2013)
Several studies have detected progenitor cells afirtiangiogenicreatment. Circulating
endothelial progenitor cells (CEPs) have been shown to accumulate in the viable tumour rim
after treatment of tumourbearing mice with vascular disrupting agents (VOi&gya and

Rustin 2005)The VDAs caused acute destruction of existing blood vessels leading to a rapid
necrosis and then hypox{&aya and Rustin 2009jumour regrowttand 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 resis{(Sheded

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 revascularisatiorfBatcheloret al. 2007) These data collectively suggest that an adaptive
response is activated post treatmerwith antiangiogenic agents Fur t her mor e,
activation during hypoxia leads to downstream signalling of chemokine stroatiadierived

factorl SDFla that triggers t he recruitment 0
CXCR4+VEGFR1+ hematopoietic cells supports theasealariation of tumour growth and
ischemic tissue@Petitet al.2007) Hypoxia post aVEGRreatment may induce the SBEF

CXCR4 pathway that facilitates the revascularisation of tumours.

1.9.1.4 Escaping the antangiogenic treatments by increasing pericyte coverage

Pericytes are an important constituent for vessel maturation. The pericytes covetrerial
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 siecr®f proangiogenic
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factors from the growing tumour. Notably, as the aw&GF treatments target the
proliferating endothelial cells in the tumour microenvironment, tumours can escape anti
VEGF treatments by increasing the coverage of pericytes, makiad essels more stable,
qguiescent, and less susceptible to targeting by -&HGF treatment@Bergers and Hanahan
2008, Zarriret al.2017) This concept was explained in a study which found that SU5416 an
inhibitor of VEGFRSs has an effect on the tumour at an early stage but not at late stage tumours
with functional pericytecovered blood vessel@ergerset al. 2003) Tumour regrowth was
detected in tumoumouse models after treatment with a VEGF receptor signalling inhibitor
AGO013736 or A@28262(Mancusocet 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, t
regrown tumour vasculature renduced VEGHependent angiogenesis, suggesting that
tumours may also utilize pericytes as a scaffold for inducing new sp(blascusoet al.

2006)

1.9.2Intrinsic resistance

In intrinsic resistance, tumour cells themselves activate intrinsic resistance mechanisms
during their progression. These mecligms are developed independent to treatments and
contribute to nonresponsive 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 cetls 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 proangiegic signalling pathways. Therefore, a tumour can
survive after blockade of one proangiogenic path\Bgrgers and Hanahan 2008, Logtal.

2010, Huijberset al. 2016). A study on breast cancer tissues showeghhexpression levels

of different proangiogenic factors, including FGF, Placenta growth factor (PIGF) when
compared to normal tissueRelfet al. 1997) It has beerreported 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 fagtotumours(Fischeeet al. 2007)
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The components of tumour stroma have a major role in the refract@srne antiangiogenic
therapies. Tumour stroma consists of different cell types, includingour-associated
fibroblasts (TAF), pericytes, endothelial progenitor cells and inflammatory cells such as
myeloid cells. Preclinical and clinical data showed tlielirement of trese cells in resistance

to antiangiogenic treatments. This is because tumour stroma induces several proangiogenic
signalling pathways that contribute to angiogeng¥simoet al. 2005, Shojaei and Fara

2008, Crawford and Ferrara 2009, Logésal. 2010, Jaszai and Schmidt 201BAF produce
angiogenic factors that stimulate angiogenesis. TAF isolated from a tumour resistant to an
anti-VEGF treatment, expressed high levels of platdéxived growh factor C (PDGE) that

was found to stimulate angiogenesis. Combining -&fGF with PD@Fneutralizing
antibodies inhibited angiogenegi€rawfordet al. 2009) Beside stimulation of angiogenesis,
TAFs produce SDF1 that stimulates the recruitment of bone marrow derived EPCs which in
turn promotes vasculogenes{®©rimo et al. 2005) In addition, accumulation of fibroblasts
increaseghe secretion of extracellular proteins, causing desmoplasia. Desmoplasia is also
characterised by lack easculature, whichcontributes to resistance to anW¥EGF 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 thetumour. Pancreatic cancer is known to be higdgsmoplasticand the
outcome of antiangiogenic therapies is poor in pancreatic cancer. The lack of response to
antiangiogenic therapies is proposed to lbecause oflesmoplasigTamburrinoet al. 2013,

Liet al.2019) Taken together, it is tempting to speculate that tumour stroma with abundant
fibroblasts may represent a challenge and cause resistance teaagibgenic therapies via

different mechanisms.

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 calls in
subset of tumours, which showed no response to an-&itGF 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 inhE€anjaeket al. 2007)

Some tumours are refractory to ardingiogenic therapies because they do not rely on the

tumour vasculature that is idealtiget of antrangiogenic treatments. Instead, they-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 poorresponse 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 explardti
resistance to bevacizumab in breast cancer patient may be in part as a result of inducing co

option vasculaturgFrentzaset al. 2016)

1.10Current approaches to overcome resistance to aatigiogenidreatments.

Currently, multiple approaches have been suggested to overcome resistance {¢EBEH
treatments or to increase their efficacyCombining conventioal 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 Hretefore kill the cancer cells
indirectly (Teicher 1996)Combining antiangiogenic treatments with conventional therapies
may be more effectivespecially ifjiven during the normalisation phag#ain 2005, Carmeliet
and Jain 2011Establishing thénormalisation window isthereforea proposed approach to
evalwate the benefit fromconventional therapieg¢Jain 2005, Batchelat al. 2007, El Alaoui
Lasmaili and Faivre 2018he normalisation window refers to the period after antiangiogenic
therapies when the treatment pmes the dysfunctional and leaky blood vessels and remodel
the remaining ones. As a resulemainingvessels are normiged with improved blood flow
and oxygen deliveryTheyare better invested with pericytes, enabling enhanced delivery of
cytotoxic agets and better response to radiotherapy, which requires oxygen for the
generation of reactive oxygen specits kill cancer cellsHowever, if the antiangiogenic
treatments are prolonged massive destruction in the vasculatucan occuy leading to
hypoxiaand poor blood flow{Jain 2005)in glioblastoma xenograft modelsadiotherapy was
found to be most effective when administeredirihg the "normalisation windoWw(Winkler

et al.2004) Giving radiation therapy between days 4 and 6 after starid®D1 (a VEGFR2
specific monoclonal antibodygsulted in asignificant delay in tumour growtiThis effectvas
found to be due toa significant decrease in hypoxia and improved tumour oxygenation
induced by DC101. The best timing for radiation coincided thélpeak tumour oxygenation

during DC101 treatmenfWinkleret al. 2004) It is important to assess normalisation after
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antiangiogenic therapyn human cancerand imaging approaches are being employed. A
Phase Il clinical triah recurrent glioblastomasysed MRI to assess vessethitecture and
caliberand found thattreatment with the antiangiogenic agent cedirarificreased oxygen
saturation, and reduced vessel caliber, suggesting normalisation of blood véssdiEmet

al. 2013) Additionally, the patients with these responses experienced prolonged survival
(Emblemet al. 2013) In another clinical trialMRIwas used to measure relative vessel size
and permeability, and edemassociated paramete(8atchelor et al. 2007). The data showed
that AZD2171a tyrosine kinase antiangiogenic agentiuced blood vessel normalisation one
day afterstartingtreatment and lasted up to 28 dayw/hich was proposed to be theptimal
timing for combining with a cyclefacconcurrentchemotherapy or radidterapy The blood
vessel normalisation wasvident with the alleviation of braiademaand significant decrease

in blood vessel size. Nevertheless, new abnormal vessels were developed following drug
withdrawal in cases oftoxicities but returned to a nomalised state when drugreatment
wasresumed.(Batchelor et al. 2007)Measuring vessel size, vessel permeability and blood
flow by medical imaging methods such &Rl computerized tomography(CT), positron
emission tomographyPEY are therefore proposel for establishing the ominal dose and
schedule of anéingiogenic treatmentgJain 2005, Batchelagt al. 2007) However, tke
normalisationperiod can bedifferent between patients and therefore, morestudiesare
neededto validate this approackiGoelet al. 2011) In addition it is challenging to confirm

the accuracy of these methods, and often, different medical @sto notagree on the best

ways to collect and analyse data for a particular-odht (O'connoret al.2017)

Bevacizumab with several standard chemotherapeutic agents increased the PFS rate-in HER2
negative metastatic breast cancer patients compared to chemotherapeutic agents alone
(Robertet al.2011) Beracizumab in combination with chemotherapy increased the survival
significantly in patients with metastatic colorectal can€eiurwitz et al. 2004) A study of

breast and colon tumour mouse modealsed thalidomide an antangiogenicagent and
showed that halidomide 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 (Cisplatir{bhenet al.2019)
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Another promising approactio combat resistance to anWEGF therapiess to target
proangiogenic factors other than BGF. This is because tumsumay utilize other
proangiogenic factors to escape treatment agaithe& VEGF pathways. An antibody against
PIGF showed promising results and increased the effect of chemotherapy and VEGFR inhibitor
(Fischeret al. 2007) PIGF was reported to be iearsed after treatment with ardgingiogenic
treatments andwassuggested to contribie to re-vascularisatiorfFischeret al.2007, Lielet

al. 2013) Therefore, targeting alternative angiogenic factors may increase the efficacy of
antiangiogenic treatments. Moreover, using agents that target pldtangiogenic pathways

is another way to increase the efficacy of antiangiogenic agents. These agents aim to
simultaneously target the pathways of multiple angiogenic faciBedlas and Chachoua 2011,
Zhao and Adjei 2015yor exampleregorafenib targets the activity of VEGFR1/2/3, PIGFR and
FGFR and has shown antmour and antiangiogenesis effect®AbouElkacemet al. 2013,

Zhao and Adjei 20154 preclinical studyshowed that regorafenipa multikinase inhibitor
suppressed tumour growth, vascularisation and metastasis in a murine CT26 metastatic colon
cancer model compared to the angiogenesis inhibitor DQEIbuElkacemet al. 2013)
Regorafaib is now approved for use in the clinic for the treatment of metastatic colorectal
cancer, hepatocellular ceinoma, and metastatic gastrointestinal stromal tums(gee Table

1) (Cronaet al. 2013, Caet al. 2018, Heo and Syed 201&) novel decoy receptor VEap
fusion protein that binds to VEGF abBGF, simultaneolysshowed synergistic artiimour

effect in terms of inhibiting proliferation and migration of VEGF andiR@iced endothelial

cells. Similarly, in a mouse model-Viap demonstrated a significant inhibition of renal and
lung xenograft tumour growth congred to mice treated with either the single VEGF inhibitor

or bFGF inhibitor(Li et al. 2016) Taken together, targeting multiple proangenic factors
augments the effect of alWEGF inhibitors.

Another therapeutic target is combining the VE@#Ehway inhibitors with immunotherapies.
This strategy has been applied in the clinic and has demonstratedusmbiur responses.
Angiogenic faadrs 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 preverst the infiltration of cytotoxic -Eells. Additionally, VEGF triggers the

infiltration of immunosuppressive cells such agegulatory cells and myeloiderived
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suppressor cellmto the tumour(Khan and Kerbel 2018gleanuet al.2019, Haclet al.2020,
LopesCoelhoet al. 2021) Tumour cells have been shown to activate the programmed cell
death 1 (PEL) pathway an immune checkpoint pathway.-PDs a negative regulator of
immune cells that mediate immune respons&sch as T cytotoxic cells, dendritic cells and
natural killer cells. PI2 receptor on these cells binds to their corresponding ligandé.PD
that are expressed on tumour cells, endothelial cells and other immune cells. The activated
pathway inhibits the ati-tumour response of T cells; hence, tumour cells evade targeting by
T cells and progress. Inhibitors of the-BPIPD-L1 pathway are immunotherapies designed to
block this pathways, hence tumour cells can be targeted by T cytotoxiqAkitdeye and
Rasool 2019, Lope&3oelho et al. 2021) Combining anéingiogenic therapies with
immunotherapies demonstrated a profound attimour effect (Khan and Kerbel 2018,
Teleanwet al.2019, Haclet al. 2020, LopesCoelhoet al.2021) Combining bevacizumab with
anti-PDL1 antibody atezolizumab was shown to prolong PFS in patients with hepatocellular
carcinoma compared tatezolizumab alonéLeeet al. 2020) A recent phase Il clinical trial
demanstrated an improvement in both PFS and OS in metastatiesroallcell 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
(Socinsket al. 2018) In addition, a phase Il clinicaial showed that the combination of
bevacizumab plus atezolizumab improved the PFS compared to sunitinib alone in metastatic
renal cell carcinoma (MRCQ@iniet al. 2019) Analysis of tumour tissues of mMRCC patients
post treatment with combination bevacizurhand atezolizumab showed an increase in the
trafficking and infiltration of CD& cells, suggesting that this dual inhibition promotes -anti
tumour immunity(Wallinet al.2016) The increase in trafficking of asitimour immune cells

was potentially mediated by the normalisation of tumour vasculature which enabled the
infiltration of CD8+ T cell§Shigetaet al. 2020) In addition, there are other reported
mechanisms of action of the combined aatigiogenic and immunotherapy treatments. A
preclinical study on hepatocellular carcinoma murine models showed that the combination
of VEGFR inhibitor (sorafeib) with anttPD1 antibody promoted anttumour immune
microenvironment. The combination increased the anthour M1 tumourinfiltrating
macrophages and activation ofcyitotoxic cells. In additiont reduced the praumour M2

tumour infiltrating macrofmages and -Fegulatory cells, enabling artimour immunity
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(Shigeteet al. 2020) Taken together, the combination of both aatngiogenic therapies and

anti PD1/PEL1 treatments increased the efficacy of response.

1.11 Biomarkers determining response to art{EGRherapy.

Given the incosistent results dund with antangiogenic drugs in the clinic, the need to
identify cellular and/or molecular biomarkers that help to select patients who areerfikely

to benefit from antangiogenic treatments is urgent. However, until now, there is no one
definitive bianarker 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 agen

and/or disease dependerffainet al.2009)

Plasma VEGF has been proposed to be a biomarker in several cancgiQgpasadeet al.

2021) However, while VEGF is of prognostic value across different caitsevajue as a
predictorof treatmentoutcome in respons& antiangiogenic agents not consistent aciss
different clinical studiesA clinical trial evaluated the usef baseline VEGF for predicting
response to bevacizumab in HERegative metastatic breast cancer showed that there was

no correlation between baseline VE@&Fnd treatment benefi{fMileset al.2017) However

in another clinical trial, high levels of circulating VEGRHER2 negative metastatic breast
cancer patients were associated with a good response to bevacizkhidds 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 treatmignt
AZD2171, a TKI against the activity of VEGFR and (Bi&e€treloret al.2007, Jairet al.2009)

In contrast, VEGF and PIGF increased in metastatic renal cell carcinoma patients who showed
response to sunitiib, a TK(DePrimoet al. 2007) It is possible to spetate 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 escapechanism 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-homour-bearing mice, suggesting

that the increase in VEGF is rotumourinduced mechanism to escape the thergposet

al. 2007) Taken together, more research is needed to evaluate VEGF as a biomarker.
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Other crculating poteins can also indicate resistance to treatments. An increase in
alternative proangiogenic factors such as F(
tumour progression in glioblastoméatcheloret al. 2007) Specifically, FG
increases were associated with a significant increase in vessel size, suggesting the induction

of alternative proangiogenic pathwayBatcheloret al.2007)

Different clinical studies have investigated the role of CEPs and CECs as potential surrogate
biomarkers(Beaudryet al. 2005, Mancuscet al. 2006) CECs increased in breast cancer
patients who were treated with metronomic chemotherapy, a therapeutic strategy
associated with antiangiogenic activity. Their increase was agedcivith progression free
survival and improved overall survival. The study found that most of these CECs were
apoptotic cells and were suggested to redntm the antiangiogenic effect on the tumour
vasculature. However, in glioblastoma, an increas@able CECs during the treatment with

TKI were observed in patients who showed no response during the treatfikmcuscet al.

2006, Batcheloet al. 2007) These conflicting results underline the need for moree@ach

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 pati@Bgset al. 2017) Patients

with high pretreatment MVS showed a significant increasePFS 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 bevacizumaln@tastatic colorectal

cancer(Jubbet al.2006)

The change in ptama Tie2 has also been identified as a response biomarker for bevacizumab
in metastatic colorectal cancer and ovarian can@rouet al. 2016, Jaysoet al.2018) The
patients with 50 % increase in Tie2 levelewhld disease progression and loss of benefit from
bevacizumal§Zhouet al.2016, Jaysoat al.2018) Tie2 is a receptor expressed by endothelial
and binds toAngiopoietin (Anghlgands (Anfy and Ang@). Binding ofAng1l 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:Amg2 signalling pathway
induces remodelling of vasculature and inhibitiésl stability and maturationZhanget al.

2019) This is because Ang2 promotes theaddment 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 progno§iifuanget al.2010, Saharinert al.2011)

Another recent clinical trial investigating Tie2 as a vascular response marker in patients with
advanced biliary tract cancer treated withe VEGRyrosine kinaseinhibitor cediranib
identified that 24% reduction in plasma Tie2 within 9 weeks is a vascular response to
treatment (Zhouet al. 2022) Nevertheless, identifying the vascular response rate to VEGF
inhibitors is not pasiblefor some tumour types such as breast cancer. This is because that
not all patients benefit from VEGF inhibitd#&houet al. 2022)

In summay, several biomarkers have beeproposed 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 crystall i ncgystallimis p, a
a major member of the family of crystallin proteins subdivided into two suldypeidic and

basi c, k cowmns t ad loaystallinanespective). M mb er s @rfstalinh e «a
family act to protect proteins from aggrega on under st raystalinisondi t |
thoughttobeexpressd mai nl y i n t-diystallie ig expressed ie otherdissuest B

such as heart, skeletal muscle, skin, brapinal cord and lungMeehanet al. 2004) The

over expr eaystalim was fofind to Be associated with several neurological diseases
such as Al exander’'s di seaseo,n’ Al (Rhwatae2a@ye’ s di
| mportantly, s e v e r atystalirt isiodaregpsessednmonvaryctantehcalls o B
such as gliomas, renal cell carcinoma, and invabneast cancer. Its expression may
contribute to the aggressive behaviour of many cancer cells (Eh@n2014; Leeet al. 2012;

Moyanoet al. 2006).

1.12.1h-ONB ad+FftftAya a aKSIFIG aK201¢ LINRPGSAya
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 gllowin

them to retain their functional structure. The chaperone functiomairystallin proteins was

first identified by Hor wi t zrystallih 909@event thde t es
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accumulation of heainduced lens proteins and enzymes. There areess\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 accordinguousit weight, including HSP90,

HSP70 and HSP60. The small heat shock proteins (SHSPs ) have a molecular weight less than
35 kDa andx-crystallin proteins belong to this protein familfDerham and Harding9D9).
aAryst al icrystallinsare &knownBas HSPB4 and HSPBS5, respectively. Both proteins
have an approxi mat e mo tcrgstallins aconstituea 35% ofotie 2 0 |
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 Hew prystaltin binds

selectively to denatured proteins and refold the misfolded protéidsrwitz 2003)

1.122¢ KS Ay Tt dzSyO0S 27F LIK2aLKyddlinl GAz2zy 2y (KS ¥
oB-crystallin undergoes phosphorylation as a normadnsequence of dividing and
differentiation of cells. In addition, stress stimulation such as oxidative agents, ischaemia and
heat can induce t he ptopPpthadysallimis phasphorndated a A an
at Serl22, whereas the phosphorylatio s i t ecsystatlii areaSBr19, Ser45 and Ser59
(Thornell and Aquilina 2015Phosphorylae i on i s reported to reduce
crystallin(lto et al. 2001) It is also thought to increase its chaperdile function; however,

some studies showed that phosphorylation decreased it or has no effect achafserone

like function(Ecroydet al. 2007, Ahmadet al. 2008, Muranoveet al. 2018) The role of
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
(Kamradtet al. 2002, Launagt al. 2006, Launagt al.2010) In response to various stresses,

p hosphor vy lcragstallinamSerdSfis trigdered by P44/42 MAPK, whereas P38/ MAPKAP
kinase 2 is responsible for Ser59 phosphorylatibaunayet al. 2006)

Ther o | e -crystallimpBosphorylation in the regulation of apoptosis has been reported by
Launayet al. (2010) The study i nvesti gat e dcrystalireaftg h os p hc
treatment with the anticancer agent vinblastine in the breast cancer cell line MCF7. There

was a correlation between t herysalnapSerésThe and
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mol ecul ar mechani sm i s -ctystallin bintshte Bep Bnoastp hor y |
apoptotic protein and prevents its translocation to the mitochondria. The study
demonstrat ed -<ripstlinisahtapdpiotic gthis fumddion is downreguladeby

its phosphorylation at Ser §2aunayet al.2010) Additionallya Ecrystallin was showrotbe

induced in C2C12 myoblasts that are resistant to differentiainaluced apoptosis, a function

that is essential for their developmentThus a Erystallin confers resistance to
differentiation-induced apoptosis in C2C12 myoblagteamradtet al. 2002) However, the
phosphor vy lcydalliroleadsdofthe o8 of argip o pt ot i ¢ fcrystalintinn on o f
cardiomyocytegKamradtet al. 2002) Although these studiebave suggested that ser59
phosphorylation inhibs t he ¢ hap er o restallinuothers haeenshowrf thata B
phosphorylation at this site results in an increase in chaperone acf{Mibyrisonet al. 2003,

Kaseet al.2010, Donget al. 2016) Morrisonet al (2003) demonstrated that phosphorylation

of -coy®allin at Ser59 protected cardiac myocytes from ischandaced apoptosis
(Morrisonet al. 2003) In addition, Kaset al found that Ser59 phosphorylateal Bcrystallin

increased in retinal pigment epithelial cells under hypoxic conditions and protected the newly
formed bl ood vessels from a p-orgstalindoiesdothellahi s ¢ h
cel | s wa scrydalirebinding tax\BEGF and protectihdrom degradation during

ocular angiogenesigKaseet al. 2010) Similarly, Ser59 phosphorylated Erystallin was
upregulated in diabetic retinopathy and ¢ocalised with VEGF in neovascular endothelial

cells in diabetic retinopath{Donget al. 2016) It could be speculated from this finding that
Serb59 p h o s p-orystalyn| aats & dchape®ne VEGF during angiogenesis and

therefore stimulates the survival of endothelial cells.

oB-crystallin also exerts a protective role in the regulation of cytoskeletal proteins. It has been
reported that Se rcEdfallinpdolocaliped with gytoskeletat conopBnents
and protected their integrity against extracellular stress, sugggst protective role of Ser59

p hos phor yrystltineldshoaldbe noted that the phosphorylation of-8e® o-n o B
crystallin is induced through the activation of MAPK p38 path{ikaynayet al.2006)

In summary, these studies suggest thaté p h o s p h o r-gnystallinimaynactasa o B

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

Several studies have revealed an eamp opt ot i ¢ f-crystalih vi@ different aB
mechani sms. One study <carried out-crystalin Kamr a
prevented the proteolytic activation of caspaSe. This study -crysteljnge st ed
binds to the p24 of caspasand prevents its autoproteglic cleavage and hence acts as an

inhibitor of the intrinsic and extrinsic apoptotic pathwafisamradtet al. 2001) A similar

finding was observed inB,-t r eat ed pri mary astrocyte -cultur
crystallin inhibited the activation of caspa8edue to its binding to p2@shinet al.2009) The
ant-apoptotic fcurycttiadnd i mf waB report edalystalin anot |
inhibited oxidative stress induced apoptosis in mouse myogenic C2C1Mmitatelliet al.

2010) | n anot-bnstallin svasisltbwn taxsBquester p53, a regulator of apoptosis

and decreased its translocation from the cytoplasm to the mitochondrial membf{iainet

al. 2007) | n a ddaystallin bas an affinBy to other proapoptotic proteins such as Bax

and BcIXS and deeases their activityn vitroandin vivoby preventing their translocation to

the mitochondria during staurosporir@duced apoptosigMaoet al.2004) -cryBtallin also

plays a role in the regulation of apoptosis in blood vessel endothelial cells. Dirabatg

i nvestigat ed ficrigstllinfduringctabular morphdgenesiB in tumour vessels

using small interfering RNAe di at ed k nBcoystallioexpressiofDimberget al.

2008) They found that the inhibition of expression gave rise to weak arabrphogenesis,

activation of caspas8 and apoptosi s induct i on-crystallinl t hes

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

o Erystallin may interfere with different cellular processesetohance cell survival during
stress conditions. Besi de it s -crysthllinldtivatesr f u nc
mitogen-activated protein kinase (MAPK) pathway in basal like tum@oyanoet al. 2006,

van de Schootbrugget al. 2013) The MAPK pathway is responsible for many biological
responses including cell survival through the activation of Ras/Raf/MEK/ERK intracellular
signaling pathwayLiet al. 2016) However, in some cell systems, this pathway can lead to

stress activated apoptosis. For example, it was shown to lead teitted apoptosis of

lens epihelial cells instead of promoting survivdliuet al. 2004, Let al. 2005) |l ndeed, a |
crystallin prevented the UMA&duced apoptosis in lens epithelia through the suppression of

UVAinduced activation of the RAMEK/ERK pathway and activation of the AKT pathway that
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promoted survival(Liuet al. 2004, Liet al. 2005) The protective function of this protein is

also demonstrated in cardiac myocytes.

1.14n -crystallin can pronote 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 cg@eboub e - étalv

2004, Wettsteiret al. 2012, Kinet al. 2015, Cheret al.2018) For instance, it is known that

EMT is an essential process in cancer metastasis. This involves loss of epithelial markers such

as Ecadherin and the transition into amotile meschymal 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 inv@setsteinet

al. 2012) One study r eveal -ergstaln inpneasienrandietastasisob | e f o
gastric cancer cellChenet al. 2018) This study reported the influence of this protein in
mediating invasion through the activation of IMFB , which is a nucl ear

t hat regul at es E MTrystaldnnggaseixcpnces celis lesbtotheadtivatioB

ofthe NFkBsi gnal | i ng pat h warystalinvunhcdtiviated N& Bl esn ginrad | a
(Cheretal.2018) As has been de mon s tcrystdllie averdxprssiesne v er a l
is considered as a poor prognostic factor. The overexpression of this protein contributes to

the progression of basdike breast cancer and enhances the invasion and migration of
malignant cellsn vitro.  F u r t h ecrystallin is stronglyBassated with invasive ductal

carcinoma and indicates short overall surviiiimet al.2015) | n addaystélihnwas, oB
linked with the axillary lymph node involvement in breast carcinoma and hence a marker of

poor prognosis( Ch el o uet Bl.e200L).eThepot ent i al i nepystallic mt 0 on o
cancer metastasis has been studiadsitrousing TNBC cell linasdin vivomodels(Malin et

al.2014). -eryBtallin enhanced brain metastasis and was asseailat wi t h poer sur v
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 thisstudyis at t he o v e rcystaimrireTNBd on o f
cells stimulated the adhesion of TNBC cells to HBMECs at least in part through interactions
with a3B1 integrin which is implicated i n me

investigate the interacin b et wereynstoaB | i n and a3B1l integrin
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Thi s evi denc e-crystalhimayabe associdteld with invagon and migration of

malignant cell§Malinet al.2014)

| n ¢ o n tcystalin may imd&ir metastasis in nasopharyngeal carcinoma (NPC) and acts

as a tumour suppressor gene through the suppression of EMT markers and the progression

of the malignant cellfHuanget al.2012) In ths study, Huangtalo b s e r v e arystatimt o B
associated with £ a d h e r i-catenia and prgdsented the disruption of cadherin/catenin
adherens juncti on, one of the EMT features.
crystallin inhibits Eeadherin cytoplasmic internalization that leads to the disruption of
adherens junctions. Further more, tdregstaint udy p
prevented the release of membradeo u n-datfeni n into the cytopl a
catenin has oncogea functions and activates transcription factors that stimulate tumour
progrescciyant alalBi n icatenia ana proheited ite tranglocafon to the
cytoplasm and nucl -eryswllin canilutgcets the cadherin/datanin o B
adherens junction and supressed EMT in NPC cancer. Furthermoree r e x pr essi on
crystallin in bladder cancer cells reduced phosphorylated ERK and AKimhérited the

migration and invasion of bladder cancer c€fRuanet al. 2020) The tumour suppressor
functi-onyset attBin was reveal ed i-arystalimmdaybhcer st u
to promote apoptosigWatanabeet al.2009) -cryBtallin may act as a pepoptotic protein

and induce apoptosis through binding to p53 protein. The study demonstrated that the
Suppr es scrystafiin exgressioBpreventedpb3n duc ed ap o p-trnystalins, hen
acted as a proapoptotic proteifWatanabeet 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 tracription 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 cytosql triggers the mitochondrial translocation of proapoptotic proteins,
including bax and bakFridman and Lowe 2003, Amast al. 2010) In general, the pro

apoptotic function ofa BErystallin needs to be elucidated in more studies. In summary, it
appear scrysthllia 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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1.15h -crystallin a noel oncoprotein associated with poor prognosis in breast cancer and

its role in treatment resistance

o Erystallin is overexpressed in metastatic breast carcinoma including metaplastic breast
cancer, infiltrating ductal breast carcinomas and is considavdzk a specific potent marker

for basal like breast cancer and triple negative breast ca(itterdinget al. 2008, Traviet

al. 2011, Kabbaget al.2012, Tsangt al.2012) Several studies have demonstratech at o B
crystallin is associated with poor prognostic factors like lymph node metag@ssouch&

Levet al. 2004, Traviet al. 2011) I nt r i-grystalimgntiuged neodiastidke changes

in human mammaryepithelial cells including enlarged masses with filled lumens,
abnormalities in mammary acini and promoted the survival of the ¢elts/anoet al.2006)
These studi es-crystall)ngnays dct as Anadncopooin that predicts poor

prognosis.

o Ecrystallin is considered to be an independent poor prognostic factor iarathncer types

including human hepatocellular carcinoma (HCI@&nget al. 2009) head and neck cancer
(HNSCCJChin et al. 2005) and nonsmall cell lung cancer (NSCLQ)n et al. 2014)

Furthermro r e signi fi cant-crystallie has ogem ebsesveédoim larymdeal a B
squamous cell carcinoma (SCC) tissue samples compared with normal tissue samples and was
associated with tumour progressigiMao et al. 2012, Yilmazt al. 2015) Therefore,
crystallin is suggested to be an effective prognostic factor to predict patient outcomes. As

di scussed pcrysgallim prevents yapoptosi® induced by different stimuli and
activates the ERK/MAPK psarvival pathway in basal like tumours. These events may be
associated with a pooryetralghions i -sryswlingcande Mmo m &,
used to predict the effectiveness of -treatn
crystallinisimpt at ed i n the resistance to conv-enti on
crystallin correlated with resistance to neoadjuvant chemotherapy in triple negative breast
cancer(lvanovet al. 2008) Further more, radi otherapy may i
crystallin since one study using gene expression profiling data in radiation induced tumour
cell s showed ucpstafligBahgattali2016) AdditionallyB it was suggested

t h a tcrystalin may contribute to resistance to combined preoperative trastuzumab and
vinorelbine in HER2 positive breast can¢darriset al. 2007) Importantly, it has been

sug g e st e dcrystdlia may aoBtribute to the resistance against aiGF therapy. The
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mechanism proposed in this case is that the endothelial cells in the tumour microenvironment

upr e g uicrgstalén tapBotect intracrine VEGF and promote angi@gs(Ruanet al.

2011) -cnyBtallin is a chaperone that prevents the aggregation of misfolded or unfolded
proteins(Koletsaet al. 2014)and is considered as a key regpolr of angiogenesis in tumour
tissue(Dimberget al. 2008) Ruanet al demonstrated that tumours do not depend gnbn

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 pamgiogenic growth factors, but iturn, endothelial cells

may also produce and release VEGF that can activate their own growth and that of adjacent
tumour cells. In the Ruagt als t u d ¥rystaltinBvas induced in the endothelial cells by co

culture with TNBC cell lines and then it was furthgregulated by antVEGF therapy,
suggesting that t he e n-drgstallinetd pratect intacine| VEGFu pr e g
activity. While antVEGF treatments like bevacizumab are designed to act against secreted
VEGF, intracrine VEGF is protected amdstgport the endothelial cells in the tumour. Taken
together, t he -cygallieby endahelial cefis fatldwingaBtEGF treatment

or other stress stimuli may represent a resistance mechaiiBoanet al.2011) The role of

o Erystallin in the resistance to afMEGF therapy has also been studied using sorafenib
(Huangetal.2013) Ect opi ¢ eoyptallieis HGCactivated ERK Ehosphorylation,
inducing EMT in HCeIls, whichd evel oped resi st ancecrystalin sor af
formed a complex with 18-3f 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 sorafer{ftduanget al.2013) T h tcrystallinoniay be
considered as a ther apeut-—crgstallinasrugregtlated and c anc

potentially promotes their progression.
1.16¢ | NB S Gchygtallin h .

Several studies haveedmo n st r at -ergstallintpeedicts @ Boor survival in multiple
cancer types -crydtatpmay impair thé activity @fBardingiogenesis drugs.
TargetdrmystaaB | in has been a focus of -sever a
crystdlin stabilizes and prevents the aggregation of intracrine VEGF under stress or after anti
VEGF treatment, potentially inducing the resistance to -8GF inhibitors such as

bevaci zumab. Subsequentl vy, tcaystadjie and VG mayh e i nt
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lead to downregulation of intracrine VEGF, hence increasing the sensitivity teVai@F

treatment. Chenet al studied the possibility of disrupting t this interaction in TNBC cells
through identifying NC41356 as a small molecule inhibitor of \FEG ecrigstallin interactions.

The results revealed that N€1356 decreased VEGF levels and inhibited the proliferation and
invasion of TNBC cells. Nf1I356 also decreased angiogenesis related responses in
endothelial cells that were coultured with TNBCcells (MDAVIB-231). Moreover,
administration of NG#1356 in a breast cancer xenograft model resulted in a significant
regression of tumour growth and angiogenggitienet al.2014) Furthermore, a more recent

study developed purid ased agents to reduce the-inter:
crystallin(FosuMensahet al. 2019) These compounds have been evaluated in celiita
assays using TNBC cell l i nes and tdorgstalin ef f i c
and VEGWwas determined Results showed a significant reduction in the viability of TNBC cell

lines and a decrease in the amount of VEGF secreted lietlseby 40%FosuMensa et al.

2019) Although these studies achieved a significant goal of targeting the interaction between
VEGF aanydtalliop Burther studies are needed to determine the mechanisms of this

interaction.

1.17 Study rationale

Antiangiogenic therapy has been wsi 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 resistancé anti-VEGF treatments have been identified by multiple studies. It is
widely known t h-arystalbnBs overexpressed in multiple cancer types including metastatic
breast cancer subtypes. It interferes with several signalling pathways, contributes to the
progression of breastancer,and is associated with poor prognostic factors. rErere several
studies that suggest possiblme c hani s ms -erystalln eppeyentsaapoptosis,
enhances tumour cekurvivaband pr omot es met a-srystlnicenfers Mor e o
resistance to chemotherapy and there are two studies suggestingttlagga contributes to
resistance to antVEGF treatmenfRuanet al. 2011, Huanget al. 2013)  -cryBtallin is a
chaperone molecule that binds to misfolded proteins and prevents their degradation under
cellular st e s s . I mp-crystallan bibds 4 intracriBe VEGF and enhances its stability

and may therefore contribute to the resistance to aWtEGF drugs. Disrupting the interaction
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b et we ergstalinBand VEGF represents a promising target and has reguliesignificant
decrease in angiogenesis in a breast cancer tumour m@tetnet al. 2014) Nevetheless,
moreresearci s needed in order to identify -the
crystallinVEGF interaction. Targeting these mechanisms may improve the outcome -of anti
VEGF therapies.

1.18Hypothesis

o Eerystallin protects VEGFom degradationand increases its sestion, hence contribute
to resistance to amtWEGF therapies in breasancer. This hypothesis will bevestigated
throughout this study.

1.19 Aim of the study

A Toinvestigate the f f e c -tryswmlfin owem®@xpression on cell proliferation
response to a aemotherapeutic agent (doxorubicin) and on the
production/secretion of VEGF in TNBC qélapter 3)

A Toinvestigate the f f e c -trystlfinknacBdownin TNBC cellsn the
production/secretion of VEGhapter 4)

A To determine the effect of conditionemiedia fromTNBC cellwith different
levels ofa Bcrystallinon endothelial cellsesponse in terms of expression@fB
crystallinandtheir migration(Chapter 5)

A To assessf theefficacy of bevacizumab, doxorubicin and the combination of both

drugs onthe growthandvasculatureo f hi g h v -eryswllins xenograft a B

breast cancer model&hapter 6)

a7
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Chapter2 Materials and Methods

A list of reagents and suppliers can lbeund inthe Appendix

2.1 Cell lines &Cell culture

2.1.1Cell culture

Cell culture refergo 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 ddrorach 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 longerm survivaljncluding tissue l&rarchy and renewal of differentiated cells
through stem cell signalling, whereas cell lines have been immortalised and no longer need

these interactions to survive.

2.1.2Cell lines
MDA-MB-468is a breast cancer cell line derived from a pleural effusion ofyeatold black

woman with metastatic breast adenocarcinoma.

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

yearold Caucasiafemale with a metastatic mammary adenocarcinoma.

Both MDAMB-468 and MDAVIB-231 ae classified a¥NBC cell lines as they lack oestrogen
receptor (ER) and progesterone receptor (PR) expression, as well asdeER®@ere stored

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

Primary Human Dermal Blood Endothelial GefHDBECsYe 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 ubegiond passagé (P7).

All cells used in this study were puasded new and authenticated by timesupplier.
Mycoplasma testing was carried out monthiythe 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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Table2-1 Cell lines and their culture medium requirements

Cell type Source Culture media
MDAMB-468 (ATCC® HTB3 2 ™) 500 ml DMEMDulbecco's
Modified Eagle Medium
(Lonza; BEX241F)

10% Fetal Bovine Serum
(FBS) (Gibco; 102:2m6),

2 mM Glutamine (Lonza;
BE17605E)

100 g /ml Streptomycin

100 U/ml Penicillin (Lonza;
DE17603E)

MDAMB-231 (ATCC® HIB6 ™) 500 ml DMEMDulbecco's
Modified Eagle Medium
(Lonza; BEX241F)

10% Fetal Bovine Serum
(FBS) (Gibco; 102-2®6),

2 mM Glutamine (Lonza;
BE17605E)
100 g /ml Streptomycin

100 U/ml Penicillin (Lonza;

DE17603E
Primary Human Dermg PromoCell, @2211 500 ml Endothelial Cell
Blood Endothelial  Cel Growth Medium MV

(HDBEC)
0.05 ml / mlFetal Calf Serun

0.004 ml / ml Edothelial
Cell Growth Supplement

10 ng / mIEpidermal Growth
Factor (recombinant human

90 ug / miHeparin

1 pg / miHydrocortisone
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2.1.3Cell subculture

Subcultureof cell lines was performed when the cell lines covered 80% of the growth surface
area. Medium, PBS and Trypsin EDTA were allaemed in a 37C water bath for at least

30 minutes. Medium was removed from the flask and the cell monolayer was gently washed
with 10 mI1XPBS twice to remove excess serum as well as magnesium and calciumatons th
aid cell adhesiorD.25%trypsin (1 ml per 25 cfrof surface area) was added to the flask and
then incubated for 12 min to promote the detachment of the cells. Trypsin is a proteolytic
enzyme that should ndbe incubated with cells for a long time ascan cause damage. The
cells were checked under the microscope and when detached from the flask surface, trypsin
was then neutralised by serugontaining medium to stop the function of trypsin. The cell
suspension was centrifuged at 1000 rpm for 5 minutes supernatant wasliscarded 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 cellsyhe sample was prepared by mixing L00f 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 mMmach) (Figure2.1). Using the calculation below, cell

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

Cell concentration = Total number of cells/ number of squares'x tidution factor.
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Figure2.1 The haemocytometer four chambers as seen under
microscope.The cells are counted in four large corner squares

2.3 Freezing cell lines

Cell lines were frozen for Ignterm 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 Withgaugeneedle 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 medil®&b Dimethyl

sulfoxide (DMSO). The cell suspension was divided into 1 ml aliquots in Staistadals

and i mmedi ately placed in a *“ Mr80%roesighy.” fr e

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

2.4 Exposure of cells to heat shock ahgpoxia.

o Erystallin is onef the heat shock proteins that is induced in response to stiBssee the
ef fect of heat s hoayktallio,cellswere expored W¥2iNiad% Cd f o B
humidified incubator. For studying hypoxiaglls wereplaced in ahumidified hypoxa
chamber(Whitley H35 Hypo»gstation) set to of 0.1 % ©In parallel, ontrol cultureswere

left in a normal humidifiedB7°C incubator.
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2.5Generationofcelf Ay Sa 2 @S NIc§HaliiNEaaAy I h .
Generation of aB-cryst afbrinad osingplapmideDNA T ng c el
containing the CRYAB cDNA sequence (full sequence in the appendix). Stable transfection of
CRYAB was performed into MIB-231 cells which do not express this protein (see section
3.3.1). G418 is an analogue of neomycin and camsed 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 difollowing treatment with the G418. Prior to transfecting MDA
MB-231 cells, a G418 dose response experinvesd carriecbut to establish the lowest
concentration of G418 antibiotic that killed altransfected cells (section 2B. This
concentration vas subsequently used to isolate MIB-231 cells that had successfully

been transfected with the plasmid DNA before cloning.

T7 Promoter
cmv i

promoter

SVA40 ori |
o mes A 3
pCMV6-Kan/Neo | Kpnl
4.9 kb PolyA | Rorll
signal EcoR|

Not |
Xbal

Xho
ColE1
l;SIVI\K y Hind Il
oly

Figure2.2 The cloning vector A@V6-Kan/Neo of CRYABThe multiple cloningite (MCS
within this plasmidcontainsCRYABDNA with restriction enzymes that are specific for
gene sequences in MCS, the CMV promoter consensus sequence drive protein expr
mammalian cells and anngbiotic selection cassette (Neor) which confers resistanc
neomycin analogues in mammalian cells.

Kan/Neo'
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2.5.1Generating G418 kill curves

MDAMB-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.cmerol contained only

full growth medium without G418. The cells were observed daily under the ncmpes 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 efficiary of transfection in MDMB-231 cellsa GFP plasmidias used

since theCRYABlasmid 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 allwells and was replaced with 1 ml of DMEMI% FCS medium without antibiotics.
The plate was placed in the incubator while the transfection mixture was being prepared.
TranslTX2 was used as the transfection reagent. 150 XOptimem medium (reduced

serum and antibiotic freemedium) 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 contaiansdetction
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 mixedogether,and this was used as contrdlable 22 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
addeddropwiseto a well containing dés. The plate was incubated overnight aP@7On 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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Table2-2 Transfection parameters for determining the efficiency of Trans{Transfection
reagent of MDAMB-231cells.

Tube Number |1 2 3 4
: 150 | 150 | 150 |150
Optimem
pl pl pl pl
GFP DN/ 1 1 i )
plasmid HO | MY
Tube Number |5 6 7 8
, 150 | 150 | 150 |150
Optimem
pl pl pl pl
TranslTX2 Su |3l |3l |-

2.5.3 Transfection usingCRYARIlasmidDNA.

After the transfection efficiency was checked, MBUB-231 cells were transfected using the
CRYABlasmid. The cells were plated at a deyp®f 50,000/well in 1 ml medium in a 12 well
plate. The following day, the transfection mixture was prepared using 1 @gR¥ABlasmid

mixed with 3 pl of TranstX2. This mixture was applied to two wells. One well was used as a
control in which only 3ul of TransldX2 was added. The day after transfection, the medium
was replaced with medium containing 750 pg/ml G418 which was the lowest concentration
established to kill all the untransfected MBMB-213 cells. The medium was replaced every

two days andhe cells were checked regularly for any colonies produced. Once colonies were
established, these were expanded, and- the

crystallin expression.

2.5.4Cell cloning

The MDAMB-231 transfected cells that were establishedre 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 pggtion was undertaken usintpe limited dilution

technique.

2.5.5Methods for cloning MDAMB-231 CRYABransfectedcells

A new vial of MDAMB-231 CRYARansfected cells was thawed and tested by westblot
forcomBstallin expressi on. -cristallint theg weteeubed for wer e
cloning. Highly diluted cell suspensions were prepared to minimize the likelihood of having

more than one cell per well. Therefore, whartell formed a coloy 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 infeaell 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. Todo that, cells were trypsirsed 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
plateat 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 pl of cell suspension was added into each well. The plates then were
placed inside a 37 °C incubator. The plates were observed undenittescope 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 confluenvlanies 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

posi ti awrgstallinovereexpBnded 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§juantitatively measures the viability

of cel lines and helps determine the toxicity of novel ageritd-Nasiryet al. 2007) The
reduced form (resorufin) that is produced is pink and highly fluorescent, so the intensity of
fluorescence produced is proportional to tmeimber of living cell§AFNasiry et al. 2007).
Cells were plated in 96 well plates. 10,000
were allowed to adhere overnight. On the following day, the cells were treated with
doxorubign at different corcentrations.The cells were incubated wittirug for 48 h after

which 20 pl of alamar blu@hermo scientific, 88951vas 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 percentdifference in alamar blue reduction between treated and control cells was

measured as follows (as provided from the manufactu@hermo scientific, 88951)

Percentage difference between treated and control cells:
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= (02 x A1)(0O1 x A2) / (02 x P1JO1x P2) x 100

Where:

O1 = molar extinction coefficient (E) of oxidized alablae at 570 nm (80586)
02 = E of oxidized alamialue at 600 nm (117216)

Al = absorbance of test wells at 570 nm

A2 = absorbance of test wells at 600 nm

P1 = absorbance of positiggowth 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 MEMB231/WT and MDAVIB-231/CRYAB

Cell vability was measured by directly counting the cells after treatment with doxorubicin.
This was done to determine the IC50 of doxorubicin in MIBA231/WT and MDAVIB-
231/CRYABIhe cells were plated at a density of 50,000 cells/welkhive plates. Afte48

h, the cells were treated with differérconcentrations of doxorubicirAfter 24 h, the cells
were trypsinised and counted using a hemocytometer. The IC50 was determined using
GraphPad prism software 8.0 Rirst, themeanvalues of viable cells were moalised to
percentages; théargest mean is defined as 100% viable cells and the lowest maan
defined as 0% viable cellsrom the nonlinear regression dialog, inhibitor nsrmalised

response- variable slope model was us#al obtain the IC50

2.8 Douhling times and growth curves

The growth rate of MBADA231/WT and MBMDA-231/CRYABVerexpressing cells was
measured by counting the cells every day for four days-NUBA231/WT and MBVDA
231/CRYARere plated at a cell density of 50,000 cells/well iwéll plates and incubated at
37° C, . At2d, 48,02 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 usitige TC20 Automated Cell Counter. Doubling times
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were calculated by plotting the log 2 of initial average gmiht 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) lipection of MB-MDA-468 cells

The protein knockdown was carried out using the small interfering RNA (siRNA) technique.
The synthetic doublkstrand RNA small fragments cause transient strong inhibition of
targeted gene expression, resulting in suppressioprotein production.CRYARBargeted

siRNA transfection was carried out@iRYABxpressing MBADA468 cells to further

elucidate its role in breast cancer cells.

2.9.1Lipid transfection

Lipid transfection, also known as lipofection or liposebased transfectin 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 trainely charged cell

membrane and travels to the nucleus.

2.9.2 siRNA transfection of MBADA-468 cells

MB-MDA468 cells were plated at a density of 350,000 cells/wellved plates in

antibioticf r ee f ul | me di a a n dincubatorw\emjhteAdter 24th, 63117 ° C,
of Lipofectamine RNAIMAX transfection reagent (Thermo fisher, 13778150) was mixed with
150 pl of serumfree medium (SFM) for each well. Individual siRNAs or scrambled negative
control siRNA duplefsee the duplex sequences in the aplix)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 sSiRNA mixture and incubated for 20 min
before being added to the cells. Plates were extkently 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 storec@tf80

analysis by western blot to check thd ef ¢ a c-grystallin kroodkdown.
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2.10Flow 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 sampexity,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 phatoplying tubes

(PMTSs), which is then prossged to give a numerical signal.

2.10.1Flow 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 apopitesis
Engelandet al. 1998) TOPRO3 is a nucleic acid dye that is impermeable to live cells but
penetrates compromisednembranes characteristic of dead cells. Detection of apoptosis
following treatment with doxorubicin was carried out by flow cytometry using Annexin V and
TOPRP3. MDWB-231/WT and MDAVIB-231/CRYARBransfected cells were plated at a
density of 50,000 cellg/ell in 6well 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
1XPBS per well. The cells were harvested with 20®fu0.25%trypsin, and 800 plof full
medium was added to neutraB the trypsin reaction. All the media and washes were
collected. The cells were spun down at 1100 rpm for 5 min before being resuspends@ in 2
pl of Annexin binding buffer1:50 of Annexin V was added to 5 mL roubdttomed
polystyrene tubes and theamples 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 thesamap

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 plotxtbude debris from being
analysed. Annexin V positive cells were detected by blue3®20channel, while TOPRO3
positive cells were detected by red 620-A channel.A gate was drawn to distinguish
between viable cells (Q1), necrotic cells (Q3), early tgamcells (Q1) and latepoptosiqQ2)
(Figure2.3). Apoptosis percentage was calculated by adding the percentage of early and late

apoptosis percentage3he data was analysed by FlowJo V10. 7.1 software.
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2.11 Coculture model between -crydallin-expressingoreast cancer cells and

endothelial cells

Paracrine interaction®etween breastcancer cells with different levels afB-crystallinon
endothelial ce[HDBEQksponse was assessed after incubation with conditioned media from
breast carer cellsfollowed by studying endothelia x p r e s s icrgstallindy westdBn

blot and migration ability by wound healing assays.

2.11.1Preparation of conditioned medidor co-culture experiments

MDAMB-231/WT, MDAVIB-468 and MDAMB-231/CRYABells were plted at a density of
2x1C@cells in T75 flasks in DMEM complete media for 48 h. After 48 h, when they reached 80%
confluence, they were washed with serdnee endothelial cell growth medium MV to
remove any residual serum, and then 15 ml of seffiuee endotelial 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@red s

at 80 °C until used in the subsequent experiments

2112¢ SaG Ay 3 GKS -Srgstalindeddatielal clldn cdculture with breast
cancer cells

HDBEC were plated at a density of 96,000 cells per wellwell6plates in a complete
endothelial cell growth medium MV and allowed to grow for 4&€HIs werethen incubated

with 50% complete endothelial cell growth medium MV media and 50% conditioned media
prepared as described previously (Sectichl?2l). As a control, the cells were incubated with
50% complete growth media and 50% sertree media wlch had not been in contact with
breast cawer cells. After 48 h, the cells were lysed and spun down at 13,000 rpm for 10 min.

The supernatant was <col | ec t-ceydtallinexpressioa.st ed by

2.11.3Wound healing assay

Twowell silicone cell culture inserts were placed centrallshewells of a 12wvell 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 for 24 h
before the cell culture inserts were meoved 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 amplete growth media and half serufnee 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 objetive 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 scratctArea of scratch at 4, 8 or 24h) x 100

Area of initial scratch

These steps were repeated for each experiment for endothelial ¢etabated with

conditioned media fronMB-MDA-231/WT, MBMDA-468 and MBMDA-231/CRYABells.

2.12Western 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 exact 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 chargd 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 Msualised 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.

2.12.1Protein 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 dithiahreitol (DTT). The buffer mixed with protease inhibitor cocktail diluted at
1:100. Cel | | ysates were heated at 70°C for
microlance needle and stored& 0° C. Pr ot eins extracted in th
without quantification.

61



2- RIPA lysis buffer consisted of 250 mM-H{I, 5 mM EDTA, 750 mM NaCl, SDS (0.5%
Lauryl sulfate, sodium salt in deionized water), DOC (2.5% Deoxycholic acid, sodium salt in
deionized water), and Igepal &80 (5% Igepal C&30in 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. Theesnptant was collected and stored -a80

° C.

2.12.2Protein 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 weknown 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 stégirgy 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 purpteoloured reaction. The BCA/copper coewls 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).

2.12.3Preparation of polyacrylamide gels

The molecular weightf 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 inateBseexample, small
proteins (<20 kDa in size) are best resolved using a high percentage %) 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 vaparate properly with a small
percentage gelly 8%) that gives a gel mixture that has larger pores. For example, for the
separation oft B-crystallin which has a molecular weight around 20 kDa, 10% polyacrylamide

gels were prepared as twled in table 23. The 10% ammonium persulphate (APS) and
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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 gasting, 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 satfy, the isopropanol was gently rinsed away with water, excess
water was then blotted off. The 4% stacking gel waspared according to table 2. by
adding 10% APS and TEMED just prior to pouring. The stacking gel was then poured over the
polymerised reslving 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 exprim
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 Resoling gel 10% Stacking gel (4%)
Protogel 30% (National

Diagn%stics; E-(890) 3.3 ml 1.4 mi
Distilled Water 4.1 ml 6.1 ml
10% Glycerol 100 pl 50 pl
Resolving Buffer x4

(National Diagnostics; 2.5 ml -
EC892)

Stacking Gel Buffer x4

(National Diagndgcs; - 2.5 ml
EC893

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

1552401(0) ° Sul 10

2.12.4Electrophoresis of protein samples

After the stacking gel was polymerised, the comb was removed gently and the gel was washed
with distilled water toremove any unpolymerised traces. The cassette(s) and tank were
assembled, and the inner chamber of the tank was completely filled with 1xGTtsneSDS
running buffer (Table 2) whilst the outer chamber was only filled to 1/3 of its total volume.
Protein samples were raeated 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 pl total
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volume was pipetted into the middle wells of the gel. Molecular weight markec({gion Plus
Protein Dual Color Standards, 25 and 75 kD) was loaded at a volurqilJer well. The
gel tank was connected to an electrophoresis power supply (Pharmacia Biotech EPS601) and
run at 150V (constant voltage) until the bromophenol blue king dye had reached the

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

2.12.5Electrophoretic 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 immeed in cold 1x transfer buffer (TabledRalong 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 tltigniglo
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 Bioraddlcdns
Turbo on a prgprogrammed setting, up to 25V and 1A, for 30 minutes.

Talle 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 Glyaie SDS PAGE Buffer 10x (National 100ml i
Diagnostics; EB70)

Tris Glycine Electroblotting Buffer 10x (National i 100ml
Diagnostics; EB380)

Distilled Water 900ml 700ml
Methanol - 200m

2.12.6 Antibody incubations

Once the electrophoretic transfer wasropleted, the membrane was placed immediately,
protein side up,n a blocking solution (Table 2.&nd the membrane was incubated for 1 h at
room temperature on an orbital shaker. During the blocking stage, the antibodies were made
up atthe required diluton (Table 2.k 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-TB8r 15 minutes, followed by a series of

4 x 5minutes 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 orlhkaksh
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.

Table2-5 Antibodies used fomwestern blotting.

Primary Dilution Blocking Secondary Supplier

antibodies solution antibodies

a Erystallin 1:1000 5% nonfat Anti-mouse Santa Cruz,
dried milk in tris Biotechnology,
buffered saline 137129
0.1% tweenr20
(TBST)

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

[ -actin 1:2000 5% nonfat Anti-rabbit Cell
dried milk in signalling,4967
TBST

GAPDH 1:5000 5% nonfat Anti-mouse Proteintech,
dried milk in 600041-1g
TBST

2.12.7Enhanced chemiluminescence (ECL) Detection

EQ reagents (Biological Industries-200-500) 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 driedlatiing

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 ansitdmetric
analysis of the protein bands was carried ou

|l mage Lab™ (version 6). The software then de

2.13 Analysis of VEGF expression by enzyinked immunosorbentassay (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%J0or heat shock. laddition, 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.

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

MDAMB-231 cells were grown in 75 érflasks at a density of 2x%lask or plated at a
density of 50,000 cells per well invéell plates for 48 h in full growth medium. After 48 h, the
medium was remowve 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 sh8€j, (42
hypoxia (0.1 % £ 37C) or normal oxygen at 3¢ as a control as described in section 2.4.
Cellsin hypoxia and heat shock were placed in the normal incubator &C3¥or a further 24

h. Control cells were maintained at normal oxygen &C37 At the end of the conditioning
period, the medium was collected and spun down at 3000 rpm for 10 min. Tridktiomed
medium was aliquoted in 5 ml tubes and stored-&@°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 16 cells could be determined imé ELISA assay (s&ction 2.13.3 Cells were spun
down at 1000 rpm for 5 min and resuspended in 100 pl 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.

Forcollectm of CM f-aysthllim knockdpwnovBh siRNA, MBDA468 cells were
plated at a density of 350,000 cells/well in full media iwdll plates and incubated for 24 h.
Af t er -2rystalim SIRNABr scrambled sequence negative control sSiRNA deed &0
cells (described in Section 229. After 48 h, the medium was removed, cells were washed
twice with serum free medium and 2 ml serefmee medium was then added and cells were
exposed to heat shock or hypoxia prior to collection of conditioned enadd preparation of

cell lysates as described above for MMB-231 cells.

2.13.2Preparation 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 1@nin. The serum then aliquoted and stored-B0°C until used
undiluted in the ELISA assay. For protein extraction from tissues, small amounts of tumour
tissues were placed into tubes with 400 ul 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 protageatration
was measured by BCA assay. For the ELISA assay/|0.total protein was loaded per well

in a total volume of 100 pl .

2.13.3Human VEGF ELISA assay

Human VEGF ELISA kit (Human VEGF Duoset ELISA, DY293B) was used to analyse human VEGF
in breast cacer 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 pl of capture
antibody was then added to each well. The plate was sealed and was stored at Riguver

On the following day, the capture antibody was aspirated from all wells, and each well was
washed three times using 400 pul per well of X1 wash buffer. Reagent diluent supplied in the
kit was used as block solution after it was diluted 1:10 fromstioek into the desired volume
using distilled water. The plate was blocked by adding 300 pul 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 thremes with 400 pl 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 pul of standard or samples was added to the wells. The
plate was incubated fo2 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 workingconcentration 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 pl wash buffer per well. Sidepta
HRP was diluted by 40ld using reagent diluent into the desired amount of solution and 100

pl 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 aspirateah @) wells and each well was
washed three times using 400 pul 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.pl 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 aexpressed as pg/ml.
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2.13.4Mouse VEGF ELISA assay

Mouse VEGF was measured in mouse serum by ELISA (R&D systems, MMVO00) to assess the
inhibitory effect of bevacizumab on mouse VEGF concentrations in the in vivo experiments. A
polyclonal antibody specific for onse VEGF was pogated 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 reawstituted with calibrator diluent. A known concentration of
recombinant mouse VEGF was used as control. All serum was dikitdd! \with calibrator
diluent. 50 pl of standard, control or serum was added to each well. The plate was mixed by
tapping gentlyfor 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 ul was added to each well and incubated for 80 min
the dark. 100 pl 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.

2.141In vivoexperiments: 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 Persoret Riognce
number P99922A2E (Dr. Penelope OttewdlP.weekold female BALB/c nude mice were
used for alin vivoexperiments. Mice were housed in the Biological Services Unit at no more
than 4 animals per cage. Ventilated cages were kept in a temper§dzr£2°C) and humidity
(55% = 10%) controlled environment with a 12 hrs light/ dark cycle. Pelleted mouse food and

water were providedad libitum

2.14.10Orthotopic injection of breast cancer cells
MB-MDA-231/WT and MBVIDA-231/CRYABells were cultured undettandard conditions in
multiple T175 flasks in order to achieve the number of cells required for tumour inapiam

in groups of mice. On the day of implantation, cells were trypsinised and resuspendddfat 2x
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cells in 40 ul suspension of 20% matrigeP3@BS 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 &achment and differentiation ofinchoragedependent cell types. Under
normal physiological conditions, matrigel polymerizes to produce a stable biologically active
matrix, which facilitates establishment of tumouidullen 2004) Trypan blue was added as
tracking dyeto ensure that we inject inside the fat pad. Mice were anaesthetised usiBig 2
isoflurane in @ and cancer cells were injecteslith 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 calcul at e
where r is the radius of the sphere and calculated from the average of the avérage

orthogonal tumour diameters.

2.14.2Determining optimal dose of bevacizumab for use in combination studresivo

In vivoexperiments were carried out to study the effects @RYARXxpression on tumour
growth and VEGF concentration after treatment with tlelhemotherapeutic agent
(doxorubicin) and artVEGF treatment (bevacizumab, which is also known with its brand
name (Avastin). A pilot study with MBDA-231/WT cells was first performed to determine
the lowest inhibitory concentration dfevacizumab on tumar growth. 12-weekold BALB/c
nude were injected with 1XPQMDAMB-231/WT cells in 80% PBS/20%matrigel/1%trypan
blue into right and left fourth mammary ducts (n=3/group)days after tumour cell injection,
mice were randomly divided into four groups ofuad tumour size and treated with saline
(control), 5mg/kg, 7.5mddg or 10mg/kg bevacizumab via Intraperitoneal (IP) three times a
week and mice were culleat day 30after initial injection of tumour cells. At the end of the
procedure, the serum and primatumours were collected for VEGF detection by ELISA assay.
The lowest concentration that inhibited VEGF concentration was used for the subsaquent

vivocombination treatment study.

2.14.3Determining effects ofdoxorubicin, bevacizumab and combination of botin
growth of CRYARXxpressing and noexpressing MDAVIB-231 cellsjn 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 8nice per treatment/cell lineThe 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 afis@gmce level
(alpha) of 0.05For 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 experimeniisi\lwave enough statistical
power to detect differences of 30% or more in tumour growth between the groups using an
analysis of variance (ANOVA) statistical tAsthis point treatment commenced and animals
received 100 pl of saline (control), 4 mg/kgli00 ul doxorubicin via intreenous injection

(i.v) (Ottewellet al.2008) 7.5 mg/kg in 100 ul bevacizumab via IP injection or contibimaf
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 tmd@mmeters
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
Injection in the Day 7
right and left
fourth
mammary MDA-MB-231/WT
12 week-old BALB/c nude ducts '

(n=8/ ﬁrf_’ﬂp] 2X10° MDA-MB-231/CRYAB
&2 . /

> 0.1ml Saline 3x per week (i.p)

[ 4mg/kg doxorubicin 1X per week (i.v)

|
7.5mg/kg bevacizumab 3X per week (i.p) }

7.5mg/kg bevacizumab 3X per week (i.p)
+ 4mg/kg doxorubicin 1X per week (i.v)

-Measuring VEGF levels in tumours v
Tumour growth 3x per

and serum by ELISA. Day 40
-Quantification of blood vessels week by caliper
following CD31 and €D34 staining, Cull mice measurement
apoptosis following active caspase and
3 staining by extract
immunohistochemistry. tumours

Figure2.4 The outline of study the effects afloxorubicin, bevacizumab and combination
both in CRYAR:xpressing and nowxpressing MDAVIB-231 cells, in vivoAdminstratior
doxorubicin, bevacizumab and combination of doxorubicin and bevacizumab fol
injection of MDAMB-231/WT and MDAVB-231/CR/ABcells into fourth mammary glands
BALB/c nude mice. 40 days after the inoculation of cancer cells, mice were sacrific
tumoures were extracted for further analysis.
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2.15Tumour 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.

2.15.1Paraformaldehydg PFAY)ixation of tumour tissue

One excised tumour per mouse was immersed inpé¥aformaldehyde. After 24 h, the PFA
was discarded and replaced with 70%H, 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).

2.15.2Tissue sections

Formalin fixed paraffin embeddd&FPE) 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 markey (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.

2.15.3Immunohistochemistry (IHC)

The IHC is a powerful technique used to identify a specific antigentissue section by
utilising the principle of antibodgntigen bindingFirst, 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%) feb Bnin each. Sections weptaced in dHO for 1 min and rinsed

in PBS before heahduced 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 tissaesl 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 61, and placed in a pressure cooker oR-laour programme which heated

to 121°C for 20 minutes before cooling for

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

To quench endogenous peroxidase activity, sections were incubated %ithy8rogen
peroxide (HOz)/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 preventspecific
antibody binding. Excess blocking solution weraoved,and sectionsvere incubated
overnight at 4°C with the primary antibody (
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. Followind 3mn washes, horseradish
peroxidaseconjugated avidirbiotin complex (ABEIRP) reagent was prepared as per the

and Aduphed3ixBminRB& t he s

manufacturer’s protocol
washes were carried out before the application of’'3j&aminobenzidingdRakheet al.)
peroxidase reagent, prepared followingthema f a c t u r e.DABsigmrwad leit too |
develop between 3.0 min before the reaction was stopped by rinsing in tap water. Sections
wer e wi th Gil

Sections were then dehydrated graded Ethanol (70%, 90%, 95%, 100%, and 100%) for 3

counterstained | s Haemat oxyl in
min each, and in xylene two times for 3 min. Sections were mounted using DPX mounting

media and glass coverslips.

Table2-6 Antibodies that used for Immunhistochemistry

Primary Supplier Antibody Blocking Biotinylated
antibody concentrations | Serum secondary
antibody
Rat anttCD31 | Dianova 1:100 10% normal Rabbit antirat
DIA310 rabbit serum (Vectorlabs, BA
(Vectorlabs, S | 4001)
5000)
Rat anttCD34 | Abcam, [MEC | 1:100 1:10 casein/PBY Rabbit antirat
14.7] (ab8158) (Vectorlabs, BA
4001)
Rabbit anti VectorLabs 1:400 1:10 casein/PBY Anti rabbit
Caspase 3 (AF835) biotin, Vector
polyclonal anti BA1000
active caspase |
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2.15.5Tumour vasculature analysis

Vascular density in tumour tissues can be assessed using staining against endothelial cell
markers such as CD31 (platelet endothelial cell adhesion molaciB&ECAM) and CD34

(also known with human ématopoietic progenitor cell antigen). CD31 is transmembrane
expressed on the surface of endothelial cells. It mediatesta@adell adhesion of endothelial

cells, which increase the contact between the cells. CD31 is highly used as specific
immunohistochenical marker for the identification of endothelial differentiation, although it

is also expressed by some of haematopoietic cells such as myeloi@edtigiez 2012)CD34

is well reeognised marker of endothelial cells and hematopoietic progenitor cells. Both
markers are used to evaluate tumour angiogengsisn et al. 2002, Vieiraet al. 2005,
Yilmazeret al. 2007) The analysis of data wasme 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
ti ssues were surtriootendpeidc.el Thceou'ngds command
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 pm

Figure2.5 the analysis ofpositive CD31 stainedared. he vascul ari se:
as the percentage of positive pixel a
nor mal Y: ivieldeutensours, N: necrotic area. The CD31 positive area
Representative irages from viable tumour regions at 10x magnification from whole
scanning.
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2.15.6Cleaved caspase 3 scoring

Apoptosis in tumour tissues can be determined b§ etection of active caspaS8e(cleaved

form), which is the main executioner of apopto@Bessenokt al.2009) Cleaved caspase 3
analysis was used to assess the apoptosis in tumour tissues and to compare the apoptosis
between MDAMB-231/WT tumours and MDMB-231/CRYABumours. Cleaved caspase 3

was scored by counting the BAoositive 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 tissue.he posi t i
counted as t he pyerdceetnetcatgeed opfi xped ssi tiinv e
necrotic area and normal tissues.
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2.16 Statistical analysis

Statisticalanalysesvere carried out usig GraphPad Prism software 8.0Rairwise analysis
was carried out byinpairedt-test under the assumption that data was parametfor
comparing the means between groupkere data were perceived to be ngparametri
one-way or twoway ANOVAollowed by Tukeys test for multiple comparisavere used,
depending on the number of independent variabl&he specific analyses used to analyse
data for each experiment are detailed in the figure legerndsll plotted data, rdenaes

the number of independenbiological repeats
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Chapter39 FFSOG & 27F frysBln ekpeBidrioa 2 T
proliferation, response to therapy and VEGF production in
TNBC

3.1 Introduction

a Erystallin is a member of the small heat shock protein family, whose members function as
molecular chaperones that prevethe aggregation of misfolded proteins. It is overexpressed

in many cancer types, including the aggressive types of breast cancer such dikbdsahst
cancer(Moyanoet al.2006) T h e o0 v e r e xrystalinsirshreash carcdr haa lBeen
correlated with poor prognosis, lymph node involvement and invasive phenotypes

( Chel ouet &l 2004, vanowet al. 2008, Malinet al. 2014, Voducet al. 2015) It is
thought that cancer <cel | s Jrgstallindox thdirsurvival,t he p
proliferation, and metastasi s. -crystatlimmagbBea mpl e,
an oncoprotein that promotes the proliferatioof breast cancer cell@dMoyanoet al. 2006)

Il n col or e c trygskllin owrexpmessipn wasBshown to stimulate the ability of

tumour cells to proliferate and invadgiet al. 2017) -cryBtallin has also been shown to

prevent protein degradation by binding polypeptides that are accumulated during cellular
stress, such as dur i-crygtallimacéstas am hrdgpopkotic pidteim, e o v e r ,
inhibiting the activation of casg&3 and preventing the translocation of the papoptotic

proteins to the mitochondrigMao et al. 2004, Liuvet al. 2007, Shiret al. 2009) In addition,

o Brystallin is associated with resistance to neoadjuv@remotherapy in TNBQvanovet

al.2008) T h e a s s ecwystadin witlotime most aggreBsive types of breast cancer and

its role as an ardapoptotic protein makes it necessary to elucidate its role in breast cancer
further. T h e-crystallih bnuthee mproligeratmr andximluction of apoptosis after
treatment with the chemotherapeutic drug, doxorubicin in TNBC cells, will be investigated in

this chapter.

a Erystallin has been shown to interact with proteins involved in critical cellular pathways
such as those involved in tumour growth and angiogen@sasderset al.2017) For example,
growth factors suchas F& and VEGF wer e s h o verystatlimagdinst pr ot

aggregation induced under stress conditioglderset al. 2017) Ruanet al studied the
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chaperoni ng -érystallm ttoi MEGF. Dhese auhors demonstrated that breast
cancer cel |l s we-crgstallan leXdpressianon endotlieliakccells ia 8 paracrine
manner and it is believed thadhis may serve to protect tumotinduced autocrine VEGF in
endothelial cells and promote angiogenesis. Moreover, both breast cancer and endothelial
cel | s i-onytalln exgpressidh after aRMEGF treatment im vivomodels suggesting

that drug treament may contribute to drug resistaneei a-crystallin related pathwagRuan

et al. 2011) VEGEF is a prognostic factor in several malignancies and high levels of VEGF are
associated with the progression of thesdase and poor surviviBandoet al. 2005, Hsiet al.
2009)The pr ot e c t-crystallin onoMEBF id possilide mechanism by which this
chaperone protein enhances disease progression in TNefore the interaction between

o Brystallin and VEGF under stress conditieas investigatedn this chapter.

3.2 Aims

This chapter ai ms t o icrygstalinson praifaratien, reshoasetomaf | u e n
chemotherapeutic agent (doxorubicin) and on theguction/secretion of VEGF in TNBC cells.

To achieve this:

1- Two TNBC cell lines (MBAB-231 and MDAVB4 6 8) wer e fir st SCTrI ¢
crystallin expression.

2-aBErystallin was st adystallin muV esliseuging raepasnald i n
containingCRYB, c¢c |l ones o vVv-erysalhknpereisoltedh g o B

3- The r egu l-caystdllioaxpresdion wun@er 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 ahcuating 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 ifferent
concentrati ons -aystallcth overexpressiriggersas wildriypeoc&lls.

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

type counterparts by ELISA.
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3.3 Results

331{ ONBSyYyAy3 27F -arystallihex@ré&ssidna F2 NJ h .
Il n order t o i nv ecgystalligand ies expressionrtwol TRIBCocéll lined
MDAMB-468 and MDAVMB2 31 wer e tested -trgstalnh axlfor essi o

potential induction of the protein by heat shock.

The cells were plated at a density of 1 ¥ t8lIs/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 an erysaiirably westerrdbloftiray.rAs shd@vn in Figure 3.1, MDA
MB468 cell s expr ecsystalindwhencwturédender hosmalaé!l cudtuie
condtions (5% Cg 37 °C) and this protein was upregulated when cells were exposed to

heat shock for 2 hours and further increased after 19 hours. NMBA231 cells did not

e x p r e-ensstallia Bnd no induction was seen following heat shock exposure. The

resut s demonstrate that these two-crySthliBC cel
expression. I n addi t i o-orystallin lexpressian snaréases ini n d i «

response to heat shock.
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Figure3.1 Western blot analysis of B-crystallin protein expression in breast cancer cells.

Confluent DRAVMIB4 &8 easn-dB2MBMA cel | s were exposc
2 h foll owed alByy & Cf wrmrt Mer PCohtlern&g9ehktract
western blotting. As a |l oading cpdnrubdr.iod) ob
were scanned andoBchegshahdi dewsist expf essed
control °CelBlsotatiSEMmMdamm n=2 wells from t
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3.3.2h @S NB E LINB Trgstalingin MDAMB:213 cells

Il n order to study thergitadct i oof oal tceestaltindl | lae v &
was overexpresseth MDAMB-2 31 cel | s t hat-crydtallin asoig a cdBDXA r e s s
expression plasmid that contains tfeRYAR)ene and a nemycin resistance gene that

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

3.3.3Determining optimal conditions for G418 selection of transfected cells

Initially, cells were plated and treated with different concentrations of G418 tecsehe
lowest concentration of G418 that kills untransfectedigel’he cells were plated in 2¢ell
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 O or 300000 pg/ml G418. The
lowest concentration of G418 that killed all the cells, following culture for two weeks was

determined to be 750 pg/ml.

3.3.4Transfection withCRYARlasmid

The transfection efficiency of MBDMB-231 cells was assessed using a GFP DN#ipdlaince

the CRYABIasmid 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 transfectiodune (GFP plasmid and
TranslTX2 transfection reagent) (Materials and Methods, Table 2.5) was added to the cells.
Potential TransFX2 reagent toxicity was tested in one well. The plate was incubated
overnight at 37°C. The presence of green cells inéitttat 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, Trat®&lWvas used to
transfect CRYABplasmid into MDAVIB-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 whileG418 killed all cells in dmansfected (control) wells. In order to expand the
colonies, they were trypsiniskeand plated into a 6 well plate in 2 ml medium containing G418.
Cell s were test e-dysthllomand eparallet weseiexpanded and mdved
into a T25 flask. Cell lysates from transfected MDB:213 cells wee screened by western
blotting for a BEr yst al | i n expression. Tr awrgstaénc t e d

expression (Figure 3.2 C).
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aB-crystallin
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MDA-MB- 231/WT MDA-MB231/CRYAB

Figure3.2 Selection of G418 resistant MDWB-231 cells transfected with £RYABRlasmid
| mages of ceélabnsd towoed wasbehkesh t r an s f/ewnc!tpil can
and TXanstdnsfection reagent. Th3aa@4blr80
extracts f-MB28 1t wor aMiDsAf ect ant cel | pool [
tubulin was used as a |l oading control
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335¢SaiAy3a RAFFSNBY(d adiNBaa NIBristalinSni€RYEBI A Y dzf A ;
expressing and control cells

o Erystallin is a chaperongrotein that prevents the aggregation of misfolded or unfolded

proteins in response to stregklorwitz 1992) Thereforechanges irexpressio of this protein

in response to hypoxia and exposure to heat sheeke studied MDAMB-468, MDAMB-

231 CRYARansfected cells (MDMB-231 /[CRYABand MDAMB-231 wild type cells (MDA

MB-231 /WT) were plated in four 12 well plates and allowed to growerAM8 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 % £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%C3iicubator for 22 h and the second

plate was placed in a 42 incubator for 24 h. After 24 h, all cells exposed to hypoxia or heat

shock were placed in the normal incubator at@7or a further 24 h, cells were then lysed

and t es t-oeydtallim expressoB by western bl and d e n <rystajin wasfs o B
expressed as fooybtallin mommalised o antrobcklls at ®?). The results

showed that hypoxia had ne f f e c tcrystatlin levdds in either MDMB-468 (Figure 3.3

A and C) or MDMB-231 /CRYARells (Figure 3.3 A and B). Short exposure to heat shock
resul ted i n a tr e rrystaltinoexpaessors in both MPDMBad688eadd o B
MDAMB-231/CRYARB€ls but this did not reach significance. However, longer exposure to

heat shock (24 h) c aus enrystadinproteiain MDA/B468xellsl s | nc
and a signi f i-aysatalinhexpressian i MBMNB-231 CRYWABells (P=0.0018).

MDAMB2 31/ WT t hat do not e x porystaflirsat 3@ @ane motmalb | e | ¢
atmospheric oxygen did not express this protein following exposure to either hypoxia or heat
shock. These results indicat e tciystalinldvelspno xi ¢ s
the cell l i nes t est e d-crystdllnwselveetly propdrtioreal ta tmed u c t |
duration of heatshock especially in MDMB-231/CRYABells (Figure 3.3).
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Figure 3.3 h B-crystalin expression in MDAVIB-468, MDAMB-231/WT and MDAMB-
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3.3.6 Assessment of the effects of doxorubicin on celalility using alamar blue

Alamar blue is used to quantitatively measure cell viability. The assay depends on the
reduction of alamar blue by viable celfs-Nasiryet al.2007) Cell viability was tested in MBA
MB-231/WT andDA-MB-231/CRYABells 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
increasingconcentrations (8L00 nM) of doxorubicinThe 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 ul per wellhe drug wasncubated for 48h, then 20 pl of alamar blue

was added to each weklnd the plates were left in a 37°C incubator for 2Z lhe 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 sectpn (2.
The resultsshowedthat there were no significant differencdsetween 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.

MDA-MB-231/WT MDA-MB-231/CRYAB
110 105
5 5
B 1054 5 1004 oo {_
= =5
ki T 954
; 100 oo ;
= {— 3 904 E
o i a
E 95 = o tg 854 A
S 904 ol
< % {- < 80
® =
85 1 1 I 1 1 1 1 1 75 1
0 5 10 15 20 40 60 100 0 5 1D 15 20 40 60 100

Dose concentration nM Dose concentration nM

Figure3.4 MDA-MB-231 /WT and MDAMB-231 /CRYARell response to doxorubicinM D #
MB2 31/ WT a-Me2 3MWA 'wer e treatmeed asvondentr
doxorud0O®@€i nM) 5for 48 h. 20 pul of al amar
The effect on cel l viability of doxor u
al amar bl ue r educthieonc oaantd od¢ o b &t aheadneot | e
or di nawayy oANallesare mean £ SD from two independent experiments; av
values in each experiment were from n=8 wells
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3.3.7CloningCRYARransfected MDAMB-231 cells

Withina poy c | on al popul ation individual cedl s ar
crystallin. Furthermore, the transgene expression in a polyclonal population may decrease
over time. Therefore, generating a monoclonal cell line by limiting dilution is éqbeo

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 celisi, and 2.5 cells/ml. 200 pl @ach 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 #137”C incubator. After 1@ays,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 fof -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

t he ¢ el dergstallin eexpressidd. Westernlditing showed that several colonies
expressedstadBl | in but at di fferent |l ev-el s (F
crystallin at very high levels and others did not express the protein at all while others
expressed low levels of protein. The@ali es t hat expressed- high
crystallin were expanded and frozen down. The results demonstrated that the transfected
MDAMB-231 polycl onal cells were heterogeneous
crystallin. Two clones (16 and 19 inur e 3. 5) that expressed | c

crystallin respectively were chosen for future experiments.
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3.3.8Determining the I& of doxorubicin in MDAMB-231/WT and MDAMB-231/CRYAB

cells

As described in section 3.3 e alamar blue assay was initially used to assess the sensitivity

of cells after treatment with doxorubicin. However, this test did not detghificantchanges

in viability following exposure t6-100 nM doxorubicin, therefore in the next experiments

the concentration of doxorubicin was increased in order to establish a suitakje G€ll

viability was measured by directly counting the cells after treatment with doxorubicin. In
addition, since the alamar blue assay was performed @iy ABansfected polyclonal cell

l' ines, which might be denftilmrhera ltused the ctote¢hatr e x p
expressed htcydtallid (€onelld,Figusef3.5)0aBd compared it to wild type un

transfected cells.

The cells were plated at @ensity of 50,000 cells/well in-&ell plates. After 48 h, the cells
were treated with different concentrations of doxorubicianging from400to 900 nM. After

24 h, the cells were trypsinised and counted using a hemocytometer. Death curves produced
for MDAMB-231/WT and MDAVIB-231/CRYABIone 19 cells (Figure 3.6) demonstrated an
|G for doxorubicin of 200.7 nM for MDKB-231/WT and 273 nM for MDMB-231/CRYAB
cells.This may indicate that MDKB-231/WT cellsare more responsive to doxorubicin than

MDAMB-231/CRYABells.
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Figure3.6 Doxorubicin dose response curves of MEMB-231/WT & MDAMB-231/CRYA
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3.3.9Effects ofCRYABverexpression on proliferation of MDAMB-231 cells

Growth rates of MDAMB-231/WT and MDAVB-231/CRYABcells were measured to
investigate the effect of CRYAB on proliferation of M@B231 cels. MBMDA231/WT and
MB-MDA-231/CRYARIlone 19 were plated at a cell density of 50,000 cells/well-ime8

pl ates and i nc uxd\ablectlls fiom thee& Wells,per sefdineOn@re counted
every 24 h over 4 days using the TC20 Automated Cell Counter. No significant diffemences i
proliferation were observed between MBMB-231/WT cells and MDMNB-231/CRYABells
(Figure 3.7 A). In addition, the doubling time of both cells was calculated. Doubling time of
MDAMB-231/WT was 22.5 h and the doubling time of MDUB231/CRAB was 24h (kig

3.7 B). The results indicated th@RYABverexpression had nsignificanteffect on the
proliferation rate of MDAMB-231 cells.
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Figure3.7 The proliferation of MDAMB-231/WT and MDAMB-231/CRYARells.Ce | | ¢

pl ated at a cell denweltly pifatbéds 00At c24 |
pl ating, vi able cells from three well ss
Doubling tcianhecsu | wée e d by pil oit mii niga | t-phaeiv rel
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l'oTrhe growt h -MB283d / Wil HMPEB2 3IMWA LIl ol8.&dach da
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3.3.10Effects of CRYABverexpression on doxorubicimduced apoptosis in MDAB-231
cells

o Erystallin is an antapoptotic protein that is thought to counteract the function of
proapoptotic proteins during the initiation and execution phases of apoptdsierefore the
effects of this protein on induction of apoptosi®re investigatedy flow cytometry in MDA

MB-231/WT andCRYABverexpressing cells (clone 19) after treatment with doxorubicin.

Cells were plated at a density of 50,000 cells/well-iwedl plates. After 48 h, the cells were

treated with different concentrations of doxorubic{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
sample. Untreated cells were usad 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 weredetected by blue 53@B0A channel, while TOPROS positive cells were detected by

red 66620-A channel.

The flow cytometric analysis of treated cells revealed an increase in the percentage of
apoptotic cells in a dose and tinteependent manner in both celhles. However, doxorubicin
induced increased levels of apoptosis in MMB-231/CRYABells when compared to MDA
MB-231/WT cells although the difference was not statistically significant (Figure 3.8).
Apoptosis was not increased in MBAB-231/WT cells 24 Following exposure to any of the
concentrations of doxorubicin tested compared to untreated cells (Figure 3.8 C). In contrast,
MDAMB-231/CRYABhowed an approximate 15% increase in apoptosis with 400 nM and

600 nM doxorubicin when compared to untreatedlsgFigure 3.8 C).

After 48 h, a doselependent increase in apoptosis was observed in both cell lines-MBA
231/CRYABells respondd more to doxorubicin compared to MDMB-231/WT cells (Figure
3.8 F). The difference in apoptotic cell numbers betweddAMB-231/WT and MDAVIB-
231/CRYARas not significant. The results indicate that rather than inhibiting apoptasi,
crystallin overexpressiontended to make cells more sensitive to doxorubicin induced

apoptosis especially at earlier time points.
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Figure3.8 Apoptosis induction of MDAVIB-231/WT and MDAMB-231/CRYARells after 24 h ¢
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Figure3.9 Apoptosis induction of MDAMIB-231/WT and MDAMIB-231/CRY ABcells after 48

h of doxorubicin treatment. MDAMB-231/WT and MDAVB-231/CRYARells (clone 19)

were plated at density of 50,000 cells/well inv@ll plates. After 48 h, the cells were treated
with doxorubicin (200 nM , 400 nM and 600 nM). The cellssvilecubated with the drug for
either 48 h Annexin V/FITC and TOPRO3 were added to each sample and the samples were
analysed on an LSRII flow cytometer. Representative flow cytometry plots using Annexin V
FITC/TOPRO3 staining for ajmgis in MDAVIB-231/WT cells, Aland MDAMB-231/CRYAB

cells, B. Lower left quadrants show viable cells (AnnexiflC and TOPROS3 negative); lower
right quadrants are necrotic cells (TOPRO3 positive and Annexin V negative); upper left
guadrants, early apoptotic cells (AnneXirITC positive and TOPRO3 negative); upper right
guadrants dead cells (Late apoptosis) (TOPRO3 positive and AnrREKIIC \hegative)C)
Apoptosis percentage was calculated by adding the percentage of upper left quadrant and
upper right quadrant (earlyra late apoptosis percentagedpata was analysed byway
ANOVA test, plos mean + SEM from three independent experiments.
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3.3.11VEGF secretion by breast cancer call® i , hypoxia and 42C heat shock.

o Erystallin has been previously shown to stabiligel grotect endogenous VEGF from
degradation in endothelial cel[®imberget al.2008, Kaset al. 2010, Ruaret al.2011) -a B
crystallin has sequences that are thought to interact with VEGF but also other importan
regulatory proteins and protect against unfolding and aggregaf®hoshet al. 2007) To
assess wirgstalhneleads doBicreased VEGF production and hence potential
protection of the protein from degradation, the levels of VEGF secreted by-MB231/WT

and MDAMB-231/CRYABellswas assessedl'wo different clones of MDMB-231/CRYAB
cell s, one exprBEcsysallim(glond 1i9)gahd oheexpedsiag lawvér levels of

a Brystallin (Clone 16) (see Figure 3.5) were tested to assess any difference between clones.
VEGF | evels were measured in condi xrysmhned med
is a stess induced protein, and VEGF is induced by hypoxia, VEGF produced during both
hypoxia and heat shookas measured o0 a s s e s s-crystalintadisea proed VEGF

also under these stress conditions.

The cells were grown in 75 értasks or éwell plates for 48 h in full growth medium. After
48 h, the medium wasemoved,and cells were washed twice with serum free medium (SFM).

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

incubator asa control; the secondrgup was exposed to heat shock at@in ahumidified
CQincubator for 24 h and the third group was exposed to low oxygen le¥él4 % (hypoxia)
at 37°Cfor 24 h. After 24 h, the cells in hypoxia and heat shoeke placed in the normal

incubator at37°Cfor 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

manufactu e r S i nstructions. The number of cel |

concentration of VEGF in pg perftells could be obtained.

Thedata showed that under control conditions &%) MDAMB-231/WT cells demonstrated
a strong trend towards increaseskcreted and intracellular VEGF compared to MDA

231/CRYARIigh and low expressing clon@sigure 310). Hypoxia enhanced the production

of VEGF in all cells compared to VEGF production Tdowevdi,s did not

signi f i can cnterestimgly,dypbxia pd to ausgrsificant increase in VEGF secretion
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in MDAMB-231/WT cells compared to that secreted from MDUB-231/CRYARhigh) cells
(p=0.01) (Figure 30 A), whereas heat shock only induced VEGF expression inNMA

231/CRYABells bu not in wildtype cells when compared to cells at 37 (Filg®y e 3.
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3.4 Discussion

Cell s express heat -srystllinkin opder dot aetias stregmiucedh a s ¢
molecular chaperones to inhibit apoptosis and pnevéhe accumulation of denatured

proteins, therefore stimulating cell survivéiiorwitz 1992, Arriget al. 2007, Acunzeet al.

2012) In addition to cancer cell§RYAPBrotein expression is also seen in tumoudethelial

cells and this is thought to stimulate angiogenesis via autocrine mechanisms and protect VEGF
from degradation as shown in @ulture models of breast cancer cells and endothelial cells
(Ruanet al. 2011) Interestingly, these events correlate with the tumourigenic metastatic

states of breast cancer cell linfRuaretal.2011) The same st udygtalimhowed
upregulated in endothelial cells after treatment with aMEGF treatmentRuaret al.2011)

Hence, breast ca&mstalénrin ecdetheliakcells to stidate éheircsBvival.

The aim of this chapter wa s-crystalinie kreasticamer wh et |
cells acts to stimulate their own survival and prevent their apoptosis after treatment with

drugs such as doxorubicin, which is often used ettkatment of breast cancer. In addition,

a s -coy|allin is known to be upregulated under stress conditions, such as heat shock and
hypoxia, these stress st i nouystalin m&/EGH proteceod. t o t
To achi eve tciystalirevasaovenespressainBMDAMB-231 cell lines their
proliferation rate and apoptosis induction post overexpression and after doxorubicin
treatmentwas tested In addition, VEGF levels were compared between MEBA231/CRYAB

cells versus MDMB-231/WT cells.

I ni t i-eysthllyy expresBiowas examinedh two different TNBC cell lines (MBAB-231

and MDAMB-468).The results showethat MDAMB-4 6 8 c e |l | s -ceystalim,whides e d aB
MDAMB-231 cells did not express this protein, even after esqpe to heat shocklt is

i mportant to menti on t haystallib baedrdensity of IDMBar i ab i |
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 imagé figure 3.1, -Xay film was used,

whereas in figure 3.3 digital imaging system was used (Chemidoc MP systdRad}io

Although, both are metastatic TNBC deles, only MDAVIB-468 expressed the protein
constitutively. The differences in the levelf -coyd®allin expression between these two

breast cancer cells agree with data previously publishe@ lye | o u ethak(2004¢émho
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f ound -trystallin wasBot detected in MDMB-231 cells. In addition, the induction of

a Erystallin by heat shock in both MEMB-468 ard MDAMB-231 cellswas tested The

protein was induced in response to stress (heat shock) but only in-MBAG8 cells. The
effect of heat s h o crigstalnnn othdr breast cathaerccells was also f aB
observed by eCahwithiboc baskdv-tnstallnlinsGlI1@A and GILM2
(human breast cancer cell l i nes) . Both cell s
crystallin was induced in response to heat shock. These findings are sintilardatain this

studythats h o we d i n d-orystallin past expdsureit®heat shock in metastatic breast
cancerMDAMB4 68 cel |l s. Cell s expr e <rystainrcaadameansoc k p
to survive under -aystallid petfornt a shaperbne tnctideashelps o B

to protect cell proteins from degradation, refolds unfolded proteins and prevents apoptosis

in response to stresKoletsaet al. 2014) T h e r ecfystallie may aoBtribute to the

resistance to apptosis which is defined as one of the hallmarks of cafidanahan 2022)

Hypoxiai nduced stress ef f ecctystalimowas ihvhesagatednndthec t i o n
current study In this study, the cells were incubated at 0.1% Which represers
radiobiological hypoxia (<0.13%), in which tumours no longer respond to radiation therapy
(Hammoncet al.2014, West and Slevin 2019herefore, it enables to study the effect of this
stress conditi on -cuystallin.However, hypaxiantduced stress flid notB

i ncrease t he -ceystallimia MBAMB231N\VGT{ MDiNBB-468 and MDAVIB-
231/CRYABells. A study by Varclsootbruggeet al (2014) using head and neck squamous

cel l carci noma ( HNS C-@ystallio eXpression anbcsllse expaset tot h at
hypoxia (0.1% £) for 48 hours was not detected. However, they found that reoxygenation of
thecelsfor24hinrased the-crggséeh!l binaB8xpressi-on. Th
crystallin after the reoxygenation was partially due to the formation of reactive oxygen
species (ROS) . -cryskaldin aftentdelthgpoxia/ceoxygeratiompBase was also
demondrated in an independent studf¥uet al. 2007) This study showed that the process

of hypoxia/reoxygenation in cultured human astrocytes from the optic nerve head (ONH),

i ncr e acsystallin mRAANA expression aod&rystallin protein level. The explanation for

this finding was that hypoxia/reoxygenation increased the expression o5STGF a n-d 2 T GF
whi ch st i-arystdllia inewtured Buman astrocytes of the OK¥uet al. 2007)

However, irthis study, the reoxygenation phase of 24 h did not result in the induction of the
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protein. Ther esul t s ar e restricted t-orystglin omRMA n e x
expression may show different results. In addition, it seemsat t he wupr-egul at
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 oxidathuction (REDOX) indicator to
assess cellular metabolicdection (AFNasiryet al. 2007) The response to doxorubicin was
assessed in both MBDKB-231/WT and MDAVMMB-231/CRYARells using alamar blue.
Results using this assay showed thalls did notshow significant respons® low doses of

doxorubicin, indicating that the lower drug doses were ineffective.

o Brystallin overexpressing cells were expected to be a polyclonal population with cells
expressing different | evels of t lrgstalinrcells ei n.
were cloned which was important to produce homogenous cell lined #gressed high or

low levels of the protein for use in the current study and retain the transgene selection. The
results reveal ed vcaystdlliadmorg the depeloged sanacionaladll o B

lines.

Inthe current studythe growth kinetics® o v e r e x grys&alBnsnerdcloaaBcells was

not statistically different when compared to wild type cells. In contrast, previous studies have
s hown tctysatlin oweBexpression in MABA cells and MCGE2A, led to increased
proliferation and otler abnormalities such as enlarged acini, loss of polarity and filled lumen
in mammary acinfMoyanoet al. 2006) It should be noted that MGEOA and MCH2A are
normal breast cells which may explain the difference between the findings. In addition, it was
repor t e-drystalingriomote®the proliferation and invasion of colorectal cancer (CRC)
cells through tle activation of ERK signalling pathwayiet al. 2017) However, this is not a
general mechanism asa Erystallin overexpression in bladder cancer cells reduced

phosphorylated ERK and A@®uanret al. 2020).

The ef f-eystallin ovierexpr@&sion on the population doubling time was also tested.

o Erystallin had no significant effect on the population doubling time and hence the
proliferation of MDAMB-2 3 1 cell s. I n agr eemecndtalinwi t h
overexpression in bladder cancer cell lines had a marginal effect on the cell proliféfatian

et al.2020)
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The cell viability/ proliferationthen was measuredoy counting iable cells using the
hemocytometer after treatment with higher dosesadxorubicinas a more accurate method

for assessing proliferation. In addition, the monoclonal overexpressing cells instead of the
polyclonal cellsvere usedto assess any differenseThe cells were treated with increasing
doses ofdoxorubicin, ranging from 400 to 900 nM. A range eL000 nM) doxorubicin was
previouslytested in a study to assess cytotoxic activity of doxorubisimgMDAMB-231
cells(Leeet al. 2020) Based on thigoncentrations within this rangeere selected for testing

in the current study. The results showed clear dose response curves. Ehefl@oxorubicin

in MDAMB-231/WT and MDAVIB-231/CRY ABells was determined from these expreents.

The doxorubicin Kgin MDAMB-231/WT cells was lower than in MEMB-231/CRYABells

(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 I, interference with DNA
unwinding, production of growth arregfTeweyet al. 1984, Fornari Jet al. 1994, Gewirtz

1999) generation of reactive oxygen species such#&» tSinhaet al. 1987)and induction of
apoptosigSkladanowski and Konopa 1998)the currentstudy,t he i nf | -onestallme of «
on apoptosis induction after treatment with doxorubicwmas studiedby flow cytometry

analysis. The results showad 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
MDAMB-231/CRYABpoptotic cells was higher than that of MBAB-231/WT cells. Multiple
studieslave reveal ed an an tcrysiglio(daoet ali2@04, Shiretal.t i on o
2009, Launayet al. 2010) For exampl e, it hcaystalliboprodents r epor
against oxidative stresaduced cell éath by HO; in astrocytes. The mechanism of this
protection wenstallin birdingt thh procaspase and inhibiting caspasg
activation(Shinet al. 2009) As previously mentionedioxorubicingenerated+0,, however,

o Brystallin overexpression has no effect on inhibition of apoptosis which may result from
H-O»generation. In additiomaB-crystallin prevents the translocation of proapoptotic proteins

such as Bax and BxE to the mitochondria duringairosporineinduced apoptosigMao et

al. 2004) |t i s n o tcrystallinecaerexpressing MBEMB-231 cells are more

sensitve to apoptosis induction by doxorubicintmss t ud vy . It could-be tha
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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 whetpeptotic
caspases such as caspase 3 are more resistant to cleavage and activation or whether the
translocation of preapoptotic proteins such as Bax and-B8 to mitochondria is different in

wi | d typ erystallirrosevespressiBg TNBC cells. hSaformation would be useful

to help explain the data in this thesis.

The i nteraction bet ween apcygdlioishresstcamce cellsat or y
has been studied bylLaunay et al. (2010) They d e mo n s-trystalline d t h;
overexpression lowered apoptosis levels in MCF7 cells in response to inhibitors of
microtubule polymerization (vinblastine), used as antancer agents. Interestingly,
phosphor vy lcegdtalliratsermé 59 oa8itised the cells to treatment and increased
apoptosis(Launayet al.2010) The molecular mechanism was shownti n v efdystain o B
interaction with the antiapoptotic protein BGR which prevented its translocation to
mitochondria, and hence decreased resistance to treatn{eatinayet al.2010) In contrast,

the phosphorylation ofa Brystallin is essential to exert a protective role in different cells.

For exampl e, i t-crystalnweasaupreguldted and phbsphorylated at serine

59 during the tubular morphogensis in endothelial cells, suggesting a regulatory role for

p hos hor ycystdllie dlotabld the sSiRNAe di at ed k n oceygtadioledio of o B
attenuation in tubular morphogenesis and activation of caspagBifiberget al. 2008) In
accordance with this f i n-drystalin,in cartisce myotytes p h o r !
exposed to osmotic or ischemic stress conferred a protective function in theséMetisson

et al. 2003) Phosphorylat n  o-drystalliB 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 chaperondéike function(Thornell and Aquilina 2015As demonstrated by

these studies, there are conflicting findings, and i's not clear yet whe
crystallin serine phosphorylation is on its chaperone function. It appears that the target
protein and/ or the type of c e-trystllin pdrirey rol
phosphorylation. Irthis study, the tn 0 s p h o r y | -arystallon wasodt testeB and it is

not known whether the increased apoptosis that is seen in MIBN231/CRYARells was

associated with the phosphorylated statuscof&rystallin in these cells.
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It has been reported thatiB-crystalln serves as a protector for VEGF and prevents its
degradation upon exposure to aniEGF thenay (Dimberget al.2008, Kaset al.2010, Ruan

et al.2011) I n a ddaystallin expressian B upregulated dugiangiogenesisn vitro,

suggesting a regulatory functigimberget al. 2008) Secreted (in conditioned mediahé
intracel lul ar (in cell |l ysat es) VEGF -was as
crystallin on secretion of this prangiogenic protein. Conditions of normal oxygen and

hypoxia were compared. In addition, VEGF levels were compared betwesgrncalhormal

3°C i ncubator and cel |l s expoagystalin ¢éxpressioeaand s hoc
hence potentially also VEGF. As expected, in hypoxia, VEGF levels were higher in conditioned
media of all cell lines compared to cells maintained im@Tal 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, MEMB-231/WT cells secreted higher levels of VEGF compared

to MDAMB-231/CRYAR:ells. The results were not expected MDKB-231/CRYARells

produced substantially lower VEGF levels. Results therefore suggest that VEGF expression
and/or stability of the proteinw r e negat i v e-trystalinf Further nwesligatiogs o B

are warranted to establish the stability of VEGF and/or test the level of mMRNA to determine
whether the gene expression was affected GRYABverexpression. In contrast, many

studies showed hat t he k n-grgstallincesultedinflow WEGF levels, attenuated
endothelial cell activation of caspase 3 and increased apoptosis in endotheligDogilserg

et al.2008, Kaset al.2010) Specificdy, Kaseet alused chemical hypoxia to stimulate VEGF
asHfla triggers the gene expression of VEGF.
retinal pigment epithel i al -cryskRinEkhockdosvhversusder i v
wild type mice andne as ur ed V E G Frystain kitotktlo®m led taxdBynificantly

lower concentrations of VEGAcompared to wild type micKaseet al. 2010) It is possible

t h a tcrystalin acts differently depending on the cell type or the method of altering the

protein expression.

VEGF secretion was upregulated in response to heat shock inNVEEZ81/CRYARells
compared to cells in 37C. The chaperonfe u n ¢ t i -crystalbnfmayoe®plain these results.
This upregulation was notseenin MiMB-2 31/ WT cel | s, -csystagiggays i ng t

a role in protecting VEGF under heat shock.

103



Il n summary, t he -oystalnaeaXNBCed bnemdwot sl a sigBificant

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 t r ansi ent krys@alinkvédso wn o f

performed to f urt he rcrystallirviepsotectiggps/EG-. t he r ol e of
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Chapterd ¢ KS STFSO0O 27F NI viystalthy G 1
on VEGF production in breast cancer cells

4.1 Introduction

o Brystallin is associated with a poor prognosis in breast cancer patients and has been
suggested as a biomarker for TNBCaviset al. 2011, Tsangt al. 2012, Malinet al. 2014)

Molecular chaperoning, which prents protein aggregation, isawdln own act-i vi ty
crystallin. I n addi ti on, -crystallintclaaperores leymoxiad e mo n ¢
induced VEGF and leads to proper folding of VEGF and thus efficient angiog¢assat al.

2010, Kerr and Byzova 2010)

Downr e gul anystabimhasgpfevioasB been shown to cause degradation of VEGF in
endothelial cells, and weak and leaky blood vesseis invomodels(Dimberget al. 2008,

Ruanet al. 2011) siRNAmediated knockd o wn -orystalkin Bh head and neck squamous

cell carcinoma decreased the levels of VEGF produced under normoxic and hypoxic conditions
(van de Schootbrugget al. 2013) i ndi c a tcriystalin alsdhphays a arBical role in

protecting VEGF in cancer cells, hence increases its smtret

In the previous chapter, | showed th&RYABverexpression in MDMB-231 cells had no
effect on increasing VEGF production. To the contréng, data showed thatCRYAB
overexpression reduced VEGF secretion; under hypoxic condi@R¥ARBverexpresing

cells secreted significantly less VEGF compared with-typkel cells, and CRYAB

overexpressing cells produced more VEGF compared to normal conditionofablﬁﬂw hen
ex posed t olndderdotinvestiyaiecutther whether these data were doealtered

CRYARxpression, a second approawias used to silence iising short interfering RNA
(si RNA) t-oystallm éxpression inBADMB-468 cells that naturally express high

levels of this protein.

4.2 Aim

To i nvest i ga tcestalimkaockeldwh enche seordtion@fB/EGF. To achieve this
siRNAtrans e n t k n o c lkcgstalmwasgénerated in MDMB-468 cells, which has

been shown to expresBigh levels ofo Erystallin (chapter 3). Theffect of a Brystallin
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knockdown onVEGF production under normal conditions9@Yy, hypoxia and following heat

shockwas investigated

4.3 Results

4319a0F 06t AaKAY 3 &Gl 0krfstallinknotkgoRn by SRNA B #pNBE 2 F
468 cells

Although siRNA effectively reduces protein expression, the effect is transient and typically
lasts for 35 days. Initial experinmés were performed to establish the optimal transfection
conditions and assess how long the transfection will last. NMBA468 cells transfected with
either a scrambled siRNA or an individual siRNA targetin@ BN éABene CRYARBIRNA 1).

After 48 h, what cell protein extracts were analysed by western blotting. Extracts were also
analysedat 72 h and 96 fiollowingtransfection. Results showed tliERYABIRNA resulted in

k n oc k d eenystallimaBd the knockdown of the protein was sustained for a minimum of
96 hour s ( Foygtalin was dxprdsged in aeBs transfected with the scrambled
SiRNA.
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Figure 4.1 Knockdown ofh B-crystallin in MBMDA-468 cells transfected withCRYA
SiRNAMDAMB-468 cells were seeded and transfected with eitheliwdual CRYABIRNA
or scrambled siRNA (negative control). A) After 48, 72 and 96 h, protein extract
analysed by western blotting to check the efficacy of transfection. The membrane v
probed for GAPDH as an internal control. B) Blotswerersead and t he b-
crystallin was expressed as a ratio of GAPDH. Results are from one experiment.
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4.3.2h -crystallin knockdown did not alter 2GF levels in MDMB-468 cells

After successf-arystallnmad bden azhviened, @ experBnent to determine
the influence of reduced protein expression on VEGF produstasiset upBecause hypoxia
causes an increase in VEGF secretion, thex@ q u e n ecgystallim Knoclad@®vn on VEGF
levels in MDAVIB-468 cells under hypoxic conditiomss investigatedSince results from the
previous chapter -dystalomnasindueed endMDAVB-468 celts Bn

response to heat shockEGF leve under heat shock conditiongere also evaluated

MDAMB-468 cells were transfected with three individ@RYABIRNAs including the original
SIRNA 1 construct used in Figure ZRYABIRNA 1CRYABIRNA 2 an€RYARBIRNA 3) or
scrambled siRNA as agative 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 37Cincubator as control; the second group was exposed to heat shock &id 2

humidified CQ incubator for 24 h and the third group was exposed to low oxygen level of
0.1 % (hypoxia) at 3T for 24 h. After 24 h, the sets of cells in hypoxia and heat shock were

placed in the normal incubator 8Cfor a further 24 h. At the end of the 48 donditioning

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 pgfpetld &vas obtained.

Equal amounts of total protein from cell lysates weradny sed by west-ern bl

crystallin expression.

All three differentCRYAB i RNA, r es ul t e-drystalin expressionc(Figure 4.2)o f o E
Exposure t o he a tcrystatinoegpkessiomi cordral MEMB-468 Bells, but

hypoxiahda no or | ittl e i nf |-onestalllnen cantnol MDAMB-468nduct i
c e | |-gystallio Bas not induced by heat shock or hypoxia of following siRNA knockdown

compared to control cells.

Analysis of the effects dCRYABIRNA knockdown of VE@Emonstrated that in control
conditions (37°C), MDAMB-468 cellstransfectedwith CRYABIRNAs secretemore VEGF
compared to negative control (scrambled siRNA) in both conditioned media and cell lysates,
however this did not reach significance (Figurg A B Hypoxia increased the production of

VEGF in all cells compared to the VEGF produced at normal oxygen @.d\B¥ertheless,
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reducingCRYAIRed to increased VEGF levels compared with VEGF levels from the negative
controls (Figure 4.3 A, B). Hesltock stimulated VEGF secretion in all cells; however, in
comparison to negative control€RYABIRNA transfected cells seaedtmore VEGF into the
media (Figure 4.3 A). In cell lysates, however, negative control cells produced more VEGF
compared to cellsransfected withCRYABIRNA. Silencin@RYARiith three different SIRNA

led to lower or no change in the intreellular levels of VEGF compared to VEGF produced at
37°C (Figure 4.3 B). The results demonstrated that h i b i t-crystailin io MDAdBE468

cells increasg VEGF secretion. The results suggest th&rystallin may downregulate VEGF

in MDAMB-468 cells.

A)

~ | aB-crystalline

20 KDa
GAPDH
36 KDa
I I
o ' o .
& . ® scrambled siRNA & 6+ ® scrambled siRNA
Q 7 B CRYABSIRNA 1 o B CRYAB siRNA 2
£ £
£ = A A CRYABSIRNA3
3 3
17 7
2 2 2
Q@ g2
m - [11] o
5 ° o °
0 - -J'.A - o

37°C Hypoxia Heat shock 37°C Hypoxia Heat shock

Figure4.2 Fold increase of B-crystallin normalised to control cells at 37C in CRYABIRN/
knockdown MDAMB-468cells EQud a mount of cell | y s a tMB-46¢
transfected with three individual siRNA targeti@RYABr scrambled siRNA (negative cont
were analysed by waystalle expresbidn.oGeltsiwerg exposed to d
different canditions; the first group was placed in a 3Z incubator as control; the second grt
was exposed to low oxygen level of 0.1% (hypoxia) for 24 h and the third group was exg
heat shock at 42C in a humidified GQOncubator for 24 h. At the end ohe 48 h conditionin
period, proteins extracts were then analysed by western blotting to check the effice
transfectionA). The membranes were #grobed for GAPDH as an internal control. The data bl
are for siRNA B)and siRNA 2 & siRNAC3 Thedata plotted are mean+ SEM of n=3 for CF
siRNA 1 transfected cells and n=1 for CRYAB siRNA 2&3 transfected cells.
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Figure4.2 Effect of CRYABNnockdown on secreted and intracellular VE@GRVDAMB-46¢
cdls. MDAMB-468 cells transfected either with three differe@RYABIRNA or scrambls
siRNArtegative control). After 48 hetls were exposed to three different conditions; the 1
group was placed in a 3T incubator as control, the second group waposed to low oxyge
level of 0.1% (hypoxiat 37°Cfor 24 hfollowed by a further 24 h at normal oxygend the
third group was exposed to heat shock at°@for 24 Hollowed by a further 24 h at 3T. Al
the end of the 48 h conditioning peridtde medium and cell lysates were collected fromr
samples and analysed by ELISA assay. The VEGF concentration of all samples was ir
from the standard curve of known concentration samples. VEGm(pwas calculated p
10 cells in conditioned media) and cell lysate®). Data were analysely 2way ANOV/
plotsare mean + SEM of n=Bindependent experiments for CRYAB siRNA 1 transfecte(
and n=1 for CRYAB siRNA 2&3 transfected cells.
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4 .4 Discussion

This chapter has addr es s ed -crystaléinthasecanféedt bne d o wn
VEGF secretion. SIRNA was used to silence the protein inNME468 cells. The level of VEGF
was measured by ELISA under normal condition®QB7hypoxia and heat shock in

conditioned media and cell lysates.

The results revealed that silencifdRYABn MDAMB-468 had no statistically significant

effect on VEGF secretion in all testszhditions, althoughmore VEGF wawoduced by the
CRYABIlenced cells compared to those transfected with the scrambled control. It should be

noted that this resulisc onsi st ent with the resuckystadlin i n ch

overexpression in MDMB-231 reduced VEGF secretion.

Hypoxia is the main regulator of VEGF and as expected, stressing the cells under hypoxia
stimulates VEGF secretion as seen hemirtrol cells. However, silenci@RYARd to more

VEGF production even though the results did not reach significance. This finding is contrary

to previous studi es, -crystallinchinds hoamisfoldesl WBG#Fnandt h a t
enhances its secretion lmypoxiainduced conditions in retinal pigment epithelium (RPE) cells

(Kerr and Byzova 2010n additon, after treating the RPE with chemical hypoxia (cobalt

chl ori de) ,-crystdlliGiRduceadin RPE& Bells in response to hypoxic conditions. The

aut hors demonstrated -enstalnang VBGF nrditreseghypoxict we e n
conditionsiInterest i ngl y, the study f-oystallthintrdasedinthehe | nc
retinal cells of mice at the time of active ocular angiogenesis and then downregulated later in

the retina of developed mice. The study demonstrated tha&rystallin acts to ciperone

VEGF during the ocular angiogendgiaseet al. 2010) It seems that the i
crystallin and its function as chaperone molecule to VEGF depends on the time of active
angiogenesis. This was shown b-grystalininereased t udy
during the formation of new tumour blood vesséisvitro (Dimberget al.2008) Additionally,

the types of hypoxia may explain the difference in findings betwidernresults in this study

and the study of Kaset 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

i nduct i-coystalliodnd its &haperone function is timing and context dependent.
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Furthermore,mder nor moxi ¢ an d-ciysyajinokmockdowe reductd VEGFO n s
secretion in head and neck squamous cell carcinoma (HN8&Cjie Schootbrugget al.
2013) This inconsistency betwedhis published data and results presented here may be due

to the difference in cell type between breasirwer cells antHNSCC.

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
repor ts h aarystallih with KEGiHepamd®nt angiogenesiDimberget al. 2008,

Kaseet al.2010, Dongpt al.2016) For example, siRNe di at ed Kk n ecydtallio wn o f
in tumour vasculature led to high apoptosis in endothelial cells and thinnerdardpted
vasculature in mouse modéDimberget al. 2008) Furthermore, the same effect was found

in ocular tisse s  i-crystadliBdeficient mice(Kaseet al.2010) -cryBtallin was found to

play a key roleluring the intraocular angiogenesis and considers as an essential chaperone

f or V EcGstallindefiBient mice expressed low levels of VEGF proteins compared to
wild-type mice during the hypoximducedangiogenesigKaseet al. 2010) As a result, the

newly developed vessels were attenuated. Importantly, this study demonstrated that the
binding betv e e n-cryst8llin and VEGF wsagecificas they did not find interaction between

o Erystallin and TGB (Kaseet al. 2010) The af f i ndystallinénd VBGEand aoB
other proangiogenic factor FGF was demonstrated in another studshgshet al). The

aut hors i dentifi ed t heeystallinwite VE&E and F&R. Ineresginglg,n c e s
these inteactive sequences were found to overlap with the interactive sequences, which are
specific for bindi ng-crystallinis achamefre|mdlecde apditst ei n
binding with proangiogenic proteins through theses interactive sequences inditeteacts

to protect these misfolded proteins from aggregation. The chaperone assay from the same
study conf i-crystedlid pratebtedtFGFRafdm heat aggregation and VEGF from
reducing agent aggregatiqi®@hoshet al.2007) -cryBtallin upregulated in response to heat
shock(chapter 3) however, it seems thatt Brystallin may negatively reguladEGF in this

cell line (MDAMB-468). It is established that cancer cells express vaaogsogenidactors
(Aspretat.2021y The r el at i oanystdllin and dthert angtogenic fac®rs

such as FGF is needed to be determined in future experiments to investigate the relationship

b e t we emstallinBand other angiogenic factors.
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Theresultsfromm t he pr evi ous c heaygdliewas inducedverdsponde éot o B
heat shock. Under heat shock, all cells also producmre VEGF compared to normal
conditions at 37C . However ,-crysdllih esulted im gnoredx\BEGF compared to
negative srambled siRNAransfected cellsThis is difficult teexplain sincaet was expected

that CRYABIoul d protect VEGF. | -¢rystallm ingpeasessirdsd aead t h at
apoptosis in MDAIB-468 cells and the cells may produce more VEGF to actstgapoptosis.

It should be noted that only in heat shock condition in the lysates of cells transfected with
CRYABIRNA, VEGF levalsre lower (but not significantly different) than those in lysates of

cells transfected with negative control. VEGF ggawth factor that is mainly produced and
secreted to support angiogenesis and cancer cell grof@bel and Mercurio 2013nd

therefore lower levels of VEGF in cell lysates mayjcatd efficient secretion. In contrast,

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

Phosphor y lcgdtalimisnindoced inr&ponse to stress conditions and it is thought

to be essential for its chaperoning functificaunayet al.2006) Although this is not a general
mechanism in all cells types. However, various studies showed clearly that phosphorylation

at serine 5-Brystalimeasrcorréld@ed with fncread®d interaction with VEGF and

was associ#@d wi th increased survival of endothel.]
crystallin colocalised with VEGF in neovascular endothelial cells of diabetic retin¢patity

et al. 2016) Mor eover, ser 5 S-crygtdtlio wgs lugregylated tdurimgn o f
tubular formation(Dimberget al. 2008) Under hypoxi a -gystallmpdsor yl at
induced during ocular angiogesis and was associated with increased levels of (K&de

etal.2010) These data suggest edaystlihiaesseptinloprptéco r y | at
VEGF from stresaduced aggregation Nevertheless, phosphorylation inhibited the
chaper one f-arystalliniinobmeasbdancen ells by binding to BCL2 and hence
prevents apoptosigLaunayet al. 2010) Testing the phgsh o r y | a t-crystallin io the a B

cell lines used in this study may help to understand the conflicting of results betthesen

study and those previously published studies. In addition, it will help in revealing whether
phosphor vy lcestalliows irddcedamler 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 MEMB-468 cells although there was a trend for an ease. 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
CRYARB in the used cells has made the cells indepéta 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 expressiimmay ke speculated from these

f i ndi n gaystallin B8 & negaBve regulator of VEGF in the cell lines used in this study.
However, additional e xrpsaliini steecimg wilizingrsiRigA2 iarda t e s
siRNA3, coupled with an assessment of itredfects on VEGF production, are required to

substantiate this conclusion.
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Chapter5 The influence of breast cancer cells that express
RA T TS NEBY {-crysild sri edotBetial cell
responses

5.1 Introduction

The r odrgstalinfin ecdBthei| cel |l function has been rev
crystallin increased endothelial cell survival, protected endothelial cells against apoptosis and
stabilised their endogenous autocrine and intracrine VEGF produ¢tianet al. 2004,

Dimberget al. 2008, Kaset al. 2010, Ruaret al. 2011) Its expression in endothelial cells is

induced in response to stress such as osmotic stress and sodium arsenitg Gwksgofen

etal.2002) -cryBtallin waexpressed 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 tiss([2imberget al.2008)

o Brystallin  confers different functions to stimulate angiogenesis in the tumour
microenvironment. For instance, the conditioned media from trastuzuresistant HER2
positive breast <cancer -aystlihcomparedidther pantali ghl vy
cells, increased tube formation by endothelial cells that were incubated with conditioned
media from these cellfYanget al. 2022) Highly tumourgenic and metastatic cells R3,

Hs578T, and MDAMB-2 3 ) i nduced hicrgstalénrexptessiorein endothdlial o B
cells than noametastatic (MCF7, T47D) breast cancer cell linguanet al.2011) Induction

o f -axyBtallin in endothelial cells was paralleled with an increase in tubule formation and
VEGF | ev el srystalintkmockdoarsleddtaBecrease in VEGF antbule formation

(Ruanet al. 2011) a Erystallin protects breast cancamnduced VEGF from proteolytic
degradation and ensures proper folding of VEGF, hence increases their secretion. The
mec hani sm of this functi on -ceystafigkengsttenisfolllgd Ka s e
VEGF which is transferred to endoplasmic reticulum to be refolded and se¢idsdet al.

2010) These data suggest thatRrystallin is essential in supporting tumour angiogenesis. It

has been r epor t edystalin expressian predicts pobraurvival B breast
cancer and is suggested to be an oncogévieyanoet al. 2006) Thus, breast cancer cells

may upr e-grystalenttoesuppoB tumour angiogenesis.
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5.2 Aim

This chapter aimedd o t est whet her breast cancer- cell s

crystallin influence endothelial cell responsé&s.achieve this:

conditioned media from breast ecrystaltirwerec el | s
i ncubat ed wtkctydallinfeXpiEsiGrsin HDBEECs was then determined by western
blot. In addition, the migration oHDBECexposed to conditioned media derived from the

breast cancer cells was assessed by the scratch wound assay.

5.3 Results

5.3.19 E LINE & & xrgsyallindrfHDBEGaSter incubation with conditioned media from

breast cancer cells

To e xami n e-crystallais peegulatedin HDBECSs after incubation with conditioned
media from breast cancer c e l-crystallin, HRBEC wexepr e s s
plated at a density of 96,000 cells per well inrv@ll 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 pezbas destbed

in section 2.111. As a control, the cells were incubated with 50% complete growth media and

50% serurdfree media which had not been in contact with breast cancer cells. After 48 h,

proteins extracts were then analysed by westera bl t i n gcrystadlim expxeBsion.

The results showed t ha t-crystdilie in endothalial cefisoaboven d u c t
basal levels by any of the conditioned di tested. As shown in Figurel5endothelial cells

e X pr e s-crystdllin buB leved were not altered by incubation with conditioned media
from t he br e a=rystalindenets & the loreadt tascer calisBhemselves are also

shown on theblot for comparison.

116



A) B)
HBECs Breast cancer cells 4=
Q o]
\g \g§ T
\§ § (%) S \§ § 23'
3 ; S g ¥ & 3 Q
F & & 3 s & S c
© s & N § A S = 2-
' S S < S S g -
| — LT — . - aB-crystalline E ° _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?
* 2 F Y N P F
¥ M FSF D
ov: 051' A\ A\ o"‘ &
S ‘,}“ S v,\“
® 4

Figure5.1 Western blot analysis of B-crystallin protein expression in HDBEEsD B E C s
pl ated at a density wél 96pl0D@0Ves el hsap

growth medium and allowed to growwiohmh
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densioByr y§t allin was expr.els sTehde adsataa rpa
SEM of n=3 independent experiments.

5.3.2Proliferation 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 coneld 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 welwelbplates. After 48 h, the full
growth media was replaced by 50% condigd 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 MEMB-231/WT, MDAMB-468 and MDAVIB-231/CRYAB

cells (high expressing clone) at a dgnef 2x1¢ 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 egpments.

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

by different conditioned media during th&4-hour period (Figures.2)
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Figure5.2 Proliferation assay of HBEQd.DBBEM®sr e pl at ed at a

per wenMell i pl@ates in complete endot hel
for 48 h. Af ter 48 h, cell s were |ini
medi um and 50% condhietri cMB23 1 i &I MEMDMA 1
or MBA 68 cell s. As a control, t he H

complete growth media and 50% SMF whi
cells. After 24h, t he cDealtlas waesr ea ntarl yype
way ANOYAomeam,* SIEMdepemdent experinm
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5.3.3 Effects of conditioned media from breast canceellswith differentf S@Sta 2F h .
crystallin on the migration of HDBECs

To establish whether br eas t-crystalinicageran effecioh s wi t
the migration of HDBECSs, the migration of HDBECs was assessed by a scratch wound assay.
Twowell silicone célculture inserts were placed centrally in the wells of anll 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 incubate@miplete
endothelial cell growth media 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 was then filled with 50%
complete endothelial cell growth medium and 50% conditioned medienfbweast cancer

cells prepaed as described in section 2.11 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 afteattng the wound and then again at 4

h, 8 h and 24 hourdmage 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 incubatethwhe various conditioned media closed

the wound gap by approximately 15%. At 8 h, there was a further reduction in the wound gap
by approximately 3% under all conditions (Figure3}. The results showed that there was no
significant effect on migrationf conditioned media obtained from cells expressing differe

| e v el -srystallin orcSBM on the migration of HDBECs under the conditions of this assay.
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Figureb.3 Migration of HDBEC after treatment with conditioned media with different lev
2 T -chystalline. A suspension of 500,000 HDBECSs cells per ml was plated per wekvirel
silicone cell culture inserts. Cells were incubated for 24 h before the cell culture insert
removed. Eachvell wasthen filled with half completeendothelial cell grasth medium an
half conditioned media from breast cancer with different levelsiBfcrystalline. As a contre
the cells were incubated with half complete growth media and B&lMwhich has not bee
in contact with breast cancer cells. Six images pel (tielee wells per cell line) of each w
were taken immediately after creating the wound and tregain,at 4 h, 8 h and 24 h. Imac
were taken with a 10X objective phase contrast camera. Image J was used to calculate
gap area and % wound clasuarea was calculated for each time point. The datre
analysed by-way ANOVAplot ismean+ 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

o Erystallin have an influence on endoe | i al cel | -aystgln easdsonon of
endothelial angiogenic response. Conditioned media from NUBA231/WT cells, which do

not e x pnystallirs MABB-231/CRYAR clone of the over expressing cells and MDA

MB-468 cells that have endogenouasErystallin expression, were incubated with HDBECSs.

The | e v-erystallin @edpresseB by HDBECs and their migration after incubation with

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

It has been suggestgareviously that breast cancer célln d u c-erybtallon B endothelial

cells correlated with the malignancy of breast cancer cells such asMWHE231 cellyRuan

et al.2011) This does not appear to be the caseur study even though MDMB-231/WT

and MDAMB-468 are both tumourgenic metastatic lines. There were no differences in the
e X pr e s s +rgstallinanfendatlielial cells incubated with conditioned media from these
cells. As for the migration assaymay be that the growth factors present in CM are too dilute
to have an effect on earydtalin Aheldiiffeeeht resutslhéreaadk pr e s
those by previous studies could also be explained by the fact that previous authors used a co
culture model whereas here conditioned medias used The growth factors produced from
breast cancer cells in the @mlture model involve transfer through pores in transwell inserts

to endothelial cells directly. Whereas the model of this study endothelal 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 cregpesitive feedback loop between
cells. The ceulture model might facilitate the delive of growth factors between cells more

efficiently than the conditioned media.

o Brystallin is a chaperone molecule stimulated in response to different stimuli such as
osmotic stress, sodium arsenite stress and heat sfi@Gokenhoferetal.2 002, Chel ouche
et al. 2004) I n chapter 3 we aclysdin islmgulatedtimbast e d t h
cancer cells in response to heat shock and MIB\231/CRYABells produces more VEGF in

heat shock when compared to normal conditions. Moreover, hypoxia is reported to induce

o Erystallin whichs associateavith stabilisation of VEGF in retinal pignt epithelial cells

and in head and neck squamous cell carcingaseet al.2010, van de Schootbrugge al.

2013) I n addition, i t  Horgswllin lcleaperones EGB mthygpdxic t h a t
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condition andredirects it to endoplasmic reticulum, resulting in proper folding and secretion
(Kaseet al. 2010) VEGF is the main stimulation of angiogenesis, survival and migration of
endothelial cellfAbhinandet al. 2016) Here the effect of heat shock and hypoxia on the

e X pr e s s rcrystallinoih endotBelial cells have not been tested. Further research is
needed to investigate the effect of heat shock and hypoxia stress conditions on the expression

o f -coydallin inendothelial cells and their function.

The migration of endothelial cells by the scratch assay was performed to investigate whether
t he | e vcedtallimim bremdB cancer cells could potentially influence production and
secretion of factors by the delthat 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
acount 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 endotheliabeellseend 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 optirdiséhe results showed that there was no
significant difference in the proliferation between ghdifferent conditions (Figure.3),
suggesting that if any differences in HDBEC migration were determined it was unlikely to be
due to differences in proliferatn. The scratch assay data showed that the HDBEC migrated
as expected but there &s 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
o Brystallin. 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 threthe results showed thaMDAMB-
231/WT cells produce more VEGF than MBB:231/CRYABells in the serum starved media.
Since VEGF is known to induce endothelial cell migrgBogaet 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, theveas no significantdifference seen
between MDAMB-231/WT cells and MDMB-231/CRYARsells. 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 ofGfand 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. Yangt aldemonstrated that the contioned media fromSKBR3 trastuzumalesistant

cell line, which was derived from SKBR3 Hp#&#ive breast cancer cells, induced the
sprouting of human aortic endothelial cells (HAECs) compared to parental trastuzumab
sensitive SKBR3 cells. Interestingty,h e group d e mo nceydtallim wasd t ha
significantly greatem SKBR&astuzumabresistant cells thartrastuzumabsensitive SKBR3

parental cells. Importantly, treating HAECs with conditioned medium from SKBR3
trastuzumabresistant cells afteo Brystallin expression had been knocked down led to a
significant decrease in the tubule formati¢¥ianget al.2022) In contrast, conditioned media

from a Erystallin high expressing cells MIMB-231/CRYABr MDAMB-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 contradicesylts. In

addition, the difference in molecular characteristics between triple negative breast cancer

cells and HERgRositive breast cancer Hs possibly has an influence. Moreovehe

endothelial cells thatvere usedare microvascular endothelial dslderived fronthe dermis

of juvenile foreskin and adult skin, whereas in the Yahgl study the human aortic

endot hel i al cells are cardiac endothel-i al ce
crystallin on endot hel i adystdlinwas Upeegufatedrdoread | on
tubular morphogenesis in bovine capillarydenhelial cells and telomerasenmortalized

human microvascular endothelial cells. As a result, the total length and area of formed blood
vessels were significantly i-onstllea@®imecteta.o mpar e
2008) Therefore, it a pcpystadim an enddthelial cdll hresponsefid e ¢ t

dependent of celtype and/or the perforned assay.

In summary, the data demonstrated that conditioned media from MDB&231/WT, MDA
MB-231/CRYABNd MDAMB-468 cells under the conditions tested here has no influence on
t he mi gr a icrystliin espressionairBHDBECS. More investigationneeeled to

confirm this result by using other models than the conditioned media.
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Chapter6 9 & G | 0 f A & K A yeFstadirkafeliskh® NJ h
response totreatment

6.1 Introduction

In this chapter, the effects of the neutralizing amiEGF antibody, bevacizumab, on the
growth kinetics of MDAMB-231/WT and MDAVIB-231/CRY ABells orthotopcally implanted
into nude mice have been evaluatd@urthermore, the effects of doxorubigibevacizumab
alone or in combination were assessed in mice beaMilipA-MB-231/CRYABNnd MDAMB-
231/WT tumours To determine if CRYARalters the response to treatments. Following
resection, angiogenesis and apoptosis were evaluated usingEHGE levels from tumour
tissues and blood serum were alswasured to evaluate any difference between MBIB-
231/WT and MDAVIB-231/CRYABImours.

One highCRYABXxpressing clone of MDMB-231/CRYABells and the wildype counterpart
cellswere injected into BALB/C mice. Initially, a pilot study was performed to determine the
optimal dose of bevacizumab that rdtd in inhibition of tumour derived VEGF. Following
this, the same clone of MDKB-231/CRYABells 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. @ce 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 wek to check the effect of the treatments on tumour growth. At the end of
the experiment, blood was collected to measure VEGF in sanotumours were excised

for subsequent analysis of VEGF levels by ElWLSAddition,vascular cell markers and
apoptosiswas assesse#lia immunohistochemistry for CD31 CD34 and aetagpase 3.

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

The aim of this chapter assessment of tha vivoefficacy of bevacizumab, doxorubicin and
the combination of both drgs on the growth andhev ascul ture of -high

crystallinbreast cancer cellsTo achieve this,

1- Evaluate thenfluence ofCRYABverexpression on tumour growth and production of
VEGHyY measuring the tumour volume and VEGF levels

2- Evaluate the response of establishionours to bevacizumab, doxorubicin and the
combination of both treatmentby 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 wheher CRYARIters the level of apoptosism vivg by quantification of

active caspas& using IHC.

6.3 Results

6.3.1Establish the optimal dose of bevacizumab for reducing tumour derived VEBG#O0
First, apilot studywas performedo establish the optimal comntration of bevacizumab for
reducing VEGF production by MIB-231 breast cancer celli® viva 1X16 MDAMB-
231/WT cells were injected into the right and left fourth mammary ducts eivé2k BALB C/
mice (n=3/group). ®Mays after tumour cell injection, ite were randomly divided into four
groups of equal tumour size and treated with 5rkg/7.5mg/kg, 10mg/kg bevacizumab or
saline as a control three times a week. The mice were catleldy 30after initial injection of

tumour cells At the end of the proedure, the serum and primary tumours were collected for

VEGF analysis by ELISA assay. The lowest concentration that inhibited VEGF concentration

was used for the subsequeirt vivocombination treatment study.

The results showed that 7.5 mg/kg and 10 mglieyacizumab resulted in inhibition of the

tumour VEGF (Figuré.1l). 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 optal 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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Figure6.1 Effect of bevacizumab on VEGF concentration in MMB-231/WT tumour
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6.3.2 Effect of CRYABN tumour growth and response to differentreatment protocols

1X16G MDAMB-231/WT or MDAMIB-231/CRYARells were injected into each of fourth
mammary gland iri2-weekold BALB/C mice. Once the tumours had established, the mice
were randomly divided into four groups and treated with 4 mg/kgatakicin once a week,
7.5mg/kg kevacizumab 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 whethelCRYABad an effect on the growtbf 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 wergacrificedand tumours were excised and weighed.

The data demonstrated that MDMB-231/WT grewfaster resulting insignificantlarger
tumours compared with MDMB-231/CRYABImMours(p=0.0499)Figure6.2 A&B). In MDA
MB-231/WT tumours, doxorubicin alone and bevacizumab alone significantly inhibited
tumour growth compared with saline (p= <0.0001 apd 0.0011 respectively). The
combination of both treatments reduced tumour growth significantly (P= <0.0001); however,
the addition of bevacizumab did not potentiate thedfect of doxorubicin(Figure6.2 C. In
MDAMB-231/CRYABumours, doxorubicin inhibéd the tumour growth significantly (P=
<0.0001) whereas bevacizumab did not reduce the tumour volume. In contrast tcNWEBDA
231/WT cellgdoxorubicin and bevacizumdbgetherresulted inmore effect than each drug
alone;significantly reducing tumour growttompared with the control group (Figufe2 D)

(P= <0.0001).

At the end point (day 40), the weight of the tumours in all groups were measured (Big)re

The average weight of MBMB-231/WT tumours treated with doxorubicin decreased
significantly compred 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 inbevacizumab 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 MDAMB-231/CRYARBumours followed the trend seen in tumour volume with
smalle tumour weight. The tumours that were dissected from the doxorubicin treated mice
decreased in weight when compared to the contrbhwever, 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 NUBAR231/WT
tumours independent of bevacizumab, whereas the combinatérthe drugshad more

inhibitory effect on MDAVIB-231/CRYABimour growththan each drug alone.
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Figure 6.2 Effect of doxorubicin and bevacizumab, alone and in combination on M2B-
231/WT and MDAMB-231/CRABon tumour growth, in vivo. 12-week old BALB/c nude mi
were injected into the # left and right mammary glands with 1 x3IIDA-MB-231/WT and MD#
MB-231/CRYABells. Once primary tumours had established, mice were randomised into ¢
of equal tunour volume before being treated with either 4 mg/kg doxorubicin, 7.5 m
bevacizumab, combination of doxorubicin and bevacizumab or saline. Tumour volun
measured with digital callipers three times per week until cull déyeresults presented al
combined from two studies; in each study, 32 mice were divided into 8 grodp3he plot
represents thetumour volumeof MDAMB-231/WT and MDAVIB-231/CRYAR control grouj
only (saline) The data analysed by Unpairetest. B) Appearance of different gugps at the en
of one experimentTumour volume of MDMB-231/WT,C)and MDAMB-231/CRYARD). The
Datawas analysed by two way Anova with Tu%
p=0.0499 mean £+ SEM, n=8 animals per group.
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Figure6.3 Weight of MDAMB-231/WT and MDAMB-231/CRYABumours after treatmeni
with doxorubicin and bevacizumab, alone or in combinatiodice were injected into the 41
left and right mammary glands with 1 x%df MDA-MB-231/WT and MDAVIB-231/CRYABells
Once primary tumours had established, mice were treatethwither 4 mg/kg doxorubicin7.t
mg/kg bevacizumalihe combination ofdoxorubicinand bevacizumab or saline. Tumour w
excised and weighted at the endipb(day ). The results presented acembined data fror
two studies, in each study 32 mice were divided into 8 groups. Wasanalysed by Ordina
oneway ANOVAvithTuk ey’ s mul t i pl*e =03 npa0.00% BEMsSN=8
animals per gup).
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6.3.3 The effect of bevacizumab and doxorubicin alone or in combinatamVEGF levels

To establish whethe€CRYARIters the ability of bevacizumab to inhibit VEGEISAvas used

to determine VEGF concentration in both tumour tissues and blood seruce. Wkre treated
prior the end point (Day 40) with 4 mg/kg doxorubioimcea 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 resilts showed that MDAVB-231/WT tumours producedsignificantly more VEGF
compared to MDAVIB-231/CRYABumours (P= 0.0021)jFigure 6.4 A)which is consistent

with in vitroresults. Bevacizumab and the combination of both doxorubicin and bevacizumab
decreasd the concentration of VEGF significantly in MB-231/WT tumours (P=0.001),
whereas in MDAVIB-231/CRYABumours, only the combination of both doxorubicin and
bevacizumabnhibited the production of VEGF significantly (P= 0.03) (Fig4rB,g. These
results suggest thatumours derived from CRYARBransfected cellsare less sensitive to
bevacizumab due to the lower levels of VEGF produced. Howeveepthbination of both
treatments decreased VEGF significantly. The results suggest that the inhibittoimotir
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 fromamtamour cells

(data not shown).
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Figure 6.4 Human VEGF concentrations (pg/ml) in MBDAB-231/WT and MDAMB-
231/CRYABumours following treatment with doxorubicin, bevacizumab, or a combinati
of the two treatments. 12-week-old BALR: nudemice were injected into the 4th left and ric
mammary glandswith 1 x 16 of MDAMB-231/WT and MDAVIB-231/CRYARells. Once
primary tumours had established, mice weselected randomly to bé&reated with either <
mg/kg doxorubicin7.5 mg/kgbevagzumab, combination afloxorubicinand bevacizumalor
saline. At the end point (day 40), tumours were collected and analysed by fiaL ISAnar
VEGF expression. O.bg'p Lof total protein in total volume of 10Qul were analysed. Tt
optical density was nmasured at 450 nm and 540 nm for background correction. The
concentration of all samples was interpolated from the standard curve of known concen
samples.A) The plot representsthe VEGF levelof MDAMB-231/WT and MDAVB-
231/CRYAIR control goup only (saline)The data analysed by Unpairetesst (**p= 0.002],
+ SEM; n =@ animals per group/EGF levels from MBEMB-231/WT tumoursB)and MDA
MB-231/CRYABC) Data were analysed byrdinary oneway ANOVAvith Tu k ey ’ s
comparisons tesf**p= 0.001, *p = 0.03, SEM; n =@ animals per group)
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6.3.4Murine-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 thisurth mammary glands with 1x%@ells of MDAVIB-

231/WT and MDAVIB-231/CRYARells. Once the tumourkad established, the mice were
randomly divided into four groups and treated with 4 mg/kg doxorubicin once a week,
7.5mg/kgbevacizumab three times a wegke 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 murin® EGF in serum between MBAB-231/WT bearing mice and MDA
MB-231/CRYABearing mice (Figuré.5), suggesting that the presence of different sized
tumours (large WT vs small CRYAB) does not influence host VEGF.

In tumours, there iso significant differene between treated tumours and controls in MDA
MB-231/WT tumours. In MDMB-231/CRYABumours, the treatment combination led to
significant inhibition of VEGF compared to bevacizumab altmis.could potentially be linked

to the substantially smadl sizeof 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 tumalarived human VEGF (Fig.é).
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Figure6.5 Murine VEGF in serum (pg/mlMice were injected into the 4th left and ric
mammary glands with 1 x $tMDAMB-231/WT and MDAVIB-231/CR/ABcells. Onc
primary tumours had established, mice were treated with eithang/kg doxorubicir
7.5 mg/kg bevacizumal combination of doxorubicin and bevacizun@tsaline. At th
end point (day 40), blood serum was collected and analysed by Eli8mdse VEC
expression. The optical density was measured at 450 nm and 540 nm for back
correction. The VEGF concentration of all samples was interpolated from the st
curve of known concentration samples. The data plotted are mean £SEM4 amfhals

per group

133



VEGF pg/mi

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

300 300

® L %

200 T 200+ A__A
\4 E=) —A
o [ | |
| ] ™ ._:E 4
A 2
100- % % > 100 - N
A °
]
[ ) v vév
0 I 1 1 1 0 I 1 1 1
N XY N hY 3
< M D <f < o" 2 F
> \ Q x > Q Q x
& \V \¥ + P . \¥ +
N & o Q° o\\ & & °
& ¥ o &F & & F
o N < o o g
<o +° o~ (©) F o
° %04 <° @04

Figure 6.6 Mouse VEGF concentration (pg/ml) in MEMB-231/WT and MDAMB-
231/CRYABumours following treatment with doxorubicin, bevacizumab or combination
the two treatments.1 2ve eokk d B AL B/ ¢ niund eeicmteodellt dvfetr @ ¢
mammary wiltandekf $ MBR3 1/ WT aMBR2 3MHVA ¢ e IOh ¢
primary tumours hadtreesdtadd i wihteldd e i fteh
mg/ ke@vaci,znchoarba tdiooxmo roafblde v anc iozru nsaabl i ne .
(day 40), tumours were collected and pg
/luLof t ot al protei rulwemr et atnall ywoeldu merl hoef ol
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interpolated from the st ansdaampdl ecsu.r vl®a tc
byr di na-wgy o AWNOYAKsymul ti pl e dadnpp amedatdrid:
n 43ani mals per group.

134



6.3.5MDA-MB-231/WT and MDAMB-231/CRYABumour microvascular density following
treatment with doxorubicin, bevacizumab or combination doth.

To establish whethelCRYABas an influence on host vasculature, two endothelial cell
markers, plateleiendothelid cell adhesion molecule (PECAXCD31) and CD34 were scored

by IHC. CD31 is an adhesion molecule expressed mainly by endothelial cells and other
hematpoetic cell§Sapincet al.2001) It is a well described marker of endothelial cells and is
used to assess the vascularity of tumours in both monedels and huma(Horaket al. 1992,
Qiaoet al.2022) CD34 is a marker of newly developed vessels and proliferating endothelial
cells (Vizioet al. 2013) In addition, CD34 is expressed by hematopoietic and endothelial

progenitor cellgVizioet al.2013)

The vascular area was assessed in tumourpiaytifying 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.

Staning with CD31 showed that MBEMB-231/WT tumours were more vascularised than
MDAMB-231/CRYABumours (Figure 6.7, 6.8)The combination of bevacizumab and
doxorubicin significantly decreased the vascular area compared with control and doxorubicin
alone = 0.0288 and 0.0187, respectively). There was no significant difference between
bevacizumab alone and the combination of doxorubicin and bevacizumab (Biguée8. In
MDAMB-231/CRYABuUmours there was no significant difference in vascular area betwee
all groups (Figuré.7, 6.8. The data demonstratthat MDAMB-231/WT vascularity was
affected more than MDAB-231/CRYARBs evidenced by active angiogenesis through high
concentrations of VEGF and more blood vessels in-MBA&31/WT tumours compared wit

MDAMB-231/CRYABIMours.

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
MDAMB-231/WT and MDAVB-231/CRYABumours (Figure6.9, 6.10. No significant
difference was seen in the treated groups compared to the control group for both-MBA

231/WT and MDAVIB-231/CRYABImMours.
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Figure 6.7 Tumour vascularity of MDAVIB-231/WT and MDAMB-231/CRYAB tumou
following treatment with doxorubicin, bevacizumab and combination of bat&D31 staining
Mice were injected into the 4th left and right mammary glands with 1 XdfQMDAMB-231/W1
and MDAMB-231/CRYAB cells. Once primary tumours had established, mice were treat
either 4 mg/kg doxorubicin ,7.5 mg/kg bevacizumab, combination of doxorubicul
bevacizumab or saline. FFPE tumours sections were stained for CD31 and counterstai
haematoxylin. Representative images of MBIB-231/WT and MDAVIB-231/CRYAB tumo
vessels captured at 10x magnification from whole slide scanning (scale bar=100 pm)
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Figure6.8 Tumour vascularity of MDAVIB-231/WT and MDAMB-231/CRYAB tumours followir
treatment with doxorubicin, bevacizumab and combination of both: CD8thining. Mice were
injected into the 4th left ad right mammary glands with 1 x 86f MDAMB-231/WT and MD#
MB-231/CRYAB cells. Once primary tumours had established, mice were treated with ¢
mg/kg doxorubicin ,7.5 mg/kg bevacizumab, combination of doxorubicin and Bevacizul
saline. FFPE tupors sections were stained for CD31 and counterstained with haematc
Vascular area was quantified by calculating the mean percentage of DAB positive staining
positive pixels) from whole scanned viable tumour tissue using QuPath irNVEZ81/WT anc
MDAMB-231/CRYB. Data were analysed by Ordinary emeay A NOVA wi t h
comparisons tes{ *=0.0288for Control (saline) vs. Dox+ Be¥p=0.0187for Doxorubicin (Do:
vs. Dox+ Bgymean = SEM; n =& animals per group.
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Figure 6.9 Tumour vascularity of MDAVB-231/WT and MDAMB-231/CRYABtumours
following treatment with doxorubicin, bevacizumab and combination of both: CD34 stair
Mice were injected into the 4th left and right mammyaglands with 1 x f MDAMB-231/W1
and MDAMB-231/CRYABells. Once primary tumours had established, mice were treatec
either 4 mg/kg doxorubicin, 7.5 mg/kg bevacizumab, combination of doxorubicir
bevacizumab or saline. FFPE tumours sectiegre stained for CD34 and counterstained \
haematoxylin.Representative images of MEMB-231/WT and MDAVIB-231/CRYABumour
vessels captured at 10x magnification from whole slide scanning (scale bar=100 pm).
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Figure 6.10 Tumour vascularity 6 MDA-MB-231/WT and MDAMB-231/CRYABumours
following treatment with doxorubicin, bevacizumab and combination of both: CD34
staining.Mice were injected into the 4th left and right mammary glands with 11 0/DA
MB-231/WT and MDAVIB-231/CRYARells. ice 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. Vascularea was quantified by calculating the mean
percentage of DAB positive staining (% CD34 positive pixels) from whole scanned tumour
tissue using QuPath in MEMB-231/WT and MDAVIB-231/CRYABData were analysed by

ordinary oneway ANOVA

animals per group.

compdrisons test, meat SEMp h=eB
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6.3.6 Expression of active caspagefollowing treatment with doxorubicin, bevacizumab

or combination of both

The combinationof doxorubicin and bevacizumainhibited tumour volume INCRYAB
expressing tumours was likely due to in part because of the decreased VEGF levels in this
group.Apoptosis induction in this growpas also assesséy staining the tumour tissues with

an antibody to cleaved and therefore active caspaswhich is the exetioner of apoptoss.

The number of caspasg 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 ar€hg results showed that the percentage of
cleaved caspase 3 positive cells was higher in IMIBR31/WT control saline treated
tumours compared with MDMB-231/CRYABreated with saline. In MDMB-231/WT
tumours, a combination of doxorubicin and bevacialbmsignificantly increased cleaved
caspase 3 expression compared with doxorubicin alone and the control group (p= 0.0104,
0.0241, respectively) (Figurel@, 6.13. In MDAMB-231/CRYABumours, there was no
significant difference between any of the groufsgure6.11, 6.12. The results indicate that
combinng doxorubicin and bevacizumab increasapoptosis in wildype MDAMB-231
tumours but not INCRYABverexpressing tumours. Either apoptosis is not inducedRYAB

overexpressingumours and/or the expession of caspasg is not detected in these tumours.
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Figure 6.11 Cleaved caspase 3 staining in MB#B8-231/WT and MDAMB-231/CRYA
tumours following treatment with doxorubicin, bevacizumab and combination of bc
Mice were injected into the 4th left and right mammary glands with 1 kafGVIDAMB-
231/WT and MDAVIB-231/CRYARells. Once primary tumours had established, mice
treated with either 4 mg/kg doxorubicin, 7.5 mg/kg bevacizumab, combination of doxor
and bevacizumab or saline. FFPE tumours sections were stained for cleaved caspd
counterstained with haematoxylin. The positive DAB cells were counted, and the perc
of positive cells was calculated from whole scanned tumour tissues in the viable areas-
MB-231/WT and MDAMB-231/CRYABImages werecaptured at 10x magnificetn from
whole slide scanning (scale bar=100 pum).
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Figure 6.12 Cleaved caspase 3 staining in MBMB-231/WT and MDAMB-231/CRYABumours
following treatment with doxorubicin, bevacizumab and combination of tho Mice were injecte:
into the 4th left and right mammary glands with 1 x 106 of MDBB-231/WT and MDAVIB-231/CRYA
cells. Once primary tumours had established, mice were treated with either 4 mg/kg doxorubi
mg/kg bevacizumab, combination of doxdicin and bevacizumab or saline. FFPE tumours se
were stained for cleaved caspase 3 and counterstained with haematoxylin. The positive DAB ¢
counted, and the percentage of positive cells was calculated from whole scanned tumour tishe
viable areas in MDMB-231/WT and MDAVIB-231/CRYABData were analysed byrdinary oneway
ANOVA with Tukey’ s nmebant BEM; re=-8ammals pergraam ns t €
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6.4 Discussion

The aim of this chapter was to investigate the influenceC&YABN tumour growth in a
mouse model and the efficacy of bevacizumalCRYABverexpressingumours compared

to nonCRYABexpressing ones. Tumogecreated 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 microenvironnoetiveen MDAMB-

231/WT and MDAVIB-231/CRYABverexpressing tumours.

Bevacizumab was the first argingiogenic therapy when used in combination with a
chemotherapeutic agent (paclitaxel) to treat metastatic breast cancer in patients, showed
improvement in progressicifree suwival compared to chemotherapy alor(#liller et al.
2007) Bevacizumab monotherapy demonstrated modest therapeutic benefits, whereas
multiple preclinical investigations revealed a synergistic relationship betweeraagibgenic
treatment and chemotherapeutic agent¢Miles et al. 2010, Goldfarbet al. 2011)
Bevacizumab was therefore investigated in combination with a variety of chemotherapy
drugs in multiple phase Il clinical trigMileset al. 2010, Goldfarket al.2011) Doxorubicin

is a widely used chemotherapeutic agent and herein, was used in combination with
bevacizumab to establish any synerbjgrein, a pilot study was performed first $elect the
minimum concentration of bevacizumab that inhibits VEGF le\Rifferent concentrations
were tested (5, 7.5 and 10 mg/k), based on published papers that showietliaitory effect

of blocked VEGHY these concentrationaising tumour models and pants peripheral blood
(Caoet al. 2011, Heskampt al. 2013, Hodet al. 2014) Although,the resultin the current
study showed thatthere wasno significant difference in the levels of VEGF between these
concertrations compared tothe control, 7.5 and 10 mg/kgpf bevacizumabshowed a
reductionin VEGF levelsompared to 5 mg/kgFigure 6.1)7.5 mg/kgof bevacizumalwas
selected in the subsequent experimentéowever,further investigationscould be done to
evalatethe effect of the selected concentratison the downstreamsignallingactivated by
VEGFTheexperiments into downstream signalling pathways may give significant information
about the downstream implications of the chosen concentragjaimravellingthe intricate
network of signalling events that contribute to the observed decrease in VEGF [Ewels.

exanple, western blot analysis of théEGFmediated signalling pathways.
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Overexpression dERAY B MDAMB-231 cells implanted into the fourth mammaiigt pads,
reduced tumour growth irthe mouse model (P = 0.0499) compared with the wild type
tumours (Figures.2 A). Under control conditions (saline treated micERYABverexpresing
tumours displayed lower levels of apoptosis than wild type tumougu(E6.11) and hence
apoptosis could not account for differences in growth. It has previously been reported that
stable expression CRYAB MDAMB-231 cells promoted xenograft tumour growth and this
tumourgenic effect was partially due to resistenceumor necrosis factorelated apoptosis
inducing apoptosigkamradtet al.2005) These aut hors showed t hat
crystallin overexpressing celis vitro was not different to that of the control cell, but
nevertheless tumour growthn vivowa s e n h a n-crystdllin bvgrexpréssion. Oum

vitro data are in agreemd with Kamradtetalb ut i n o tcnystaliraonetegpressifg

cells formed smaller tumours.

In this study doxorubicin and the combination of doxorubicin and bevacizumab inhibited
tumour growth of MDAMB-231/WT cellssignificantly compared with sak. 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 alonép= <0.0001). In addition, bevacizumatdadoxorubicin 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 VESE&ls. It should be noted that
bevacizumab alone did not result in tumour regressiorMDAMB-231/CRYARells. This
could be due to the fact that MDMB-231/CRYAB tumours were not actively producing VEGF
compared to MDAVB-231/WT tumours, making their gwth less dependent on VEGF.
However the addition of doxorubicin sensitised tumours to bevacizumab treatnméenteeds

to be established why VEGF secretion is so substantially rednceRYABverexpressing
tumours.MDAMB-231/CRYABImours produced les¥EGF compared to MEMB-231/WT
tumours. Thein vivofindings confirmed whait had beenpreviously showrn vitro (chapter

3, which showed that MDMB-231/CRYABells produced less VEGF compared to MUIEA
231/WT cells. Bevacizumab alone and in combimatiath doxorubicin were effctive in
reducing VEGF concentrations in MDIB-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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VEGEF levels in MEMIB-231/CRYABuUmours compred 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 anyhef inice analysed (not shown). This migh be

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

It is thought that anitVEGF treatments have cytostatic rather than cytotoxic effects,
therefore, they are usually combined with cytotoxic agents sashchemotherapies to
maximise their anttumour effects(Gasparinet al. 2005) Bevacizumab neutralises human
VEGF and interferes with its ability to bind to VEGF receptors (VEGFR), primarly VEGR2 on
endothelial cells(KazazHyseniet al. 2010). Consequently, inhibiting VEGF prevents the
downstraem signalling such as proliferation and survival of endothelial cells. Two mechanisms
of action hae 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 pressesalting

in better oxygenatiorto the tumourand hence an improved distribution of chemotheraputic
treatments (KazazHyseniet al. 2010) It is unlikely that thenormalisation of blood vessels

was the mechanism of the synergistic effect observed in the NBA231/CRYABIMours
because the tumours produced low levels of VEGF and showed low expression of endothelial
cell markers CD31 and CD34, although this warramtser 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 fmeical and clinial studies are commonly
monitored by observing changes in variables such microvessel density (MVD), vessel diameter
and tortuosity, vascular partial pressure of oxygen, and interstitial presésingh and Lindley

2006, Batcheloet al. 2007, Wanget al. 2008, Barrakt al. 2016, Roja®t 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 istag for
endothelial cell markers such as CD31, C{®24cheloret al. 2007, Cyraret al. 2013) For
instance, a pre clinical study investigated the response to regorafenib akmase inhibitor

with antiangiognic effect by measuring endothelial cells permeability using dynamic

contrastenhanced computed tomography. The authors observed a significant decrease in
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endothelila cell permeability, suggesting that the dynamic contesdtanced computed
tomography care used to monitor the response to treatmef@yraret 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
(Baiset al. 2017) The results showed that there is association between the microvascular
density measuredy CD31 and the effect of bavacizum@aiset al. 2017) Futhermore,

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 ithe 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 hematopoitidizeThe 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 (il@5et al.

2002, Moreiraet 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 ¢towth

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 differentation, suggesting that CD34 is an indicator not only for neovascularization but
also for tumour progressio(lranigawaet al. 1997) CD34 has been utilised to assess tumour
neovascularization and microvessel density in a spectrum of carcin@raagawaet 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
(Moreiraet al. 2011) In the current study, both CD31 and CD34 were used in additi
measurement of VEGF levels, parameters that may help to report the angiogenic status of
tumours and the response to arEGF treatment. CD34 expression was less than CD31
expression in both MDMB-231/WT and MDAVB-231/CRYABumours. In addition, NDA:
MB-231/WT tumours were more vascularised than MBIB-231/CRYARBimours which may
explain why MDAVIB-231/WT tumours were larger. The simultaneous administration of both
bevacizumab and doxorubicin suppressed tumour vascularisation significantly contpared
saline in MDAMB-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 wMBIDA
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231/CRYABRumours between any groups compared to control, suggesting that redluc
vascularization may not be the mechanism by which combined bevacizumab and doxorubicin

exert their antitumour effects inCRYABverexpressing tumours.

The addition of both doxorubicin and bevaciazumab resulteshisnti-tumour effect in MDA
MB-231/CRYABtumours. 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. Thereford, was examinedvhether the combination of doxorubicin and
bevacizumab induced more tumour apoptosis in MBIB-231/CRYABImours compared to
MDAMB-231/WT tumors. The results showed that the rate of apoptegs very low in
MDAMB-231/CRYABuUmours compared to MDMB-231/WT tumours. It is difficult to
explain this esult, 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 MDAMB-231/WT and MDAVIB-231/CRYABtumours is still an
unanswera@ 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 MBWB-231/WT and MDAVB-231/CRYABumours. In
addi tion, t hecrygtatlipintersosritissues neddo be 8stablished to ensure

that the differences between MDAMB-231/WT and MDAVB-231/CRYARre associated

with levek of a Erystallin.

This study is the first to show th&RYABverexpression 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 tteémains to be determined.
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Chapter7 General Discussion

7.1" -crystallinas a potential lomarker for resistance to antingiogenic treatmens

Angiogenesis plays a critical role in tumour growth and metast@tkman 1971)a
hypothesis that ledto development of numerous argtngiogenic treatmets. 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 treatmestand some of them show an irati 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 hedy 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 afteide exploring of many potential biomarkers, there are

no reliable and validated biomarkers that would enable to select more responsive patients.
This is oneof the challenges in using aatigiogenic treatments. There is urgent need to
identify more biomarlkers to improve te s e t r e a {rysalint ssheat sh&ck protein

that was associated with aggressive types of breast cancer, including basal like and triple

negative breast cancer was studied in this thesis.

o Erystallin acts as a chaperone molecule, an -aptptotic protein and prevents the
aggregation of misfolded proteins under several stress condifidoswitz 1992)Importantly,

it is suggested te a main regulator of endothelial cell survival during tumour angiogenesis
(Dimberget al.2008) Endothelialcelld e ve |l op e d i n-crystalineverddisrupted ng o B
and showed signs of apoptosis, suggesting that the protein acts as a regulatory factor in
endothelial cell§Dimberget al. 2008, Kaset al. 2010) -cryBtdlin was found to protect

VEGF from proteolytic degradation and transfer it to the endoplasmic reticulum for refolding

and secretionKaseet al. 2010) Inin vivomodels, tumours grown i€RYAd8leficient mice

were less vascularized and showed signs of apoptosis in contrast to tumours frotypeild
mice(Dimberget al. 2008) Mo r e ecwystallin wasisBown to elmcalise with endothelial

cells in breast cancer xenograft tissues, and particularly after treatment withvV&@EF agents
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(Ruaret al.2011) These data poist o -coy®allin as a main regulator of VEGF and tumour
angiogenesis. VEGF is the most potent angiogenic factor that stimulates migration and
survival of endothelial celkShibuya 2011)Several malignancies overexpress VEGF and that
associates with poor prognosiépte et al. 2019) 't i s t-orgstalpnkstimulatdsat o B
tumour angiogenesis by enhancing the stability of VEGF and increasing the survival of
endot hel i al cell s. Ther e-trystalle toturncureangpgemesie c t i Vv €
may ontribute to resistance to angingiogenic treatments. The aim of this thesis is to test

w h e t h-erystalinBatributes to resistance to ardngiogenic treatments in breast cancer.

To elwucidate t he-crystalimdntbreasncancer cells| a& conopfehernmsiBe
approach was employed, encompassing two distinct methodologies: overexpression and
transient knockdown -enistallin gvas RyStématically ovareikpeessedh ¢ e .
by integrating cDNA containing theRYARjene into MDAMB-231 cell linesGenerating

stably transfectedcell lines ensures sustained expression of the protein over extended
periods Given the extended time required fathe in vivo experiments involving the
cultivation of primary tumours anthe evaluation ofthet r e a t pffecacy thesgenerated

stable cell lines were usedheCRYABverexpressing cells were also used to study the effect

of overexpression on growttlynamics, apoptosis induction following doxorubicin treatment,

and VEGF prodtion. Conversely, a complementary approach involving transient knockdown
using si RNA was e mpctystajlie grotein tevels i 1DRIBA68tcdlle o B
This model was used to study the influence of knockdawrWVEGF productioonly in vitro

sine the knockdown istransient It is important to acknowledge the potential of
CRISPR/Casfediated gene deletion as an alternative method. This method offers the
potential ofgeneratestable cell lines, enablinfe study ofthe influence of protein deletin

in viva

7.2¢ KS ST ¥-&\Stallin vErexpression on the proliferation and apoptosisvitro

o Erystallin was found overexpressed by numerous malignancies, including basal like breast
cancer and triple negative breast can¢btoyanoet al. 2006, Sitterdinggt al.2008, Kinet al.

2011) Triple negative breast cancer is one of the most aggressive types of breast cancer and
is considered as a negative prognostic faqtéinet al. 2020) Ch e | o u cthaé (2004 v
demonst r atcedallin was assoadaid with lymph node involvement in metastat

breast cancer I n 1 mmune -cdystdllin was dinkad withib@ia . I n
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metastasis and suggested to be a biomarker for selecting breast cancer patients with high risk

of brain metastasiéMalinet al. 2014, Voduet al.2015) T h e a s s eckystalliiwito n o f
tripleenegati ve breast cancer, brai n adrgstaliny mph n
may be considered as a poor prognostic factor in breast cancer patients. Herein, we confirmed

t h a tcrystalin is expressed in MEMB-468 but not in MDAVIB-231 cells. Both are
metastatic triple negative breast -coystalicer c el
expression was detected in metastatic breast cancer cell lines, includingN¥B#68, and

GILM2 but was not detected in MEMB-231 cellf Ch e | o uetah2004) kamradtet al

also showedthatMDMB-2 31 c el | s d erystabin Kareradpet ad 2085 TheBe

studi es i n-drystlintmay notlalaays be &pressed in metastatic breast cancer

cells.

o Ecrystallin acts as a cytoprotective and aapioptotic protein and was suggested to be an
oncogene(Moyano et al. 2006, Bakthisararet al. 2015) This antiapoptotic function is
thought to increase the prolifetai o n r actystallimnovererpBessing cellSontrary to
expectations, the growth ofa Erystallin overexpressing MKB-231 cells did not
demonstrate a significant difference compared to their wild type counterpart dedsradt

et al. (2005)also found that overexpes i on o f  acrystallih abnstrugt pite MDLAB
MB-231 cells, the same cell line used in our study, had no effect on the proliferation of the
cellsin vitro and thereforethe results of this studyare in agreement with their study.
Interestingly, these authors found that overexpression of a mutant construct timamics

p hosphor-grysallinatdserkd Berd5 and semOMDAMDA-231 cells inhibited their
proliferation. This study suggests that phosphorylation status Btrystallin is importantor
regulating proliferdion. Thefindings of this studyare also consistent with a previously
published report showi ng -ctystadlinin baddercangepaellss s i on
had no significant effect on their proliferation compared to cohtrells(Ruanet al.2020) In

c o nt r arystallin omeBexpression promoted the proliferation and invasion of colorectal
cancer cellgLi et al. 2017) Similarly, other groups showed that overexpressio o ¥ o B
crystallin in human mammary epithelial cells induced maligriet properties such as
luminal filling and increased proliferation. Similar to the MBB-231 cells, overexpression

of t he pho sqyhktalin mutaat {aesdrl9psBr45 and sy mammary epithelial

failed to induce development of malignalike properties(Moyanoet al.2006)
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One of the most kcrystallimis ifs amapoptotio farstioroThe dataf

this studys h o we d t h a tcrystaltineogetexpresgsingoc8lls with doxorubicin, induced
apoptosis more than in wild type cell$.has been reported that the chaperone function of

o Brystallin is dependent on its phosphorylatiBakthisararet al. 2016) We do not have
any information on t he -prystalinphatwe oyereapressedandst at u
whether it might have influenced its function as an aapioptotic protein. Due to the
conflicting f i ndtitcrygalin padspharyation &ind the poskilality that itsa B
functions may be highly contexiependent, it is unclear whether phosphorylation and at
which specific residues is essential for its chaperone functioBrystallin phosphorylation

at ser59 was found to be essential to act as a cytoprotective protein in cardiac myocytes and
endothelial ells (Morrisonet al. 2003, Dimberget al. 2008) Specifically in breast epithelial
carcinoma MCF7 c el | scrystallint overneapsessiorelgveredtapogtosis h a t
levels in response to inhibitors of matubule polymerization (vinblastine), used as anti
cancer agents(Launay et al. 2010) However, expression of s&0 constitutive
phosphor ycrystdllie anutant Binduced apoptosis in vinblastine treatedllsze
suggesting that phosphorylation f -coydallin at this specific site can drive apoptosis
(Launayet al.2010) Our dat a s frgstaléndovetexpreessionadid notiBluence
proliferation while overexpression had a negative influence on apoptosis. It seems that
testing f or pcrysiaflipimtioercelld uaed #islstudy Biill be essential in order

to understand the negative effectshat were observed on apoptosis induction by
overexpessinga Brystallin. Although it is not clear which kinases mediate phosphorylation
of various residues io Erystallin in cells, it is thought that members of the MAPK pathway
which are highly activated in cancer are invol@turanovaet al. 2018) Understanding
pathways that lead to phosphorylation of BErystallin 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¢ KS Ay T daysfallirSoveze¥pression and knockdown on VEGF production

As stated above, t h-erysilinbas meentlinkedsvithfiVEGFdntseverat o f
studies. Kaseet al. (2010) reported that a Erystallin protects VEGF from proteosomal
degradation under hypoxic stress and redirects VEGF to endoplasmic reticulum to be refolded

and secreted. Gr owi ng n uarybtdlin stimdlategtheisuhvevalc e s h
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of endothelial cells and #t was correlated with protection of VEGF. This specifically has been
shown in the retinal pi-aystalindeficerdmicesftethippaxia der i
(Kaseet al.2010) The cells secreted low levels of VEGF compared to cells frortypanice.

| n add ictystahimhas beeB shown to interact with important regulatory proteins, in
addition to VEGF scatenmara protdet€dithem fromsggiledgationamch d 3
unfolding(Ghoshet al.2007) One of the main objectives of this thesis was to assess whether

o Brystallin protects VEGF and increases its secretion under stress conditions (heat shock,
hypoxia) in breast cancer cells. First, the results in chapter 3 confirmedtt-crystllin was

induced in response to heat shock in bott&rystallin overexpressing MBMB-231 cells and

wild type MDAMB-468 cells. Although Brystallin was not induced in response to hypoxia,

the expression of VEGF in the cells was testecedinypoxia is the main regulator of VEGF
pathway with more VEGF being produced during hypéarris 2002, Ruasat al. 2009)
Therefore, p r o d wrystallinoonerexpfessingEMBAB-2B 1Incellsi éhd siRNA
mediated knockdown in MDMB-468 cells was tested by ELISA. As expected, hypoxia
induced VEGF production in all cells. However, NMIBA231/WT cells significantly induced

more VEGF in conditioned media than MBIB-231/CRYAB el | s. I n heaB shoclk
crystallin overexpressing cells produced less VEGF thattypédells, VEGF produced in heat

shock was more than VEGF from cells in normal conditionsC(37) o ndcrystalinn o B
overexpressing cells notin witdy pe ¢ e |l | s :cryshlirr keakdownrcells shd@ved

the same trend. The knockdown cells proddéegher levels of VEGF than the wild type cells

in all conditions. | t -crystalin wiouiddpeotedt VEGR Vrons a g e d
degradation and increase its productiomhe findings wereunexpected and contrary to
previous st udi e scrystdliaincreashdoME@GFiIn norima tonddidhs and in
hypoxia(van de Schootbrugget al. 2013) I n the | it-eystalinunrreginal | ac k
pigment @lls reduced VEGF secretion compared to itk cells(Kaseet al. 2010) In

chapter6, we foundthe same trend in ouin vivomodel; tumours derived fronx Bcrystallin
overexpressing cells produced less VEGF thantyyle tumours. Collectively vitroandin
vvodata suggest t hat VEGF expression and]/ 0|
crystallin inthe systemused in this studyFurther 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 respensibregulating

gene expression and their distribution and expression in cancer is deregyRé&d) and
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Croce 2016)miRNA is nortoding RNA that redates the gene expression of various genes

by inhibiting their translation or regulating the cleavage of mR@aet al. 2009) It may be

useful to consider the expression of various miRNAs, for example, those responsible for
regulating VEGKSoheilifaret al. 2022) in the cell systemof this studyto see whether
overexpression afi Brystallin plays a role in regulating miRNAs that are directed against the

VEGF gene

7.4 -crystallin may act as a tumour suppressor

The | ess tumourgenrgstaltiumesverfextxmreenBi ng
crystallin acting as a tumour suppressor. Th
crystallin acts as tumausuppressor through different signalling mechanisms. For instance,

o Erystallin was found to be one of the pB&rgeted gene and is essential for pbiRluced

apoptosis (Watanabe et al. 2009)n nasopharyngeal carcinoma, overexpressioiCBfYAB

inhibited Ecadhenin translocation and internalisation from the membrane and reduced cell
invasivenesgHuanget al. 2012) a Rrystallin prevented disruption of cadherin/catenin

adherens junctions, which is a key EMTiinit i on st ep. The-crgtalinhors f
localised to junctions prevented cancer cell invasion and migration and the protein was acting
asanantoncogene. In addition, t hrcoystaimwasfeugdu| at i o
to inhibit metastsis of nasopharyngeal carcinorftduanget al. 2012) Betacatenin also

remained membrane associated, and redudedatenin signalling led to a reduction in

spheroid formation and proliferatiom vitro. It will beinteresting to see if how -Eadherin

and bcatenin are affected by Brystallin overexpression itne breast cancer cellsf this

studyand whether this is associated with the reduced tumour grotiht wasobservedin

Vivo.

Similarly, it is suggested h a tcrystalin inhibited the migration and invasion of bladder

cancer cell§Ruaret al.2020) Ov e r e x p rce/sdadlin imbhadderfcanceBecells reduced
phosphorylated ERK dnAKT(Ruanet al. 2020) Activation of MAPK/ERK and PI3K/AKT
signalling pathways through RAS activate transcription factors involved in tumour
proliferation and invasion and hence inftibn of this pathway can lead to a reduction in
proliferation(Pearlmaret al.2017) T h e s e d at acrystalligcpeldatct astumaur o B
suppressor protein via this mechani sm Howe

crystallin increased the EMT and proliferation of colorectal cancer cellsghraativation of
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the MAPK/ERK pathwali et al. 2017) Si mi -trgstallinyoyerexprBssion in human

breast epithelial cells initiated the invasive phenotype through the MAPK/ERK pathway.
Contrary to the aforementioned sdrystalyinabout
nasopharyngeal cancer, Maa al. r epor t-aystallin is associate with aggressive
phenotype of laryngeal squamous cell carcinofivio et al. 2012) These data collectively

i ndi cat e a -cgdialiri as anorcagene dr tumdBr suppressor. This, in some cases,

can be due to the different cancer typebhein vitroandin vivod at a 1 ndi cate t
crystallin may act as tumour suppressor protein. As VEGF acts as mitogenic factor for both
endothdial cells and cancer cellslercurioet al. 2005) However, more research is needed

in order to reveal the relationship betweem Erystallin and oncogenielated pathways

such as the MAPK pathway.

7.5 The efficacy of bevacizumab, doxorubicin and the combination of both treatments on

h- -crystalin-overexpressing tumours

Bevacizumab decreased VEGF levels in MBA&31/WT tumours significantly. However, it
did not decrease VEGF levels in MIAB-231/CRYABumours. It may be that because the
significantly smaller MDMB-231/CRYABumours did not actrely produce VEGF compared

to MDAMB-231/WT tumours, their growth was less dependent on VEGF. Nevertheless, the
combination of bevacizumab and doxorubicin significantly decreased VEGF levelsMBADA
231/CRYABtumours. Bevacizumab is the first aatigiogaic therapy that used in
combination with a chemotherapeutic agents (paclitaxel) to treat metastatic breast cancer
and showed improvement in PFS compared to chemotherapy dMiller et al. 2007) Our
results suggest that the combitian 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 whe&RatARIters its
efficacy, endothelial cell markers were analysed by IH@is&sissed in chaptes, 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 dtleenatopoietic cells. Here, we
used two of the widely used endothalimarkers CD31 and CD34 for estimation of tumour
vasculature along with measuring VEGF. CD31 staining showed thatMBR281/WT
tumours are more vascularised than MIDMB-231/CRYABumours (Figures.7). That may
explain the bigger size of MEMIB-231/WT tunours and smaller size of MEMB-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 MBMB-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 MDMB-231/CRYABImours in all treatment groups compared to control.

Quantification of CD34 by IHC shalve@o significant difference between treated and
untreated groups in both MDMB-231/WT and MDAVIB-231/CRYABRumours. Taken
together, the vascular marker expression was very low in MIBR231/CRYABImours. This

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

Treatment with combination doxorubicin and bevacizumab resulted in a significant inhibition
in tumour growth in MDAVIB-231/CRYARIMours. The data of IHC vascular markers indicate
that the inhibition was not due to inhibition in theasculature. In seeking a mechanism by
which the coadministrationof doxorubicin and bevacizumab causgtbwth inhibition in
MDAMB-231/CRYABImours, IHC for cleaved caspase 3 was performed. The results showed
that the expression of cleaved caspase 3 way 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 caspasen@s not detected. Alternatively, proliferation rate by IHC staining
for proliferation markers such as ki67 needs to be determined to assessiitifetion effect
seen after treatment with doxorubicin and bevacizumab was due to a decrease in
proliferation.
7.6Influence2 ¥ o NBIF ad OF yOSNJ OSt t a icrigstalinoS ELINEaa RA
endothelial cell responses
Conditioned media from breast c-aryswindidmoe!| | s e
upregulate the protein in endothelial cells was hypothesized that breast cancer cells would
i n d u emystatirBin endothelial cells and promote their cell survival. This was hypothesised
based on several studies showing tlat&rystallin promoted tumour vascularisation and
that was associated h endothelial cell survival and proangiogenic properi{iPgnberget
al. 2008, Kaset al. 2010, Ruaret al. 2011) For instance, in coulture model, breast cancer
cells induced <crgstlineax pmaodihend i afl okdrybtalin The i
in endothelial cells was correlated with the malignancy of breast cancer cells used in-the co

155



culture model(Ruanret al.2011) This was in contrast to our dates eonditioned media from
MDAMB-231 and MDAMB-468 cells that are both highly tumorigenic cells failed to induce
t he expr eaystallio m enodthelial Bells. It may be that the growth factors in our
conditioned media were too dilute to influencemed ot hel i al c e-trystallmxipr e s s i
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 factorsvere degraded during this procesklore experiments are
needed to establish the effect of conditioned media isolated from breast cancer at different
time points. In addition, differences betweehe model of the present studyand those
presented in previos published data may explain the difference of outcoifteeconditioned
mediawas used in this studywhereas previous authors used-colture models. The co
culture model may ensure the transfer of growth facdhrough transwell inserts to
endothelial ells directly.Herein endothelial cells were incubated directly with conditioned
media from breast cancer. The model of-@dture may facilitate the delivery of growth

factors between cells more efficiently than conditioned media.

The migration of enddtelial cells might be influenced by the production and secretion of
various factors from breast cancer cells with different levels &rystallin. These factors

might include VEGF but also other growth factors that can support endotbelisinigration

ltwash y pot hesi s e-rystallinaoterespiessionded to Bhanges in VEGF production

and potentially production of other factors that might influence migration, conditioned media

from the breast cancer cells would influence endothelial migratia significant difference

was found between any of the cells that were incubated with conditioned media from breast
cancer <cell s expr e scystallig. Theicdnditieneck media flom WIBA s o f
MB-231/WT was confirmed to have more VEGF thiaat from MDAMB-231/CRYARBells

(chapter 3). It is well established that VEGF acts to stimulate migration of endothelial cells
(Sogeet al.2001) However, the higher amount of VEGF produced from NMBA231/WT did

not enhance endothelial cell migration cpered to MDAMB-231/CRYAB our experiments.

In contrast to a previously published study, conditioned media from SKBR3pdERZe

breast cancer cells induced tubular formation of endothelial cells compared to control cells.

The induction of angiogenesi was s ubst ant i-arystaln(Ydngepak20a)e nt o n
Another study byDimberget al. (2008)who also performed the tubular formation agsand
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f ound -trystallin wasBignificantly induced in endothelial cells during the formation of

blood vessels. The tubular formation is an assay that is used to ass@g®angiogenesis

and could be an additional method for testing the effect<Cdfl from breast cancer cells in

the model systenof the presentstudy Col | ecti vel y, 1t -cygaprear s t
on endothelial cell response is dependent on -tgtle and/or specific assay conditions. In
addition, it could be that the le\s of factors in conditioned media were not sufficiently high

to influence migration.
7.7¢ KS Ay G SNI Ol-onaglinas VBGES Y b .

High levels of VEGF indicate poor prognosis in various malignéRomset al. 2001) VEGF

is a mitogenic factor that increases proliferation, survival and migration of endothelial cell
(Apte et al. 2019) Both clinical and animal studies demonstrated that VEGF is a mitogenic
factor also for malignant cells. Foistance, 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 signalliiDe Jonget al. 1998, Mercuricet al. 2005) On the level of

gene expression, both VEGFR1 and VEGFR2 were found expressed in breast cancer cell lines
including MDAVIB-231, F47D, and MCF{Prie 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 Jonget al. 1998, Priceet al. 2001) The | ow | evel s o-€rystddlBGF pr c
overexpressing celis vitrowere compatible within vivoresults. 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 fo slow tumour growth is lack of VE@Ependent
angiogenesis. It is also possible that growth of MBR:231/CRYABells was dependent at

least in part on VEGF signalling potentially acting in an autocrine manner. Howevero

the proliferation ofcella ppear ed t o b e -drystalia expression arnd VEGF o B
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 t hecgstadlinlevalsin bdreast carcer edld wh e
contribute to resistance to antangiogenic therapies by refolding and protecting VEGF from

degradation hence increase in its production. However, this | at i onshi-p bet w
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crystallin and VEGF from the data presented in this thesis contradicts data in the literature.
Beside the reasons of differences betwethie data of this studyand those published data
that were discussed in each chapter, the visfidf some published data may be questioned.
Forexample,in July 2022, the article by Ruat al, 2011 where they described -@ulture
experiments between breast cancer cell lines and endothelial cells on Wieawonditioned
media experimentsvere basel , was retracted by the journaue to the reuse of an image in
this article fromanother journal (Ruanet al. 2022) This should be borne in minghen

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

Because of t hecrystalip asratvBGtF cegulatmrf andoaBgiogenesis, effort has
been made t o dev-erysalpn andiVEGFantetactions. Cletfal shovided

t hat t he i nt e rcostallin anchVEGRLG5waild Ime tacgBted by small molecule
inhibitor (NCI41356) in TNB cells. They tested this compound using-MBA&31 cells and
demonstrated that this compound led to significant decrease d6NWEB5 and reduction of
proliferation and invasiveness of MEMB-231 cellsin vitro. They also showed a significant
reduction in tumour growthn viva However, MDAVMB-2 31 cel | s d arysmallin, ex pr ¢
as was observed in this study and other studie€ h e | o0 uet d. 2004, Kamradet al.

2005) The aut hor s d ocrystallin levdleimtbeir sellsraadttherefordit is
difficult to interpret their data. More studies are needed to establish tiieraction between

a Brystallin and VEGF in a wide spectrum of breast cancer cells that express the protein. This
wi || hel p t o rcestadlimih breadt @ancer arld aentifyf ways Birough which

it can be tar get ed.-crystdllin cohdbe fardetet ey speafic milNAs h a t
that target CRYAR)ene (Wanget al. 2017) For example, overexpression of rfiRL in
osteosarcomgOS) inhibited th®S cell lung metastasis, and increased the chemotherapeutic
effectin vivoandin vitromodels. This anttancer effect was found due to m#®1 targeting

the CRYABene in O$Wanget al. 2017)

7.8 Limitations and future work

The results presented in this thesigreeonl y wi t h a part -crgstalint he | i
The majority of published studies reported a tumour promotiraptiapoptotic and
proinvasive role fox Erystallinin cancer in general but also specifically in breast cancer
(Chelouch& Levet al.2004, Moyancet al.2006, van de Schootbrugge al.2013) It will be

important to establish the mechanisms through which in the current studgcrystallin was
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not protective against apoptosis and was associated with a reduced VEGF production and
smaller tumour growthThe dataof this studypoint to a Erystallinas a potential tmour
suppressor. Therare also otherstudiesthat | i n k ecnystaltnBwvith nortumourgenic
properties(Watanabeet al. 2009, Huanget al. 2012) Therefore,it is importantto establish

the mechanisms through whbh it may promote tumorigenesis or inhibitlihdeed, identifying

its specific role in the context of diverse malignancies will help to determg;eoleasa
prognostic biomarker or/and a therapeutic target.Brystallin binds to misfolded proteins
and preventstheir aggregation(Koletsaet al. 2014) Its interaction withspecificsubstrates
andmolecular systemthat may driveproliferation, apoptosis or invasiom different cancer
cellsplays a crucial rolen disease progressioft isimportant to understand this interaction
with each particular substrate and system Therefore, interactios that promote tumour
growth could be targeted through drug intervention to influencing the advancement of a

particular dseasetype.

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 de¢ailed molecular
processes that cause the observed traits dnBrystallinaltered cells. This validation
approachwill help to reveal possible protein patterns that could be responsible for the

compl ex i nter a-crystallmasVEGBFEt ween aB

Seveal studies showed that in someell t y p e srystallB chaperone functio is
phosphorylationdependent (Ecroydet al. 2007) It therefore needs to be determined
whether the pha p h or y | a{ryswalhn isoefsentiaBfor its activity as a regulator of
apoptosis and VEG#oduction in the breast cancePhosphorylation is known to influence
the formation of oligomeric structures af Brystallin moleculeglto et al. 2001) It is not
clear how oligomerization influences chaperone activity. Phosphorylation is thought to alter
t he di st r-crystallinwitbimdifferént cellBompartments. For exampte Bcrystallin
localizes to the cytoskeletom iresponse to stress stimyliaunayet al. 2006) It is possible

that in the systemof 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 e sponsi bl e for the eff-ects

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 betweerrystallin and these
dominant oncogenic pathwayin these cells. In addition, checking the markers of EMT to

c heck whoeystdllie is involNgd in regulating EMT markers.

7.9 Conclusion

The aim of this thesi s-crystalin asca paeatialebiomarker of t

resistance to antVESF treatments. Than vitroandinvivor e sul t s s uogygtalis t t h at

negatively regulates VEGF and breast cancer growth and angiogenesiscarttiasts with
previousliterature, suggesting that i n br e a-srystallmavasc e r
protective of VEGF and promoted tumour grow#dditionally,a Brystallin overexpression
tended to induce more apoptosis in response to doxorubicin compared totyple cells.

Al t hough bevaci zumab s-¢rystalle doverexpressmd fumayms c y
nevertheless, the combination of doxorubicin and bevacizumab increased the efficacy of
bevaci zuma bcrystdlim may adtslas tunoou suppressor proteirthia systemof

this studyby inactivating VEGF production. This needs further investigatioaveal its role

in oncogenier el ated pathways. Addi tciystaliradnd YEGF ih h e

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 pm nitrocellulose membrane

Bio-Rad

10% MilP ROTEAN® TGX™ |

Bio-Rad, #4561033EDU

10% MiIMP ROTEAN® T GPfotin
Gels

Bio-Rad, 4561033

10% precast polyacrylamide gels

Bio-Rad, 4561033

1X NuPAGE LDS sample buffer

ThermoFisher Scientific

3,3-Diaminobenzidine substratéRakhaet
al.)

Vector Laboratories

Alpha B CrystallinQRYAB Human siRN/
Oligo Duplex (Locus ID 1410)

Origene, SR300995

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

BCA protein assay kit Thermofisher,23250

Clarity™ Western EG(

Bio-Rad,#1705060

Dimethyl Sulphoxide (DMSO)

SigmaAldrich,D5879

Dithiothreitol (DTT)

ThermoFisher Scientific, R0O861

Dithiothreitol (DTT)

ThermoFisher Scientific, R0O861

Doxorubicin (2mg/ml)

Pfizer

Dul becco’ s phosphsig
(DPBS)

Lonza, BEX312F

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 haematoxyl inr

Sigma, GHS116

Human VEGF DuoSet ELISA

R&D systems, DY 29813

Hydrogen peroxide (30%)

Sigma

Isopropanol

Sigma, 650447

L-Glutamine

Lonza, BEXBO5E

Lipofectamine

Invitrogen

Lipofectamine  RNAIMAX  Transfecti
Reagent

ThermoFisher Scientifit3778075

Mammalian Cell Lysis Kit (RIPA buffer)

SigmaAldrich, MCL1

Marvel dried skimmed milk

Methanol

Fisher Scientific

Mouse VEGF ELISA

R&D SYSTEMS, MMV0O
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Mouse VEGF Quantikine ELISA Kit

R&D systems, MMVOO

NaCl 0.9% w/v (Saline solution)

Opt-ME M ™

ThermoFisher Scientific

Penicillin and streptomycin

Life Technologies, 15140

Pierce™ BCA Proteinr

Thermo Scierific, 23227

Precision Plus Protein Dual Color Standa

Bio-Rad, 1610374

protease inhibitor cocktail

Sigmaaldrich, 4693132001

Protogel 30%

National Diagnostics, EB90

Reagent

Supplier

Resolving Buffer x4

National Diagnostics,E€92

Stacking Gel Budf x4

National Diagnostics, EB®3

Superfrost® Plus microscope

Fisher Scientific, 10149870

Target Retrieval Solution (10x)

DAKO,S1699

TEMED Invitrogen, 1552410
TOPRO3 Thermo Fisher
Transfer stacks/ filter paper Bio-Rad

Transl|TBrca Mirus

TranslTX2® transfection reagent

Mirus, MIR6000

Trisglycine electroblotting buffer

National Diagnostics, EBBO

Trisglycine SDS PAGE buffer

National Diagnostics, EB70

Trypan Blue Life Technologies
Trypsin Lonza,17161F
Tween20 SigmaAldrich, UK

Wax pen Vector

Wei gert’s iron hemgdSigma, HT1079
Xylene ThermoFisher Scientific

Equipment detailed in Materials and Methods

Equipment

Supplier

Chemi Doc™ MP Syster

Bio-Rad

Fi sherbrand™ Bead N

Fisher scientific, 155799

HIER pressure cooker Aptum

Aptum

LSR Il Flow Cytometer

BD Biosciences

Nikon Eclipse TS100 phase contr
microscope

Nikon

Orbital shaker

Stuart, Staffordshire, UK

Pannoramic slide scanner

Sysmex

TC20 Automated Cell Counter

Bio-Rad

TransBlot®T ur bo ™ Bl ot t i n

Bio-Rad
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Consumables detailed in the Materials and Methods

Material Supplier
25 cm2 /75 cm?2 filtecap flasks ThermoFisher Scientific
5 mL roundbottomed polystyrene tubes | ThermoFisher Scientific

6, 12 & 96 well cell dwre plates ThermoFisher Scientific
Disposable pipets 10 ml Thermo fisher scientific
Macrosette processing/embeddin Simport Scientific
cassettes

Two-well silicone cell culture inserts Ibidi, 81176

Universal tubes 250 ml Sarstedt

CRYAB cDNll sequence:

GAAACAAGACCATGACAAGTCACCGGTCAGCTCAGCCCTGCCTGTGTTTCTCTTTTCTTAGCTH
AGTACCGGAAGCTTCAGAAGACTGCATATATAAGGGGCCGGCTGGAGCTGCTGCTGAAGGAC
ACCAGCCAACCGACTCTGCATTCATCTAGCCACAATGGACATCGCCATCCACCACCCCTGGAT
GCCCCTTCTTCCCCTTCCACTCCCCAAGCGACCAGITCTTCGGAGAGCACCTGTTGGAG
TCTGACCTCTTCTCAACAGCCACTTCCCTGAGCCCCTTCTACCTTCGGCCACCCTCCTTCCTG
CCCAGCTGGATTGACACCGGACTCTCAGAGATGCGTTTGGAGAAGGACAGATTCTCTGTGAA"
GACGTGAAGCACTTCTCTCCGGAGGAACTCAAAGTCAAGGTTCTGGGGGACGTGATTGAGGT
GGCAAGCACGAAGAACGCCABGBABEBGGCTTCATCTCCAGGGAGTTCCACAGGAAGTACCG
GATCCCAGCCGATGTGGATCCTCTCACCATCACTTCATCCCTGTCATCTGATGGAGTCCTCAC
ATGGACCAAGGAAACAGGTGTCTGGCCCTGAGCGCACCATTCCCATCACCCGTGAAGAGAAG
CTGTCGCCGCAGCCCCTAAGAAGTAGATCCCCTTTCCTCATTGAGTTTTTTTTAAAACAAGGAA
CCCATCAGTGARRBATCTGTGACTAGTGCTGAAGCTTATTAATGCTAAGGGCTGGCCCAGATT.
TTAAGCTAATAAAAATATCATTCAGCAACAAAAAAA AAAAAAAA

Alpha B Crystallin (RYABJ Human siRNA Oligo Duplex

Duplex Sequences:

SIRNA 13R300995ArGrGrArArCrUrCrArArArGrurUrArArGrGrurGrurUrGrGGA

SIRNA 23R300995B rArCrCrArGrUrGrArArUrGrArArArGrurCrurUrGrUrGrACT

SIRNA 3§R300995CrUrGrArArGrArGrCrGrCrCrArGrGrArUrGrArArCrArUrGGT

Scramble control§R3000% rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrGrCrGrUAT
191



