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Abstract

Triple negative breast cancers (TNBCs) are difficult to seedessfullylue to the lack

of targeted therapies.nstead, cytotoxic chemotherapy and radiotherapy are the most
efficient treatmens available A common issue witbthemotherapyis the development

of multi-drug resistance in tumours, reducing the letegm efficacy of treatments.
Studies have shown that eletel circulating cholesterol in TNBC patients associates
with an increased risk of treatment failure. Liver x receptors (LXRS) are transcription
factors activated by the cholesterol derivates, oxysterols. Their primary functitwe is
regulation of cholesteol homeostasis but they also regulate expression of
chemotherapy resistance protein;dgycoprotein (Pgp), in neocancer tissue. Previous
work from the Thorne Lab has demonstrated that oxysté¥R signalling can induce

Pgp expression in TNBC cells amosgquently enhance resistance to chemotherapy.

My first aim was to demonstrate whethentratumour oxysterol content and the
proteins responsible for their productiogorrelated with Pgp expression in TNBC
tumours, finding this to be true. Asxysterolscan be sourced from a variety of cells in
the tumour microenvironment (TME)then investigated whethethe fibroblastsof the
TME contributeto LXRmediated upregulation of epithelial Pgp expression. Here,
cancerassociated fibroblasts (CAFs) were shotenbe potent activators of LXR
signalling in epithelial cells through silicq in vitroandin vivowork in TNBC. CARgre

also shown toupregulate epithelial Pgp expression. Finally, the role of cholesterol
esterification was also investigated as than reduce intratumour oxysterol levels. To
achieve this, | performed ametaanalysis that demonstrated how cholesterol
esterification enhanced cancer progression through many mechanisms, one of which

being through increased intratumour oxysterol content.

In summary, LXR ligands and the enzymes that produce them positivelyadessaith
Pgp in TNBC tumours. Furthermore, CAFs are able to secrete oxysterols that activate LXR
and induce expression of Pgp in epithelial cells. Finally, | have demonstrated that other

cholesterol modifications, such as esterification also influence&aprogression.
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Chapter 1: Overview

1.1 Rationale

Patients with triple negative breast cancer (TNBC) are unable to benefit from effective
receptortargeting therapies such as tamoxifen amdstuzumabas thar tumourslack
the cellular receptorshat are targeted by these drug$hereforethey are treated with
non-specific, cytotoxic chemotherapy agents, which cause severe side effects.
Resistance to chemotherapy is common, rendering these treatments ineffective.
Previous work from the Thorne Lab has demonstrated how chemotherapigtance
can be inducedin vitro in TNBC through Liver X receptor (LXR) transactivation by
cholesterol derivaves called oxysterol@Hutchinson et al., 2021However, whether

this relationship exists in patients is unclear.

Fibroblasts are one of the predominant cells of the tumour microenvironment (TME).
Within the TME, fibroblasts receive signals from epithelial cells to induce their
conversion from normiafibroblasts to canceassociated fibroblasts (CAFg)at then
inducechemotherapy resistancen TNBGFarmer et al., 2009; Broad et al., 202CAF
co-culture with TNBC cell lines increased expression of canonical LXR targefBEAd,
(Camp et al., 2011lhowever whether this was induced through CAF oxysterol secretions
was unclearNormal fibroblasts produce oxysterdlKannenberget al., 2013; Lange et
al., 2009; Saucier, S. E. et al., 1996¢refore, CAFs may wwibute to epithelial LXR

transactivation and chemotherapy resistance through -mégiated upregulation of

Pagp.

Oxysterols can also undergo modifications such as esterificé@ases et al., 1998)
Subsequently,nhibition of esterificationleads to increased intratumoucontent of
unesterifiedoxysterok in pre-clinical modelgLu, Ming et al., 2013Cholesterol is also
a target of esterificationFurthermore the role of dolesteryl esters (CE&) cancer
progression is more greatly understood thaxysterol esters.lerefore, CEs haveeen
proposed as a potential target for anticancer thergplg GonzaleCalvo et al., 2015)

There are many prelinical studies investigating inhibition of cholesterol/oxysterol
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esterification in cancerwhich can aid the decision to progress potential acaincer

therapies to clinical trials.

1.2 Overall aim and hypothesis
This project aimedo investigatethe oxysterolLXR axisvithin TNBC tumoutsThe
hypotheses tested in this project were
1 LXRmediated Pgp upregulation drives chemotherapy resistancENBC
tumours(Chapter 3.
1 CAFs can transactivate epithelial LXR thromgtsterol secretions to induce
expression of LXR target gen€hépter 3.
1 Inhibition of cholesterolbnd oxysterol esterificatiom pre-clinical animal

models of cancer leads to reduced tumour volurGiagpter 5.

1.3 Outputsfrom this PhD

1.3.1 Postempresentations
1. WebsdaleA., HutchinsorSA., Liantd®, RabergLarserH., WastalL.M, Williams
B, RoseA., SharmaN., HughesT.A. and ThornelJ.L Cholesterol sidehain

hydroxylation is associated with expression eglffcoprotein anddiseasefree
survival in triple negative breast cancer patierithe 7th PhD conference Food
Science and NutritiodNovember 2020.

2. WebsdaleA.,HutchinsorSA., Liantd®, Reberg-LarserH., WastalL.M, Williams

B, RoseA., SharmaN., HughesT.A. and Thene J.L Cholesterol sidehain
hydroxylation is associated with expression egl{coprotein and diseaskee
survival in triple negative breast cancer patienthe British Association for
Cancer Research (BAOR)vember 2020.

1.3.2 Oral presentations
1. WebsdaleA.,HutchinsonSA., Liantd®, RabergLarserH., WastalL.M, Williams
B, RoseA., SharmaN., HughesT.A. and ThornelJ.L Cholesterol Sid€hain

Hydroxylation is Associated with Expression -giyoprotein and Diseaderee
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Survival in Oestrogen Receptor Negative Breast Cancer Pafeateedings of
the Nutrition SocietyJuly 2020.

2. Websdale A.Chalmers P., Chen X., KiewlYlo X., Mwarzi R., Wu R., Cioccoloni
G., Rgbergarsen H., Hughes T.A., ZulyniakAMand Thorne J.L. Sterol
esterification by SOAT1 increases cancer progression ifclipieal animal
models: a systematic review and medaalysis.Proceedings of the Nition
Society July 2021.

3. Websdale A.Chalmers P., Chen X., Kiew Y., Luo X., Mwarzi R., Wu R., Cioccoloni
G., Rgberg arsen H., Hughes T.A., Zulyniak Mnd Thorne J.IPharmacologic
and genetic inhibition of cholesterol esterification reduces tumburden: a
pancancer systematic review and meaaalysis of preclinical modeBuropean

Network for Oxysterol Research (ENGRptember 2021.

1.3.3 Published peereviewed journal articles
1. Cioccoloni G., Soteriou @Vebsdale A.Wallis L., Zulyniak M.A. and Thorne J.L.

Phytosterols and phytostanols and the hallmarks of cancer in model organisms:
A systematic review and megnalysis. Critical Reviews in Food Science and
Nutrition. 1, pp. 1-12. ReferencégCioccoloni et al2020)

2. HutchinsonSA*, WebsdaleA.*, Cioccoloni G RabergLarserH., LiantoP, Kim
B.,RoséA,, Soteriou C., Pramanik AMastallL.M, WilliamsB.,, Henn M.A., Chen
J.J., Ma L., Moore J.B., NelsonHughesT.A.and Thornel.L Liver x receptor

alpha drives chemoresistance in response to sidechain hydroxycholesterols in
triple negative breast cancerOncogene.40, pp. 2872-2883. Reference
(Hutchinson et al., 2021)

3. Websdale A.Kiew Y., Chalmers P., Chen X., Cioccoloni G., Hughes T.A., Luo X.,
Mwarzi R., Piorot M., Rgbetgrsen H., Wu R., Xu M., Zulyniak M.A. and Thorne
J.L.Pharmacologic and genetic inhibition of cholesterol esterification enzymes
reduces tumour burden: A sysmhatic review andneta-analysis of preclinical
models.Biochemical pharmacology44, pp.108119. Reference(Websdale et
al., 2021)

* denotesco-authorship.
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1.3.4 Prizes
1. BACR Executiv€ommittee Choice Poster Prizélhe British Association for
Cancer Resear¢BACR)November 2020.
2. Flash Talk Award First Plaé&ropean Network for Oxysterol Research (ENOR).
September 2021.

1.3.5 Supervision of BSc/MSc student projects

1. Laura Winde} Predicting theresponse tachemotherapy inbreastcancer. 2019
MSc

2. Xinyu ChenModifyingactivity of sterol O-acyltransferaselifferentially regulate
tumour volume andmetastasiscompared tounexposedcontrols: A systematic
review and aneta-analysis ofre-clinicalanimal models 2020 MSc.

3. Rufaro Mwaazi- Cholesteroksterification and Immune Responsegire-clinical
cancer Models: Aystematic Review &neta-analysis 2020 MSc.

4. Ruoying Wu- Cholesterolesterification andsulfation with tumour growth: A
meta-analysis ofinimal models 2020 MV&c.

5. Yi Kiew Systemic Review & Medanalysis: Intracellular cholesterol
esterification in tumour and notumour pre-clinical models202L B.

6. Elinor Bally- Cancer associated fibroblasts drive xenobiotic detoxification

through secretion of oxysterols in triple negailereast cancer02 M.
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Chapter2: Introduction

2.1 Breast cancer

Breast cancer is the most frequently diagnosed cancer worldwide in women, affecting
one in eight womerfHowlader, 2020)The disease comprises of heterogenous tumours
that typically arise from the epithelial cells of the milk ducts or lobules of the breast. In
the earliest form of dctal breast cancer, abnormal epithelial cells of the milk duct grow

to form ductal carcinoma in situ (DCIS). As these cells grow inside the milk duct and have
not yet spread into the breast tissue, DCIS is considered aswmasive. Once abnormal

cells rave disseminated from the ducts into the breast tissue, they are now classed as
an invasive carcinoma. Carcinomas are the most commonly occurring breast cancer and
FNE RAGARSR AyiG2 YdzZ (ARNR Breast dencNRiaypdsd do RS
Breast ancers possess a unique microenvironment, typically one rich with hormone
secreting adipocytedibroblaststhat provide structure to the tissuand immune cells,

which all have potential tinteract withcancer cells.

2.1.1 Stagégrade

Tumour stage describes how far the cancer has progressed, with stages ranging from 0
4. Stage 0 breast cancer denotes that the rapidly proliferating epithelial cells in the
breast duct have yet to spread into the surrounding breast, otherwise known as DCIS
Stages 13 denote the tumour size and its presence within lymph nodes, with stage 3
classed as the most severe. Stage 4 describes the dissemination of breast cancer beyond
the breast to other organs of the body, otherwise rereferred to as metastaticezanc
Diagnosis of tumours into stages provides insight into the most effective course of
therapy to take Furthermore, the abnormality and proliferative rate of cancer cells can
be classified through tumour gradinghe tumour grade can be measureglquantfying

tubule formation, nuclear pleomorphism and mitotic rat€lston, 1984)Tumours can

be classified into low (grade 1), moderate (grade 2) and high (gradesgle 1tumours

tend to growslowly, whereas grade 3 typically grow faster and are more likely to

metastasise.
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2.1.2Breast cancesubtypes

Breast cancer is a highly heterogenous disease, composed of a variety of subtypes with
their own unique features. In a clinicaletting, tumour classification relies on
immunohistochemical assessment of the oestrogen receptor (ER), progesterone
receptor (PR), Ki6and human epidermal growth factor receptor (HHER2). These
receptors enable the subgrouping of tumours into luminalufjinal B, HER&nriched

and triple negative breast cancer (TNBC) subtypes. These receptors are targets for
certain anticancer therapies. Therefore, classification of breast cancer into subtypes
can enable informed treatment decisions to optimise theceffly of anticancer therapy.
However diagnoses based on thispdotein classification alone can lead to inaccurate
prognosesand ineffective therapy selectiotihrough intratumour variation in subtype
marker expressior(Lindstrom et al., 2018; Rye et al., 201Burthermore, wariable
interpretations of histological subtypesan lead to large differences in predictive
prognosiqParker et al., 20090 enhance predictive capabilities of subtype prognoses,
an array of 50 genes, referred to as PAM50, was empl¢padker et al., 2009)he
PAMS50 method also considers the tumour size and the nodal st@tirscalsubtypes
remain within this categorisation method; however, they are not solely bound by
receptor statusof ER, PR and HERirthermore, the TNBC subtype is replaced with
basatlike and claudidow subtypeqPrat et al., 2010)

2.1.2.1 Luminal A/B

Luminal breast cancers account ®0% of breast cancer@cheampog et al., 202Q)

When assessed using immunohistochemistmynihal A tumours are denoted through

the expression of ER and PR, with low Ki67 expression. Luminal B tumours have similar
expression profiles for ER and PRuiminal A tumours but have high@ expression.

As luminal cancers share expression of ER, they are commonly grouped together as ER
positive breast cancers. When compared to luminal A, luminal B tumours exhibit an
increased chance of recurren¢®oliman and Yussif, 201 &)etastasigViale et al., 2019)

and death (Cheang et al., 2009However, both subtypes are less severe when
compared to HER&nriched and TNBEennigs et al., 2016ror example, over 95% of

luminal A patients an@9% of luminal B patients survived five years after diagnosis,
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whereas this dropped to 85% in HE&#iched patients and’8% in TNBC patients
(Hennigs et al., 2016)

2.1.2.2 HER2nriched

Tumoursthat are negative for hormone receptors (ER and PR) and express hadh lev

of HERZare classed as HERABriched HERznriched tumours account for 180% of
breast cancers. The subtype has a poor prognosis compared to luminal breast cancers

but is favourable in comparison to TNBEgnnigs et al., 2016)

2.1.2.3 TNBC/Basdike/Claudin-low

Tumours expressingeither ER, PRor HERZare classified a3NBC and acoaot for
approximately 1615% of breast cancers. Due to the lack of ER expression, TNBC and
HERZenriched tumours are commonly grouped together asi€Bative breast cancers.

Of the four subtypes, TNBC has the worst prognosis for overall suf@mdilo et al.,
2009) and metastasis(Kennecke et al., 2010; Dent et al., 200%) TNBC has
metastasised, the chances of survival fall. Median survival time has been reported to be
13.3 monthgKassam et al., 2008pmpared to a median of 4.2 years &l TNBGDent

et al., 2007)Using the PAM50 classification method, tumonnaybe classified as basal

like or claudidlow, rather than TNBC. However, these two subgroups are not direct
derivatives of TNBC, with 5% of baké tumours expressing HRarker et al., 2009)
Furthermore, claudidow tumours are reported to express ER and PR in low |¢Reds

et al., 2010) Claudirlow tumours can be distinguished from badiake tumours by their

low claudin status. Furthermore, claudiow tumours exhibit comparably high genomic
stability andhighimmune cell infiltration and low proliferative rate compared to basal
like tumours(Fougner et al., 2020; Sabatier et al., 20I4@spite these differences, the
subtypes exhiit markedly similar relapse frequenci€gougner et al., 2020and

prognosis for diseasee survival (DF$pabatier et al., 2014)
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2.1.3 Breast cancer treatment

2.1.3.1 Surgery

Surgery is commonly used to remoueast cancers. Patients will either undergo breast
lumpectomyor mastectomylLumpectomyis more commonly used to treat stage 1 and

2 tumours (61% ofurgery forstage 1 and 2ancer$, whereas mastectomy is typically
reserved for stage 3 (68% of cancer treatments for stage 3). Occasionally, stage 4 cancers
will be treated with eitherlumpectomy or mastectomy (5% and 12% of cancer
treatments for stage 4, respectivel{peSantis et al., 201 owever this is rare due to

the spread of cancer beyond the breakumpectomyand mastectomy are typically
performed in combination with other therapies to prevent the growth of residual

tumour cells and reduce the chance of recurrence.

2.1.3.2 Radtherapy

Radiotherapy is used against all stages, typically in combination with other treatments.
Radiation is used to destroy cancer cells that remain after surgical resection of tumours
or to target secondary, metastatic tumours that cannot be removedurgery. Patients

can receive either external beam radiation or internal radiation therapy for local
treatments. Adjuvant radiotherapy was shown to reduce incidence of locoregional
breast cancer recurrence in luminal and TNBC tumours, however does aibtaeli
significant reduction in HERshriched tumour recurrenc€Sjostrom et al., 2017)This
finding appears to be contested, with replacement of adjuvant radiotherapy with
chemotherapy resulting in an increased risk of locoregional recurrence in HER2 enriched
patients from other studieStal et al., 1995; Rakovitch et al., 2Q1Rurthermore,
radiotherapy incites the strongest increase in overall survival in TISE&trom et al.,

2017)

2.1.3.3Receptor targeting therapy

The expression of ER in breast cancer enables the use of systemic druigsptiatER
function. ERargeting treatment is termed hormone or endocrine therapy. Tamoxifen
is a selective oestrogemneceptor modulator (SERM) that prevents the canonical

induction of ER activity by blocking oestrogen binding. Tamoxifen is commonlyasken
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adjuvant therapy for five years, with the benefgach ageducing therisk ofan event

or death (HR = 0.5@)ndreducing the likelihood afeatment failure (Fisher et al., 1989;
Colleoni et al., 2006)urthermore, extended follow up of these patients demonstrated
the importance of continued usef tamoxifenpostsurgery of up to ten yeardishe et

al., 1996) However, tamoxifen itself is a carcinogen and is linked with increased risk of
uterine cancergLavie et al., 2008)n postmenopausal women, oestrogen production

by the ovaries is significantly reduc€dermeulen, 1976)Instead, the hormone is
predominantly produced from androgen in other tissues, notably adipose tissue. The
conversion of androstenedione to oestrone via aromatase activity is theliraténg

step in androgerderived oestrogen production. Aromatase inhibitors (Al) were
designed tampair the production of oestrogen by aromatase. Als are taken daily and
typically as adjuvant therapy, howeveomestudies suggest that Als are effective as
neoadjuvant therapySmith et al., 2005; Dowsett et al., 200€omparisons between

the Al, anastrozole and tamoxifen showed that anastrozole significantly increased DFS
(HR=0.83)and reduced distant metastaséHR=0.86)(Howell et al., 2005 nd reduced

Ki67 positivity(Dowsett et al., 2006fompared to tamoxifen. Furthermore, patients
undergoing anastrozole therapy reported fewer side effects than tamoxifen treatment
(Howell et al., 2005)Common side effects of these treatments are hot flashes, myalgias
and arthralgiagGroup et al., 2009)Trastuzumab is a monoclonal antibody that binds to
HER2, which is used to treat either HER2 enricdrddminaltumoursthat express high
levels of the HER2 recept@Nahta et al., 2006)

2.1.34 Chemotherapy

Due to the lack of ER or HER2 expression in TNBC, treatments such as tamoxifen,
aromatase inhibitors and trastuzumab areffective Instead, cytotoxic chemotherapy

and radiotherapy are the most efficient treatmesdvailable As suchthe vast majority

of TNBC patients are treated with chemotheramther thanwith receptor targeting
therapy. Chemotherapy can also be used in conjunction with receggecific
therapies such asn patients with ERpositive or HERnrichedcancers however these
patients may alsobe treated solely with receptor targeting therapig€gshemotherapy is

the systemic treatment of patients with cytotoxic agents designed to target the rapid

proliferation of cancer cells. Chemotherapy can be performed as adjuvant to surgery to
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destroy remaining cancer cells or as neoadjuvant to additionally reduce tumour size
before surgery. The most commonly used cytotoxic chemotherapy treatments are
doxorubicin/ cyclophosphamide/ paclitaxel (AQ; docetaxel/ cyclophosphamide and
doxorubicin/ cycloposphamideThe combination of docetaxel and cyclophosphamide
was more effective at increasing overall survival in breast cancer patidats
doxorubicin and cyclophosphamide (HR = 0(86hes, S. et al., 2009)everthelessthe
inclusion of doxorubicin in chemotherapy regimens rather thamlitsence is beneficial
(Casper et al, 1987) Furthermore, he additon of taxanes to
doxorubicin/cyclophosphamide combination therapy, such as paclitaxel and docetaxel,
were found to improve DF&mpared to their exclusio(HR = 0.83[Qin et al., 2011)
These treatments have a high risk of nausea and sensory neuropathes, S.E.S.,

MichaelA et al., 2006)

2.1.4Prognostic factorgor TNBC

2.1.4.1 Clinical

Many tumour and patient characteristics have been identified as useful in predicting
patient outcome with these characteristics termed prognostic factors. Typically,
prognostic factors will predict the risk of relapse, metastasis or death from disease,
providing patients with an estimated survival tirfldagerty et al., 2004nd allows for
evaluation of optimal treatment for the patieniSteyerberg et al., 2013JPrognostic
factors can be either modifiable or nanodifiable. Noamodifiable prognostic factors
includetumour size(Carter et al., 1989Yumour grade(Rakha et al., 2010hode status
(Carter et al.,, 1989) age (Brandt et al., 2015) heterogeneity of the tumour
microenvironment (TMEDirat et al., 2011; Mahmoud et al., 2012; Hasebe et al., 2000)
mammographic density and response to chemotherdypgdal status, tumour size, age

at diagnosis and oestrogen receptor status dhe most commonly assessed non
modifiable prognostic factors in predicting overall survival, recurrence or {Jiiing

et al., 2019)

Furthermore, the high heterogeneity of TNBC and limited esgcof neoadjuvant
chemotherapy against the subtype led to further subclassification to enable the

identification of targetspecific therapies(Lehmann et al.,, 2011)Analysis of
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transcriptome data from 894 TNBC tumours revealed that the subtype could be
classified into seven subgroup3f these seven subgroups, six of tin@ouldbe classed
asbasat A1S AT dzaAy3a (GKS t!apn Of I &&IFAISING
(Masuda et al., 2013)A follow up study assessed these subgroups for their pathological
complete response rates to neoadjuvant chemotherapy reporting that sameour
sultypeswere significantly more susceptible to chemotherapy treatments theneis
(Masuda et al., 2013Twosubtypes, basdike 2 and mesenchymalyere highlighted as
associativewith an increased chae of relapse and deathwhereas tumours of the
luminal androgen receptaubtypeassociatd with favourable prognosi@Masuda et al.,

2013) However, there was no investigation into the mechanisms behind the reduced

sensitivity exhibited by some subgroups.

2.1.4.2 Lifestyle

There is a growingnterest amongst breast cancer patients in whether changes to
lifestyle can improve prognosis. For example, sonaliffable prognostic factors for
breast cancer include physical inactiviiyriedenreich, 2010)leep(Costa, A.R. et al.,
2014)and alcohol consumptiofKabat et al., 2011)One area of large interest is the
effect of diet and obesity on the risk of breast cancer development and prognosis. A
meta-analysis of 43 studies investigating the association between obesity and breast
cancer survival demonstrated thaverweight patients have an increased risk of death
(HR = 1.33; 95% CI: 1191.50)(Protani et al., 2010)increased risk of breast caneer
specific death (BCSD) in overweight patients may be driven through the increased risk
of obese women developing triple negative tumouigonaDavis et al., 2008 Current
evidence suggests that maintaining giegnosis weight minimises risk of early BCSD.
Weight loss in patients with a history of cancersashown to reduce risk of developing
breast cancer, irrespective of the intention to lose weighio, J. et al., 2019%owever,
weight loss posbreast cancer diagnosis is associated with reduced overallvsiirv
(Shang et al., 202Hut this was likely unintetional weight loss through cachexia. The
influence of intentional weight loss poebteast cancer diagnosis is currently under
investigation. Significant weight gain in both prenopausal and poshenopausal
women the year before breast cancer diagnosiassociated with a-fld increased risk

of BCSOCleveland et al., 2007Furthermore, weight gain ok m n Posktdiagnosis
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associated with an increased risk of mortality compared to weight mainten@iRe=
1.23 95% CI11.09 to 1.39 p < 0.001) However, increased risk of BCSD was not
significant(Playdon et al., 2015)

Components of the diet that contribute to obesity have also been identified as
modifiable prognostic factors. For example, dietary intakeladlesterol is associated

with an increased risk of developing breast cancer (RR%95% CI1.06to 1.56;p =
0.001)(Li, C. et al., 2016Women with high serum cholesterol levels pdsignosis of
breast cancer had significantly worse chances of-ywar DFS. Furthermore, when
obesity and serum cholesterol levels were combined, the risk of reduced DFS increased
further (Tartter et al., 1981)The importance of maintaining low serum cholesterol in
risk of breast cacer development and survival is highlighted through studies assessing
the influence of statins. Statins are a class of dityggally prescribed with the intent

G2 NBRdAzOS LI (A SylevelsQStafis NaVeltieén (shoyirdto dighificantly
lower risk of diseases linked with high cholesterol levels, such as cardiovascular disease
and breast cancers. Regular use of statins pre cancer diagnosis was associated with a
reduced risk of breast cancer related dedtih w I n ®@0.631 0.9500F /b ™
(Borgquist et al., 2019Furthermore, use of statins was significantly associated with a
reduced risk of secondary tumour occurrer{edR=0.68; 95% C0.53t0 0.87;p=0.002)

(Wu, GY. et al., 2012)Kumar et al., performed analysis on the development of ER
negative breast tumours in response to statin intake. The study found that patients on
statins for over a year before diagnosis had proportionally feveeses of ERRegative

breast cance{Kumar et al., 2008)

2.1.4.3 Intrinsic

Mutations within oncogenes or tumour suppressor genes are also useful prognostic
tools. Breast cancer type susceptibility protein (BRCA) 1 and 2 are tumour sspgge
that are commonly mutated in breast cancers and associate with an increased risk of
developing breast cancgAntoniou et al.,, 2003)BRCA1 mutaticassociated breast
cancers are more often triptaegative, whereas BRCA2 mutations are more commonly
found in luminal cancer§Mavaddat et al., 2012)in TNBC, BRCA1 mutation carrying

tumours are associated ith more aggressive tumour characteristics than BRCA2
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mutated tumours(Krammer et al., 2017however there is no difference in DFS or BCSD
(De Talhouet et al., 2020BRCA1 associated breast cancers are often associated with
favourable prognosis in pareast cancer datase(®e Talhouet et al., 2020however

the evidence is conflicting when stratified by TNBIaksimenko et al., 2014; Lee, L.J. et
al., 2011; Bayraktar et al., 2011; De Talhouet et al., 202@thermore, mutations to

p53 associates withpoor prognosis but only in TNEChae et al., 2009)n its normal
form, p53 is a tumour suppressor that regulates the cell cycle, DNA repair and apoptosis.
Mutations to the p53 gene can result in cells avoiding apopidssling to malignancy.

A common missense mutation leads to the production of a truncated p53 protein, which
can lead to gain of function properties that promote tumourigenesis. Truncated p53
protein can be assessed by immunohistochemistry. Elevated p%&dociated with

higher histological grade and an increased risk of recurréRae, Y. et al., 2017)

During treatment of cancetumours may become lesgsponsive to chemotherapy
THs2 OOdzZNNBEYy OS A& RSSYSR GOKSY2NXaAaidl yoSe
methods toinactivate or redistributedrugs. Chemotherapy resistance can occur with
both targeted therapies and netargeted, cytotoxic therapyResistance to tamoxifen
therapy in luminal A/B cancers is associated with changes in expression of
transcriptional coactivators and corepressors that influence ER function at its target
promoters. For example, reduced expression of nuclear receptor cesepr (NCOR) 1,
abolishes tamoxifen SERM activity and instead, tamoxifen binding encourages canonical
agonistic action 09 wiothin vitroandin vivo(Lavinsky et al., 1998; Lu, Renquan et al.,
2016) Unlike targeted treatments, mechanisms behindemioresistance against
cytotoxic agents are usually more general. Multidrug resistance proteins present a
significant challenge for cytotoxic chemotherapy efficacy. Th@seteins are
transmembranepumps thatperform efflux of xenobioticom the cell through an AFP
dependent mechanismMany multidrug resistance proteins are more frequently
overexpressed in TNBC when compared to other breast cancer sulfiypesda et al.,
2013)and are upregulated following neoadjuvant treatmduestini et al., 2019; Kim,

B. et al., 2013)Multidrug resistance proteins are prognostic markers for reduced DFS
(Park, S. et al., 2006; Yamada et al., 2@t8)each have nuances in their drug exports

(K Tiwari et al., 2a). P-glycoprotein (Pgp)also known as ATlbinding cassette sub
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family B member 1 (ABCB1) or multidrug resistance proteia ¢éapable of exporting
drugs from cells. Like many multidrug resistance proteiRgp is commonly
overexpressed in cancers aimtreased expression in breast cancers is associated with
reduced DF®Linn et al., 1995; Gregorcyk et al., 1996; Tsukamoto et al., 1Pgp)is
more commonly overexpressed in‘BBgative cancers (12% of TNBC and 11% of HER2+)

than ERpositive cancers (5% for lumin& and BjMillis et al., 2015)

2.2 Cholesterol homeostasis and LXR

Cholesterol is essential for membrane fluidity and hormone synthesis. Anomalous
membrane cholesterol content is associated with various diseases and as such,
intracellular cholesterol is highly regulatedo control cholesterol levels, most cells
express poteins that regulate its transport, metabolism and storagéholesterol
derivatives can modulate cholesterol homeostasis by influencing signalling pathways.
Furthermore, they can act as allosteric activators or inhibitdrproteins as found in
cholesteol storage pathwayqCases et al., 1998)There are three modifications
cholesterol can undergo: esterification, hydroxylation and sulphatiétydroxylation
products of cholesterol, called oxysterols, can also lerg®d, sulphated and further

hydroxylated.The production and metabolism of oxysterols is summarisédgure 1.1
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Figure2.1 Multiple cholesterol metaboltes are LXR ligands.

The initial hydroxylation of cholesterol by cytochrome p450 enzymes3&PCYP7AL,
CYP11A1, CYP46A1, CYP27Al and endoplasmic reticulum oxidoreductase, CH25H, leads to the
formation of[1] 4 OHQBodin et al., 2001)2] 7n OHQNorlin et al., 200Q)3] 200HQMorisaki

et al., 1985)[4] 220HGStrushkevich et al., 201,1p] 240HGLund, EG et al., 1999]6] 260HC
(Andersson et al., 1989nd [7] 250HC(Lund, E. G. et al., 1998)spectively. CYP27A1 can
further metabolise #OHC, TOHC, 240HC an@QHC td8] 4 ,260HC(Bodin et al., 2002]9]

7" B@HC(Norlin et al., 2003h)10] 24,260HQBodin et al., 2002and[11] 3b-hydroxycholest
5-en-(25R)26oic acid (3BHCA)Pikuleva et al., 1998)espectively. Eithef12] CYP7AINorlin

et al., 2000)pr [13] CYP39ALiHawkins et al., 200@an hydroxylate 240HC at C7 to produce
7" @HC[14] CYP7AL also hydroxylatesGHCto produce 4 X @HC(Bodin et al., 2002)
CYP7B1 hydroxylat¢s5] 250HC andil6] 260HC at C7 to produce 72 @HC and 'V < @HC,
respectively(Yantgvich et al., 2014)17] CYP3A4 hydroxylate§ @HC to producel7 ~ @HC
(Griffiths et al., 2019)18] CYP11A1 hydroxylates 220HC tb 20@HC(Morisaki et al., 1985)
Lecithincholesterol acyltrasferase (LCAT) and Stercla€yltransferase (SOAT) 1 and 2 have
been reported to esterif§19] 7" OHC[20] 240HC[21] 250HC an{Rk2] 260HC(Szedlacsek et

al., 1995; La Marca et al., 2016; Cases et al., 18#38rification of 220HC has not been reported
yet. SULT2B1b is capable of sulphafi2g] 220HC[24] 240HC(Wang, Z. et al., 201,7)25]
250H(Bai et al., 200)and[26] 260HQJavitt et al., 2001 Sulfonated and esterified oxysterols
are represented with [S] or [E] following their name. A sequence of three arrows in a row
indicates a series of enzymatic functions leading to the synthesis of the next product. LXR ligands
are shown in blue boxes, tliicompounds with unreported ability to induce a response from
LXR shown igreyboxes.

29



2.2.1 Oxysterols

Oxysterols are derivatives of cholesterol produced by hydroxylation of the carbon
hydrogen bondsHydroxylation of cholesterol requires either an enzymatic reaction or
reactive oxygen species. There are many hydroxylation sites on cholesteedemdite

has biological relevance. As suctifferent enzymes are responsible for the
hydroxylation at @ferent sies to regulate oxysterol productianCholesterol derived
oxysterols can be furtheclassifiedas sidechainand carbonring hydroxycholesterols
(OHCs) There are ife sidechain hydroxycholesterols generated through enzymatic
reactiors: 200HC220HC, 240HC, 250HC and 260HC. These are produced by enzymes
CYP11AR0OOHC and 220H&trushkevich et al., 2011; Morisaki et al., 1985yP46A1
(Lund, E.G dl., 1999) CH25HLund, E. G. et al., 1908nd CYP27A®ndersson et al.,
1989) respectively(Figure 2.1). Sidechain hydroxytion is the first step of the
metabolism of cholesterol into bile acids and as such, subsequent modifications follow
this initial oxidation step. The exception to this is CYP11A1, where production of 220HC
is anintermediatory step within a threetep seaiential reaction tacleave the side chia

and produce pregnenolonéStrushkevich et al., 2011This may explain the relatively

low levels of 220H@ the circulationand tumourscompared to other sidehain
hydrox/cholesterols (Stiles et al.,, 2014; Solheim et al., 2019%idechain
hydroxycholesterols can undergo secondary hydroxylation to form- di
hydroxycholesterols. CYP27A1 can perform secondary hydroxylation events on 240HC,
250HQNorlin et al., 2003bjand 260HPikuleva et al., 1998 CYP7A1 mlsocapable

of hydroxylating C7 of 240H®orlin et al., 2000and CYP7B1 can hydroxylate 250HC
and 260HQYantsevich et al., 2014producing dhydroxycholesterols. Additionally,
240HC can also be hydroxylated @ty CYP39ALFHawkins et al., 200@)igure2.1).
CYP7AL1 also hydroxylateholesterol at the C7 position to produce @GHC(Griffiths et

al., 2016a) CYP27A1 can hydroxylateQHC at C26 to producé ,26 0HQGriffiths et al.,
2016a)and CYP3A4 can hydroxylate at C25 to prodi¢25DHQGriffiths et al., 209).

/ ,toln OFly | fa2 KeéRNRE&Tt | (DRzfalddy 2ifab 2GLH NP
which can be hydroxylated at C7 by CYRB&LIn et al., 2002Figure2.1). The relative
concentration of oxysterols in circulation can vary massively, likely due to a range of
factors. First, differential expression of these catalysing enzymes and their preference

for different targets can alter the rate ahetabolism of cholesterol into bile acids.
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Oxysterols also appear to exhibit different hiies(Bodinet al., 2002) Furthermore,
enzymes can become saturated by tbencentrationof one metabolite(Mast et al.,
2017a) impairing their metabolism of other targets. Oxysterols can be generated from
mechanisms other than cholesterol hydroxylation, such as in the case of
epoxycholesterols. For example, 24,25EC can be generated both through a shunt in the
mevalonate pathwayor by CYP46Aediated hydroxylation of desmoster@briffiths

et al., 2016a)

2.2.1.1LXRoxysterol interaction

Originally classified as an orphan nuclear receptor due to the unknown mechanisms
behind its activation(Apfel et al., 1994)liver x receptor (XR is now known to be
primarily activated by oxysterols to varying degrees of potgdeyowski et al., 1999;
Lehmann et al., 1997There are two isoforms of LXR, LXRd LXR, which share 77%
sequence homologiBennett et al., 2008)LXR is found in high levels in the liver, with
lower expression levels found in other tissy@aiboeuf et al., 1997WwhereasLXR is

more ubiquitously expressebut at consistently low level§Repa and Mangelsdorf,
2000) The primary function of LXRs is to mediate cellular cholesterol levels through

cholesterol export or metabolisifRepa and Mangelsdorf, 2000)

Structurally, LXRs resemble canonical nuclear receptors, with an activation futction
(AF1), which is involvad coregulator bindingDNA binding domaifDBD) hinge region

and ligand binding domain (LBBidure 2.2A). The Nterminal domain is the most
heterogenous between the two isoforms, while the DNA binding domain remains highly
conserved(Hoerer et al., 2003)The receptors can localise to both the nucleus and
cytoplasm(Sevov et al., 2006kuggesting they can shuttle between the twwhen
unbound to ligandboth [ - vahd LXR are complexed with ceepressors NCOR1 and
NCOR2however LXRshows considerably weaker attraction to theserepressors

(Hu, X. et al., 2003Dnce activated by an oxysterol, LXR displatseso-repressors,
forms a heterodimer withretinoid Xreceptorh (RXR) and binds the LXR response
element (IXRB in the promoter regions of LXR target ger{fesu et al., 2014{Figure
2.2B). Alternatively, the LXR/RXR heterodimer can also be initiated by binding of RXR to
9-cis13,14dihydroretinoic acid, an RXR agor{Riihl et al., 2015)
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The XRE onsists of two direct hexanucleotide repeats, split by four nucleot{dgxel

et al., 1994) Comparison ofXREs within LXR target gene promoters indicates that while
some nucleotides in each half site are subject to variability, others are conserved
(Edwards et al., 2002Zrigure2.2B). The biological relevance ofRE sequence variation

for the binding specify of either LXRr LXR is not understood. However, despite the
high sequence homology between the DBD of the LXR isoforms #ypgrears to be

differential binding of LXR target promoters.

Cellular LXRprotein levels can be selectively reduced overiL¥ie to its significantly
shorter haltlife by blocking all protein synthesis with cycloheximide. Selective reduction
of LXR shows the distinctions in promoter binding between the LXR isoforms. For
example, theABCAJpromoter recruits similar levels of LIXRnd LXR but the SREBP1

promoter favours LXRrecruitment (Ignatova et al., 2013a)

1 95 167 208 447
1 84 158 200 460

g | A | oao | A | ST |

240HC 9-cis retinoic
250HC — acid
260HC
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Figure2.2 LXR recruitment to the XRE.

A{ OKSYIF GAO RAI 3NI. BRLXR Bounf to th&RE kn y¥drplgx with RXRRE

is represented with conserved nucleotides in light blue and variable nucleotides in dark blue as
reported in literature(Edward et al., 2002)

/
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2.2.1.2Transactivation of LXR

Oxysterols can bind and activate LXRs, howeverctpacity of theseoxysterok to
activatethe receptorappears to balifferent. 240HC and 24,25EC are the most efficient
LXR ligands farpregulating expressioof LXR target genewherea250HC and 260HC
are 6fold less potentJanowski et al., 1999; Hutchinson et al., 2019b; Lehmann et al.,
1997)(Figure2.3A-B). X-ray crystallography of LXRomplexed with 220HC, 240HC or
260HC demonstrated variance in receptor contact between the tested oxysterols
(Svensson et al., 20Q3Which may explain their differential potency as bXigands.
LXR and LXR exhibit similar degrees of awation when treated with oxysterols of
different agonistic potencief_ehmann et al., 1997; Janowski et al., 1998)ich may

be attributed to the complete conservation of the LBD between the two isoforms
(Hoerer et al., 2003)In addition tovariable oxysterohbility to activate LXR their
relative concentration in blood ialso different. Mean 260HC concentration across
3,230 samplesvas 158fold higher than 220HC, the lowest reported concentration of
the LXR ligands(Stiles et al., 2014)
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Figure2.3 Relative transactivation of LXBgonists.

MDAMB-468 cells were stably transfected with luciferase reporter constructs under the control

of the ABCA1 promoter (a canonical bXRrget gene) and treated with known LXagonists.

Cells were treated with UM of ligand and luciferase signarmalised to vehicle contrdv/C)
Luciferase signal for each agonist tested has been represented as a colour gradient with warmer
and cooler shades representing low and high transactivation of LXR respectively. (A)
Hydroxylation of cholesterol at eithe€7, C24, C25 and C26 of cholesterol to produce 240HC,
250HC and 260HC. Additionally, panel A also shows LXR inductive potentials of T090, GW and
GSK. (B) Generation of 24,25EC through two individual shunts from the mevalonate pathway.
LXR transactivationaa has been adapted from Hutchinson et gHutchinson et al., 2IBb).
Metabolic pathways have been adapted from Griffiths et @uiffiths et al., 2016a)TOD =
T0901317GW =GW 39652,3(S)OS = 3puakne-2,3-epoxide, 2,3(S):22(S)23DOS = 2,3;22,23
dioxidosquagne, 24(S)25EL = 24(S)&oxylanosterol, SQLE = squalene, LSS = lanosterol
synthase.
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7-ketocholesterol TKC)ransactivates LXR to a similar degtas 250HC in MIVB-468
cells(Hutchinson et al., 2019bMoreover, intermediates of 24,25EC production display
moderate LXR agonist function. For examfm#licular fluid meiosisactivating stero(FF
MAS, the subsequent intermediate of cholesterol biogenesis following lanosterol
synthesis, reduced viabiliip squamous cell carcinoma 63CC6licells overexpressing
LXR. Treatments of FIMAS matchedhe reduction in viability elicited by220HC
treatment and also induced the expression of LXR targ&bitova et al., 2015)
Desmosterol, aother 24,25EC precursor, displays agonistic activity in cells but only
where other LXRigands are abser{trang, C. et al., 2006)dditionally, dendrogenin A
(DDAXantransactivateboth LXRsoforms but has a fouiold preference for LXRDDA

LXR signallingupregulaes proteins associated with autophagy to induce cell death
However, 220HCXR signalling represses these protejrmiggestingDDAacts asa
selective modulatoof LXRSegala et al., 20173 6ECis anLXRantagonistand reduce
efficacy of synthetic LXR ligand, T0901317 (T090), -inreatments (Berrodin et al.,
2010) Frequently used synthetic ligands for LXR are T090 an@968MGW).

Additionally, synthetic antagonist GSK2033 is commonly used to assess inhibition of LXR

Metabolism of oxysterols alters their potency as LXR agonists. For example,
hydroxylation at the 7C position of 250HC to form2ZBOHC impairs its ability to induce
expression of canonical LXR target genes. Furthermor&reatments of TO90 with

7 ,25CHC impairs the efficacy of T0O90 treatment on LXR transactivéitiaang, J. et

al., 2020) Additionally, ¥,260HC is unable to induce LXR and instead transactivates
RORYSoroosh et al., 2014)

2.2.2 Esterification

Cholesterol esterification ia tightly regulated component of homeostatic cholesterol
control and enables packaging of cholesterol inside lipid droplatsd droplets act as
cholesterol reservoir@and provide an accessible store for hormone production and
plasma membrane synthesis in cetholesteryl ester side chain length can vary in,size
as can localisation of double bonds in unsaturated side chdiRen, J. et al., 2017)
however the effects this has on cholesterol packaging within lipid dropletsinclear

Esterification of cholesterol can be carried out by acyltransferadesnbranebound
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O-acyltransferases are a family@idoplasmic reticulum proteins that modify lipids and
proteins through the breakdown of aefloA. StereD-acyltransferases (SOAT), SOAT1
and SOAT2, are capable of esterifying cholesterol at the C3 position through
incorporation of an acyl grougeach estrification enzyme exhibg preferences over
acytCoA substrate, with SOAT1 prioritising oleoyl ester produdii@ian et al., 2020;
Cases et al., 1998yvhereas SOAT2 favours palmitoyl ester produc{iGases et al.,
1998) Lecithin cholesterol adyansferase (LCATalso esterifies cholesterol by
transferring a fatty acid chaifrom lecithinto form both monoestersand diesters,
depending on the substratSzedlaask et al., 1995)LCAT is expressed highly in the liver
and is secreted into plasma, where it circulates in a reversible complex with high density
lipoprotein. LCAT preferentially generates oleoyl esters over linoleoyl e€eedlacsek

et al., 1995) Esterifcation is not exclusive to cholesterol, with both SOAT1 and SOAT2
shown to esterify side chain hydroxycholesterols 240HC, 250HC and 260HC in H5 insect
cells(Cases et al., 1998Figure 1.). 240HGs the preferred substrate of SOAT1 and
SOAT?2 of the sidehain hydroxycholesterols, witB5OHC being esterified the least
Additionally, other oxysterols were esterified by tB®©ATs including' OHC, KCand
24,25EQCaes et al., 1998)while purified LCAT can esterif4dOHQLa Marca et al.,
2016) 250HC and 260HGzedlacsek et al., 199®B)gure 1.). Many of theseesterified
oxysterolsare foundin human serum(Yamamuro et al., 202nd tumour tissue
(Solheim et al., 2019)n patients with LCAT deficiencies, theya significant reduction

of esterified " OHC, 240HC, 250HC and 260HC, highlighting the importance of LCAT in
esterification in the systemic circulatiofYamamuro et al., 2020)Despite the
abundance of esterified oxysterols within organisms, there is no evidence of oxysterol
esterification affecting LXR inductiofihere is no evidence of cholesteryl esters being

hydroxylated to beome esterified oxysterols.

2.2.3 Sulphation

Sulphation inactivates oxysterols as signalling molecules, particularly in their roles as
ligands to LXEChen, W. et al., 200.7Reduction of oxysterols through the addition of a
sulphate group at C3 by SULT2B1b impairs thetyalif 220HC, 240HC, 250HC and
24,25EC to activate LXRhenW. et al., 2007)Cholesterol and oxysterol sulphation is
regulated through LXR signalling, witbth natural and synthetic agonists inducing an
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increase in SULT2B1b expression in CHK @kdag, Y.J. et al.,, 2005}ytosolic
sulfotransferases (SULTs) mediate the sulphation of a variety of compounds such as
hormones, steroids and sterols. Within the SULT superfamily, SULTZ2 is responsible for
the sulphation of steroids and stesolCholesterol sulphation is primarily mediated by
SULT2B1b, however its isoform, SULT2B1a is capable of cholesterol sulphation but
pregnenolone is its preferred substra(Euda et al., 202). SULT2A1 can also mediate
cholesterol sulphation, although its preferresibstrate is DHEMong et al., 1992)
Sulphation of sterols involves the addition of a sulphate moiety at the C3 position.
Additionally, SULTs catalyse sulphation of oxysterols. Purifiet2BlWh produces both
cholesterol and 260HC sulphates, at significantly higher levels than SULT2A1 and
SULT2B1@lavitt et al., 2001)The levels of 220HC, 250HC and 24,25EC were higher in
damaged livers of SULT2Bfnice compared to the damaged livers of WT miéigire

1.1), suggesting that SULT2B1a and SULT2B1b may also bdisglgiese oxysterols
(Wang, Z. et al., 2017Purified SULT2A1 and SULT2B1b have demonstrated the ability
to sulphate 240HG{gure 1.}, however SULT2A1 seems to favour the production of
disulphategCook et al., 2009)-urthemore, purified SULT2B1b catalyses the sulphation

of nonside-chain hydroxycholesterols such asQHC, 7OHC, KCand severaEG

(Fuda et al., 2007)

2.2.4 Summary

Here, the mechanisms of cholesterol homeostasis have been summarised, be it through
hydroxylation, esterification or sulphation and how these events are linked. Oxysterols
are generate through cholesterol hydroxylation and are LXR agonists. These
cholesterol derivatives induce LXR siging] which in turn regulates components of the
cholesterol homeostasis pathway. Each oxysterol has its own potency for LXR
transactivation. Further hgroxylation events or sulphation of oxysterols impair their
ability to transactivate LXR, however the effect of esterification is unclear. Furthermore,
cholesterol esterification allows for cholesterol storage inside intracellular lipid droplets,
maintainng cholesterol levels in preparation for processes of high cholesterol
requirement, such as plasma membrane synthesis. This process reduces the pool of
accessible cholesterol for oxysterol productitw, Ming et al2013) which may explain

the SOAinhibitory function demonstrated by some oxyster@Zases et al., 1998)
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2.3 Sterols and breastancer

2.3.1Expression and regulation dfXR and[ - wactivity in breast cancer

The LXRgene,NRLH3 is predictedto generate 62 transcript variants through alternate
splicing(Annalora et al., 20201 XR isoforms1, 4 and Sroduced from these transcript
variants act as prognostic markers in TNBi@nto et al., 2021)The receptor can be
found in both the nucleus and @yplasm(Sevov et al., 2006Hgh cytoplasmic LXRvas
linked with reduced overall survival patients with early stage breast cancdShao et
al., 2021) Theconcentrationof different LXR caepressormroteinswithin tumours also
have prognostic value. High numbers fainctionally deleterious mutations within the
NCORZDene associated with poor prognoses and high expression of NCOR1 associated
with improved prognoses in breast cancéioblejasLépez et al., 2018}urthermore,
NCOR2 downregulation occurs in triple negative invasive ductal carcinomas compared
to normal breast tissu¢Kurebayashi etl., 2000) Additionally, expression of LXR
corepressors is significantly lower in-B&yative breast cancers when compared to less
LXR -sensitive, Efpositive breast cancer@utchinson et al., 2019bpPnce activated by
'y 2E@&0G§SNRf I [ --regress®d foinds & l@@ddimerkn@raRXR angl
binds the XRE(Lou et al., 20141 XR negatively regulates its own expression through
upregulationof miRe Mo = ¢ KA OK -unthagskitad régdn ol KLE3nRNA and
prevents its translation into protei(Ou et al., 2011)n TNBC, miB13 is downregulated
when comparedo luminal A/B tumours and normal breggfiong, H. et al., 2018gain
indicatinga role for LXR signalling in the TNBC subtygéhere is limited investigation
into the role of[ - wn breast cancer. In TNB expression oNR1IH2mRNA was
associated with reduced DFS, however this was not the casepodiive cancers. High
expression of the tw§ - wsbforms found in TNBC associated with reduced(Diagto

et al., 2021)
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2.3.20xysterols

2.3.2.1Synthesis and function a240HGn breast cancer

CYP46ALl is an endoplasmic reticulum protein belonging to the P450 supe(farndgz

et al., 2005) The primary functiorof CYP46As to hydroxylatecholesterol toproduce
240HQLund, E.G et al., 1999)ithin breast cancer, 240HC has bea#own to induce
expression of chemotherapy efflux protein, Pgp, in TNBC cell lines. 24@#i&ted
upregulation of Pgp increases resistance to chemotheragyNBC cellgHutchinson &
al., 2021) ERnegative breast tumours contain higher levels of 240HC thapoSive
(Solheim et al., 2019 CYP39A4, the enzyme responsible for 240HC metabolism, is
downregulated in incidences of ERsitive breast cancer compared to normal tissue
(Kloudova et al., 201%psulting in accumulation of 240HK breast tissueThere has
been little investigation into CYP46Al in breast cancers. Howalternate splicing
events of CYP46A1 have been related to poor progri@aiset al, 2021)but whether

these were loss or gain of function splicing events is unclear.

2.3.2.2Synthesis and function a50HUn breast cancer

CH25H resides in the mitochondriakmbrane and its sole reported function is the
production of 250H@om cholesterolAndersson et al., 1989)n addition to agonistic
OAYRAY3 G2 [ -whX Hphl / (Uadpdngd et &l. R01AMRHibiliga 9 w
a similar stimulatory response to oestrogen. CH25Hupsegulated in cases of
pathological angiogenesis in breast canf@uarischiSousa et al., 2019however no
mechanistic asociation was established. There is contrasting data between patient
cohorts regardingCH25HNRNA and 250H®@Getabolite, with low levels ofCH25H being
suggested as a markfar increased distant metastasis breast cancefMittempergher

et al., 2013)but the metabolite showing no associati¢kloudovaSpalenkova et al.,
2020) 250HC induces expression of Pgp in TNBC cells, however whether this led to
resistance to chemotherapy was not shoWiHutchinson et al., 2021)rhere was no
difference between intratumouwal content of 250HC between Hsitive and ER

negative breast tumours.
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2.3.2.3Synthesis and function a60HC in breast cancer

CYP27Ala mitochordrial member of the cytochrome P4Xuperfamily of enzymes,
forms 260HC from cholester@lund, E. G. et al., 1998)luch like CYP46A1l, CYP27A1
has multiple substiates includingcholesterol(Mast et al., 2017band is capable of
further metabolising both 240HC and 250Grlin et al., 2003a)n addition to 260HC
action as an LXR agonist, the ligand acts as a SERMposiE®e breast cancer cells
through alternate cofactor recruitma (DuSell et al., 2008which has led to a vast
amount of research in Epbsitive breast cancers. Two separate studies have
investigated the role of 260HC on the-pdgitive MCF7 xenograft progression, finding
increased tumour weighWu, Qian et al., 2013nd volume(Nelson, Erik R et al., 2013)

in response to 260HC treatment. Additionally, 260HC is present in higher levels in
tumour tissue when compared to normal breast tisgMéu, Qian et al., 2013nd high
expression CYP27A1 is associated with a higher tumour ghNelson, Erik R et al.,
2013) which has been validated in two har cohorts (Kimbung et al.,, 2017)
Contrastingly, high CYP27A1 predicts favourable prognosis for recurrence free survival
and overall survival in Epbsitive cancers but has no prognostic value inrieRative
cancergInasu et al., 2021P60OHC has also been associatéth increased tumour size
(KloudovaSpalenkova et al., 2020)Furthermore, 260HC treatments increased
metastasis to the lung in MMTRYMT mice and induced upregulation of metastasis
markers(Nelson, Erik R et al., 2018)pllowing publication of these studies, inhibitors of
CYP27A1 have been examined for treatmenERBf positive breast canceidast et al.,
2015) A subsequent study in TNBC, demonstrated that 260HC treatment in both E0771
and Metl cells reduced cytotoxic lymphocyte infiltration into both tumours and
metastatic lesions of the lungBaek, Amy E et al., 201Furthermore, chronic exposure

of TNBC cells with 260HC selects for cells with increased capacity to proliferate and
metastasisgLiu, W. et al., 2021260HC has also been shown to induce chemotherapy
resistance in TNBC cells through ioxé&liated Pgp upregulatiorfHutchinson et al.,
2021) Moreover, CYP27Adositive tumours have also been shown to associate with
higher p53 expression compared to CYP2riédative(Le Cornet et al., 2020\When
compared to ERositive breast cance60OHC was found at higher levelsbmth ER
negative breast tissugsolheim et al., 2019nd cells(RobergLarsen et al., 2017)
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2.3.3 Esterification

2.3.3.1 Cholesteryl esters

Hydroxylation of cholesterol to oxysterols is rtbe only mechanism through which
cholesterol enhances cancer progression, with cholesteryl esters also associated with
poor prognosisWithin breast cancer patients, cholesteryl ester rich tumours associate
with higher histological grade and Ki67 positivige GnzaleCalvo et al., 2015)
Furthermore, TNBC tumours contain higher intratumadurholesteryl ester content
than luminal Ade GonzaleCalvo et al., 2015)TNBC cell lines exhibit enhanced cafya

to produce cholesteryl esters than luminal A and have higher expression of genes
essential for lipid droplet formatiorfGiudetti et al., 2019)TNBCmodels using UCI
082014 and MDAB-231 xenografts found that primary xenografts exhibited higher
lipid droplet number than lung metastases from matched mod@lsight et al., 2017)

suggesting that cholesteryl ester storage is not essential for metastasis.

2.3.3.2S0OAT

Inhibiting both SOAT1 and SOAT2 with CP113,818 results in reduced proliferative
(Antalis and Buhman, 201@hd migrative(Antalis et al., 2011abilities in ERegative
breast cancer cell lines that have been treated with-DEurthermore, these studies
found that MCF7 cells we unresponsive to SOAT inhibition. This may be due to the
significantly lower levels of SOAT1 and cholesterol esters in thdAptHis et al., 2008)

and tumours(Antalis et al., 2011dhan that found in ERegative cells, suggesting a
reduced reliance on cholesterol esterification in -d8itive cancers. Enhanced
cholesterol ester content in Efegative breast cancers has Ilmeattributed to higher
levels of SOAT@e GonzaleCalvo et al., 2015)Currently, SOAT inhibitors have been
studied in human studies as bothrezer(Naing et al., 2015; Smith, David C et al., 2020a)
and noncancer treatmentgChang, C. et al., 2006; Tdreli al., 2004) SOAT inhibitor,
avasimibe, has been suggested for use in combination with doxorubicin therapy in
cancer. Due to the efficacyf avasimibe and doxorubicin d¢ceatment, the doxorubicin
dose could be reduced with no loss in acdincer potency, reducing the risk of side

effects in patientgBai et al., 2020However, the requirement for combination therapy
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may be negated in luminal A/B cancer patients, with tamoxifen inhibiting TS@&
Medina et al., 2004)

2.3.3.3 LCAT

Radiotherapyeducesplasma LCAT, which has been suggegiaduse cell membrane
dysfunction andmpair lipid metabolism in breast cancer patierdsmi YSy | y R | 2
2013) Chdesteryl estersn plasmaare lower in breast cancer patients compared to
healthy individualfSubbaiah et al., 199.7nterestingly, there appears to be a greater
reliance on CATmediated esterification in aggressive breast tumours, with high LCAT
expression associating with reduced overall survival in grade 3 tumours but not in grade

1 or 2(Park, HM. et al., 2020)Basalike xenograft models express significantly higher

levels of LCAT compared to luminal xenograft mo(disestue et al., 2010)

2.4 Tumour microenvironment and oxysterols

The tumour mass and surrounding area is typically heterogeneous and formeairom
array of noncancer cell typegogether with cancer cellso generatethe tumour
microenvironment TMB (Albini and Sporn, 2007The norROF Yy OSNJ WK2a (i Q LJ2
tumour comprises immune cellbroblastsandadipocyteghat secrete factors into the
TME impacting molecular signalling pathways of tumour ¢8lsuirand et al., 2018)
(Figure 2.3. Many noncancer cell types such as macrophages, fibroblasts and
adipocytesproduce and secrete OHOSach of the cell types of the TME exhibit their
own potential for oxysterol production through their differential expression of
metabolising and catabolising enzym@abiker etal., 1997) Within TNBC high levels

of macrophages, fibroblasts and adipocytes are associated with poor prognosis
(Yamaguchi et al., 2021; afu et al., 2014; Zhou et al., 2018yith one mechanism
behind this possibly being paracrine/juxtacrine loading of oxysterols to cancer cells.
Furthermore, these cell types havediepreviously implicated inducing chemotherapy

resistance in cancer through alternate mechanisms.
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Cancer associated
fibroblast

Figure 24 Graphical representation of the tumour microenvironment.

2.4.1 Autocrine, juxtacrine andparacrinesignalling

Cells of the TME are constantly communicating with each other. The bidirectional
signalling between epithelial cells and surrounding 1cancer cells of the TME heavily
influences cancer progression. These interactions are mediated through paracrine and
juxtacrine signalling, which change and develop throughout the maturation of the TME.
Juxtacrine signalling requires cedlll contact to initiate signalling, for example through
gap junctions that allow the transfer of signalling molecules between cells. Th
mechanism allows for continued signalling between cells by successive cellular
interactions. Contrastingly, paracrine signalling does not require contact between

communicating cells but instead occurs through intracellular diffusion of signalling
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molecues. Furthermore, autocrine signalling may be employed by cells of the TME.
Autocrine signalling is the production and secretion of a signalling molecule, which then

activates receptors on the same cell to initiate signal transduction.

2.4.2 TME cells,iemoresistance and oxysterol synthesis

2.4.2.1Macrophages

Macrophages are members of the immune system characterised through their primary
function of phagocytosis but also act as antigen presenting cells to actived@disT
Macrophages are recruited ybvarious chemoattractant protein signals, such as
chemokines and growth factarsecreted by resident cell®/arol et al., 2015)Prior to
signal stimulation, macrophages exist in the stgynic circulation in their
undifferentiated state, as monocytes. Upon recognition of a chemoattractant signal,
monocytes extravasate from the circulation to the signal origin where they undergo
maturation into macrophages. Typically, there are two -$ytes that exist under
normal conditions, the classically activated M1 macrophages or the alternatively
activated M2 macrophages, whitlavebeen further subcategorised into M2a, M2b and
M2c (Mantovani et al., 2004)M1 macrophages are involved in the defence against
invasivepathogens and have aldmeen shown to display antumour properties. M2
macrophages express greater numbers of angiogenic factors;irdiatnmatory
cytokines and are generally perceived to be-umourigenic(Mantovani et al., 2002)
Macrophages of the TME are termedncerassociated macrophage€AMs) due to
their differences from the traditional subtype€AMs are understood to resemble the
pro-tumorigenic M2 phenotype, however, differences in secretome and cell surface
proteins of CAMs from M2 macrophages has led to the establishment of the M2d

subtype.

Triple negative tumours with higBAM infiltration have a significantly reduced rate of
pathological complete respong&’e et al., 2021)suggesting macrophage involvement
in chemotherapy resistance. There are m&AM-mediated mechanisms that may be
driving the associatiobetween CAM infiltration and decreased tumour sensitivity to
chemotherapy, one such being the secretion of CCL2. Macropthegeed CCL2 has

been found in the lysates of MMTRYMT breast tumour modsltreated with
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doxorubicin. The same study established ath recruitment of macrophages driven
through this mechanism, lead to decreased vascular leakage and thus, reduced
doxorubicin distribution to tumour through macrophage MMP9 secrefidakasone et

al., 2012) Furthermore, treatmentof MMT\APYMT mice with paclitaxel induced an
increase in CSE production, enhancing macrophage recruitment to the tumour and
increasing vascular density via macrophage secreted VEGF, again distdriog
diffusion to the tumour. Blockade of G3$Fsignalling through inhibitor PE3897
reversedthis effect(DeNardo et al., 2011)These findings wereeplicated in MCF7
mouse xenografts treated with CFantibodiesyesulting inincreased sensitivityo 5
fluorouracil, cyclophosphamide and methotrexgtaulus et al., 2006The phenotype

of CAMs appears to impact chemotherapy resistance. Conditioned media from M2
CAMs compared to M1 induces a significant gese in resistance to doxorubicin

treatment (Li, Y. et al., 2018)

In addition to their roles in the immune response, macrophagresadept in oxysterol
production. CYP27A1 is expressed in high levels across both M1 and M2 subtypes
(Hansson et al., 2003)llowing for260HC productionMonocyte 250HC an@?60HC
production is relatively lowomparedto M1 and M2 maarphages. Expression of CH25H

is 90fold higher afterMO polarisation to M1, with M2cells having similar levelsf
CH25Has MO(Kimura et al., 2016)n the same stugl levels of 220HC and 240HC were
not detected by liquid chromatographyass spectrometry. Despite this, CYP4&A1l
expressedin macrophagesinfiltrating the spinal cord during early stages of an
autoimmune encephalomyeliti€Chu et al., 2018)urthermore, intracellular 240HC (in
addition to250HC and 260HC) is found in IPMHonocytes, suggesting that CYP46A1
expression may be inversely regulated upon differentiation to the M1 and M2
phenotype.Additionally, 24,25EC production has also been established in macrophages
(Rowe et al., 2003Monocytes, M1 and M2 macrophages express significantly higher
levels of CYP27A1 and CYP7B1 thapdsRve and B-negative breast cancer cells.
Treatments of TPH monocytes with either EpRositive or ERhegative breast cancer

cell conditioned media induces monocyte polarisation to M2 macrophages, which

secrete the highest 260HC of the macrophage subtyBbset al., 209).
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2.4.2.2 Adipocytes

The primary function of adipocytes tise storage of triacylglycerides and cholesterol.
The size of these cells is highly variable and dependent on the amount of lipid stored in
the cytoplasm. Adipocytes secrete a range ofallgmg proteins termed adipokines, with
their function being involved in energy expendityt€ajimura, 2017)Within the TME,
adipocytes residing nearby a tumour are smaller than those more distalivg
suggestig that these proximal adipocytes possess a lower density of lipid stores
(Nieman et al., 2013)n the TMEadipocytes first undergo a primary dedifferentiation
into cancerassociated adipocyte@CAA) subsequently becoming fibroblakke cells

that contribute to the caner-associated fibroblas{CAF)population (Bochet et al.,
2013) This phenotypic change ocain a Wntdependent manne(Bochet et al., 2013)

Exosomes produced by cancer cells amo induce this cell line sh{f€ho et al., 2012)

Adipocytes have recently been reported to aid cancer progression and specifically
chemoresistance. Sheng et al. established that adipocytes not only possess the
capability to sequestes chemotherapy drug of the anthracycline family, daunorubicin,
but alsoexpressesldo-keto reductas§AKRI Sy S&asx (GKS Syl évySa Ay
metabolism. Interestingly, fibroblastould not sequester and metabolise daunorubicin
(Sheng et al., 2017¥%uggesting that this process may be lostoiwlhg cancefinduced
dedifferentiation of the adipocytef-urthermore, adipocyte CM treated MEMB-231s
exhibited reduced sensitivity to 48treatment with doxorubicirfMentoor et al., 2021)
suggesting that adipocytes can impair anthracycline efficacy through two mechanisms.
Additionally,adipocytes derived fromlzese women impair the anproliferative effect

of tamoxifen on MCF7s in elture. MCF7s treated with adipocyte conditioned media

alsoshowedimpaired tamoxiferefficacy(Bougaret et al., 2018)

Upon differentiation from adipocyte precursor, peglipocytes, CYP27A1 is upregulated
and CYP7BL1 is downregulat@d, J. et al., 2014Yhe same study also established that
following adipocyte maturation, CYP11A1 is upregulated, suggesting that adipocytes are
capabé of 200HC an@20HC productiofLi, J. et al., 2014)Furthermore, expression

of CH25H has beeidentified in both preadipocytes(Guo et al., 2018and mature

adipocytes(Russo et al., 202owever no study has compared changes in expression
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pre and st adipocyte maturationCYP46A1 expression was recently shown to be
positively regulated by calorie intake in adipocyfEsanck etl., 2011) Currently, there
appears to be little evidence that suggests adipoayde produce24,25EC, however,
with the oxysterosQole in cholesterol metabolism, it may be likely it has just yet to be
identified.

2.4.2.3Fibroblasts

The main function of fibroblasts is the productionexdtracellular matrixand collagen,
providing support and segregation for surrounding cells. Fibroblasts exhibit an
irregularly branched cytoplasm and possess migratory capahilitieth the cells
commaly foundin connective tissueCAF markerare readily expressed in fibroblasts
and myofibroblasts but overexpressed in CAFs, suthsasooth muscle actirt(-SMA),
fibroblast activation protein(FAP) caveolinl, CD29] -type plateletderived growth
factor receptor(PDGFR) and fibroblastspecific protemn-1 (FSPL) (Costa, A. et al., 2018)
Recently four CAF subtypes using the aforementioned mamkers identified being
CAFS1, 2 3 and 4. Additionally, these CAF subtypes are specific to breast cancer
subtype, with TNBC accumulating €&Fand CAS4 in high numberfosta, A. et al.,
2018) Morphologically, CAFs differ fronormalfibroblasts; fibroblasts grown in MCF7

conditioned media increased in length by almost 58%ndermoere et al., 2005)

High expression of fibroblast marker genes correlates with a reduced response to
treatment with 5-fluorauracil cyclophosphamide and epirubidim ERnegative breast
cancer(Farmer et al., 2009Furthermore, CAF etulture protected claudifow breast
cancer cellsMIDAMB-231 and MDAVIB-157) but not basalike cells (MDAVIB-468)
FNRY SLIANHzAOAY U deBdticnBrdad ét alj ONEAERdOditor@d | ™
media desensitises MDKB-468s to cisplatin therapy(Cosentino et al., 2020)
Furthermore, CAFs have also been implicated in inducing chemotherapy resistance in
ERpositive cancers. CAF conditioned mediauaeks efficacy of combination therapy
containing doxorubicin, fluorouracil and cisplatin inRitive T47D and ZFR5-1 cells
(Louault et al., 2019And CAF 1b secretions induce tamoxifen resistance in MCF7 cells
(Sun et al., 2014)
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Fibroblasts taken from the foreskin have been shown to produce 240HC, 250HC and
260HC, with oxysterols secretedsignificantly greater numbers than they are retained
within cells(Lange et al., 2009 his finding was confirmed within hip skin fibroblasts;
however, variation was found with cellular mzentration between the oxysterols
(Kannenberg et al., 2013)nterestingly, breast cancer CAFs expressed a mean fold
decrease of 0.34 in CH25H expression when compared to normablalste from
healthy donors(Pasanen et al., 2016)suggesting a reduced output for 250HC
production Fibroblasts have been shown to exhibihydroxylase capabilities of Ho
260HC and 250HC through the expression of CYRZRdng, Jet al., 1995)
Furthermore 24,25epoxycholesterolZ4,25EChas been demonstrated to be produced

in a sufficient concentration to regulate HMGA reductase activitfSaucier, Sandra E

et al., 1985)

2.4.2.4 Fcells

T-cellsplay a role in modlating the adaptive immune response. These cells can be
subcategorised into CD4+, CD8+ and Treg cells. &lldassist in activation of CD8+
cells, which possess the capalitid destroy both infected and tumour cells. These cells
perform this action hrough recognition and binding ofmajor histocompatibility
complex (MHC) class 1 proteins present on target cells through ttell Tfeceptor
Binding of MHC proteinstimulatesthe secretion of cytotoxins induceapoptosisin

the target cell. Treg celimactivate T-celkmediated immunityo { I y G y I | yR
Guadarrama, 2006) There is no proposed mechanism behindcells altering
chemosensitivity in breast cancer. NeverthelessnhEgative tumours with high-gell
gene markers respond better to neoadjuvant chemothera@ody et al., 2009)
Furthermore, low Treg tumour infiltration is associated with patholabicomplete
response after neoadjuvant chemotherafshi et al., 2020Additionally, high CD8+ T
cell infiltration associates with increased response to anthracyclines compared to an

absence of CD8+ckll infiltration in ERhegative breast cancdAli et al., 2014)

T-cells possessoxysterol producing properties; however this ability differs highly
between thecell types CD4+ subtypes, Thl and Th2, express very low levels of CYP11A1
(Oka et al., 2000)CH25H, CYP27A1 and CYP4@#yhe et al., 2017nllowing for little
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production ofoxysteros. In terms of CD8+ cells, CYP11A1 very lowly exprdssedver

when differentiated in the presence of-BLand Ik4, this expression was increased
massively(Jia, Y. et al., 201.3LYP27AL1 is absent in the @0%ells suggesting their
ability to produce 260HC is minin{&8igmundsdottir et al., 2007 reg cells can produce

high levels of 250HC due to their greatly increased expression level of CH25H over the
other T-cells However, their epression of CYP27A1 and CYP46A1 is equally as low as in
CDA4+ subtypegVigne et al., 2017)

2.4.2.5 Other cells

Dendritic cells (DCs) are members of the adaptive immune system with the primary
function of antigen presentatio to activate T-cells These cells exist in two
developmental stages; immature and mature. Immature DCs exist in the peripheral
tissues, collecting antigens and posséss potential for Fcell activation. Once in
contact with an antigen, they are able to migrate to the lymph noalegmature where

they can activate -Cells(Granucci et al., 2005There are two main subtypes of mature
DCs, myeloid DCs and plasmacytoid DCs. DC functionguemitey dysregulated in the
TME, nullifying their anttancer potential. Tumour infiltrating DCs exhibit impaired
ability to mature, resulting in a reduced capacity mount the adaptive immune
response towardsancer Many studies have showthat DC aberition in the TME is
due to their retention in an immature stat@Bell et al., 1999)Tumour infiltrating DCs
also accumulate lipids, leading to complications in antigen presentétienber et al.,
2010) perhaps explaining why DCs in breast tumours show deedeamntigen
presentation(Gabrilovich et al., 1997The infitration of immature DCs associates with
higher breast cancer stagéAlmand et al., 2000)However, infiltration of DCs using a
general DC marker, positively associates with infiltration of CD4 and-C&I8 ih TNBC.
Furthermore, high infiltration also associates with increased overall survival in patients
with lymph node metastasi@d ee, H. et al., 2018RAIthough, infiltration of plasmacytoid
DCs is associated with reduceverall survival and relapdese survival in general
breast cance(Treilleux et al., 2004)nvestigation of DCs in the developmi®f breast
cancer chemotherapy resistance is limited. However, the maturation of dendritic cells
improves the likelihood of pathological complete response in H&RRi2hed cancers

(Dieci et al., 2016)Nevertheless, a panel of chemotherapy drugs have been shown to
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slow the maturation of DQ#u, J. et al., 2013)he stage of cancer has alseen shown

to correlate with DC efficacy, with aggressive cancers containing a higher level of
immunosuppressive DCEScarlett et al., 2012) With regards to their oxysterol
production,DCs are competent producers of 260HC through high levelspoéssion

of CYP27A1 but are unable to express 250HC without TLR4 stimylatioat al.,
2011b)

Natural killer NK) cells are cytotoxic lymphocytdbat are part of the innate immune
response(Rosenau and Moon, 1961; Yang, Q. et al., 2008h) some features of the
adaptive immune respons@'Leary et al., 2006; Bjorkstrom et al., 2013{udies have
implicated multiple factors involved in NK cell recruitmesoich asCXCL10 and-B
(Albertsson et al., 2003; Wendel et al., 20@8)ce stimulated by {2, NK cells become
reliant on the cytokine and without continued stimulation, they will begin apoptosis
within 24 h(Basse et al., 1994INKcell infiltration into the TME is generally considered

to bring a favourable prognosis, with studies showii§ cell depleted tumours develop
faster (Guerra et al., 2008)High numbers of activated NK cells are present in HER2
enriched tumours that achieve a pathological completsp@nse to chemotherapy
treatment (Muraro et al., 2015)These findings were replicated in a cohort of general
breast cancer patients(Kim, R. et al., 2019)suggesting their importance to
chemotherapy success. NK cells are proven producers of oxysterols. Murine NK cell
expression ofCYP7B1 is the greater thamat in DCs, macrophages andcBlls but
expression istill generally lowFurthermore, murindlK cells do not express CH25H but
exhibit high levels of expression of CYP27Al, comparable to that of macrophages.
However, TLR4 activation stimulates CYP7B1 and CH25H expression but downregulates
CYP27A1Liu et al., 2011b) Invariant NK cells, NK cells with an enhanced ability to
response to pranflammatory cytoking, express CYP27A1, CYP7Al and CYRG@BJ

et al., 2020) CH25H expression appears to be variable depending on NK derivatives. NK
cells sourced from the uterine mucosa have-1Bfold greaterexpression of CH25H

than endometrial derived NK cellKopcow et al., 2010)

B-cellsare members of the adaptive immune system and encompass the main subtypes;

plasma cells, memory cells and B regulatory (Breg) cells. Thesareallslerivedfrom
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B-cells and heir differentiation is induced through both-Gell dependent and
independent responses. Plasma cells act as the main source of antibodies in the body,
memory cells are lortasting Bcells that retain their ability to mount an immune
response to a specific antigen and Breg cells are an immunosuppressivepe
(Hoffman et al., 2016)ERnegative tumours with high -Bell gene markers respd

better to neoadjuvant chemotherapfRody et al., 2009Additionally, evidence of-8ell

clonal selection in triple negative tumours associateish improved response to
chemotherapy treatmen(Shepherd et al., 2021B-cells express approximatelyf8ld

less CYP27A1 than macrophages, DCs and NK cells, suggesting their capacity to produce
260HC is poofLiu et al., 2011b)However, B-cells express CH25H but express no
CYP7Bindicating that further metabolism of 250HC and 26OWnll be minimafLiu et

al., 2011b)

2.4.3 Summary

Cells of the TME have very different roles in campregression. However, despite their
nuances, all appear to contribute oxysterols to the TME, potentially leading to LXR
signalling in epithelial cells. Macrophages, adipocytes and fibroblasts have been shown
to induce chemotherapy resistance in epithélmeast cancer cells through a range of
mechanisms and their presence in TNBC tumours associate with poor prognosis.
Alternatively, Tcells, dendritic cells, NK cells anetdls appear to offer favourable
prognosis and do not have links to induction bemotherapy resistance. Potentially,
distinct oxysterol production between cell types may be a mechanism driving

chemotherapy resistance in epithelial cells though paracrine or autocrine kignal
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Chapter3: Oxysterol signalling causes chemotheramsistance

in triple negative breast cancer

3.1 Introduction

Increased intake of dietary cholesterol is linked to breast cancer development and high
circulating LDIC has been associated with reduced overall sury{bak Santos et al.,

2014) Furthermore, dietary interventions assessing reduced cholesterol intake in breast
cancers lead to reduced cancer recurreiCélebowski et al., 2006; Toledo et al., 2015)

and LDICGlowering drug class, statins, can reduce incidence of recurréfean et al.,

2008) Specific enzymes eresponsible for the hydroxylation of the cholesterol side

chain, for example CYP46A1, CH25H and CYP27A1 produce 240HC, 250HC and 260HC
respectively. Of these oxysterols, 260HC has been the most robustly investigated in
breast cancerand induces metastas in TNB(Nelson, Erik R et al., 2013; Baek, Amy E.

et al., 2017; Liu, W. et al., 2021)

Within TNBC, preancer actions of oxysterols may be mediated through their
transactivation of LXR. Breast cancer c@sbergLarsen et a).2017)and tumours
(Solheim et al., 201%re capable of producing a variety of oxysterols, however vast
differences are found regarding oxysterol content between exosomal and cytoplasmic
extracts for Luminal A and TNBC cells. TNBC padisess a higher proportion of
oxysterols retained in the cytoplasm compared to Luminal A, where much of their
oxysterol content is released into exosomes. With TNBC cells also having been
demonstrated to exhibit a higher sensitivity to LXR signallingn thaminal A cells
(Hutchinson etal.,20198) G KA & Yl & o6S I a&vyLiizy 2F ¢b.
signalling. However, wimeassessing tumour tissue, there was no difference in oxysterol
concentrations between ERegative and EfRositive tumours(Solheim et al., 2019)

The proficiency of LXR signalling has been demonstrated foeg®Rive breast cancer

in bothcell linegHutchinson et al2019a)and mouse model@Nelson, E. R. et al., 2013)
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TNBC lack the receptors to allow for receptor targeting therapies, leading to use-of non
targeted cytotoxic chemotherapy that is accompanied by severe $idets. A common
issue with norargeted therapies is the development of muiliug chemotherapy
resistance in tumours, reducing the lotgrm efficacy of treatments. Resistance can
arise through various mechanisms such as overexpression of the drug risitadpo
proteins (Van Emburgh et al., 2008nhancing the DNA repair respon®&alko et al.,
2014)or through oveexpression of chemotherapy efflux pumps that export drugs out
of cancer cellfLeonessa and Clarke, 2008xpression of the chemotherapy efflux
pump, Pgp, is positively regulated by LXR in the blood brainebdy both natural
(SaintPol et al., 2013and synthetic LXR ligan@&IAli, Ayman and Hermann, Dirk M,
2012) Furthermore, ChHSeq data indicate thateatment of mouse macrophagesith
synthetic LXR ligand, GW, leads tol_KRruitment to the Pgp promotefOishi et al.,
2017) Interestingly, Pgp is most commonly found to be overexpressed in TNBC
compared to other subtype@Millis et al., 2015)LXR is more responsive to ligand in
TNBC than other subtypdklutchinson et aJ.2019b) leadingme to examine whether

Pgp expression in TNBC may be in part regulated by the oxykdRopathway.

Previous work from the group indicated that pireating MDAMB-468s with the
oxysterols produced by CYP46A1l, CH25H and CYP27syntbetic LXR agonist,
GW3965, induced resistancd=igure 3.1A) to a major Pgp substrate, epirubicin
(Wielinga et al., 2000Dxysterols also improved lottigrm survival of breast cancer cells
following epirubicin insult through colony forming assa&BCB lthe gene that codes
for Pgp, was shown to be upregulated in cells treated waitpanel of oxysterols or
synthetic LXR ligands and suppressed in cells treated with LXR antagamiststmore,
gene expression ahemotherapyefflux pumps ABCCandABCG2veredemonstrated

to not be influenced by LXRignalling in TNBCIo verify whether LXxRediated
resistance to epirubicin was through Pgp, the rate of epirubicin efflux was assessed
following treatment with oxysterols and in ¢ceatment with verapamil, a Pgp inhibitor
(Figure 3.1B). Furthermore, tratments with LXR ligands were investigated within a
preclinical model using a TNBC 4T1 allograft model. Mice were treaty two days
with either 30 mg/kg GW3965 or vehicle control for 24 h-graft and then after tumour
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graft with 2.5mg/kg epiubicin or vehicle control every 48 h for 12 days. At the end of
the 12day treatment, mice prdareated with GWexhibited tumours with enhanced
resistance to epirubicin treatment, growing to a significantly greater size than tumours
from epirubicin treatedmice Figure3.1Q. Gene expression of Abcblb, the murine Pgp
gene and canonical LXR target, Abcal, were assessed, finding that GW3965 significantly
upregulated expression of both genes when compared to the cofitraichinson et al.,

2021) These data suggest that in TNBC patients, the enzymes responsible for oxysterol
production and the oxysterols they produce may be associated with chemoresistance
and cancer relapse through Pgpragulation. Therefore, this chapter wwMalidate
whether LXR indwd chemotherapy rastancein cancer cellss driven through LXR
mediated increasedexpression of Pgpsing the MTT assay Furthermore,IHC, LC

MS/MS and prognostic dataill be usedo elucidatewhether this relationship existis
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Figure 31 Natural and synthetic ligands of LXR reduce the efficacy of epirubicin.
(A)MTTassay of epirubicin dose response followingh2gre-treatment of GW3965 in MDA
MB-468 cells. Experiments and data analysis performeDi#riscilia Lianto. (B) Chemotherapy
efflux assay of MDMB-468 cells prereated with GW3965 or vehicle for 1Gnd Pgp inhibitar

V20 (verapamil) or vehicle for 30 minutes before loading with>80 epirubicin. Experiments
performed byDr Samantha A. Hutchinson. (C) change in tumour volume of 4T1 allograft model
that was treated daily with GW3965 (30 mg/kg), epiaibior vehicle control. Daily treatments

of epirubicin or vehicle control began 48post graft. Experiment performed by the group of
Erik Nelsor{Hutchinson et al., 2021)
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3.2 Hypothesis and Aims

Activation of the oxysterelXR axis can lead to induction ABCBAP-glycoprotein
expression in bloodbrain-barrier, in mouse models of breast cancer and in cell lines.
Elevated Pgp is also linked to reduced disdase survival Here | tested the hypothesis

that in TNBC, expression of enzymes that synthesise endogenous LXR ligands and
concentrations of ligands themselves, positively correlate with expression-of P

glycoprotein and are prognostic for diseafsee survival.
The aing of this chapter were to:

1 Validate whethelLXRmediatedcancer resistance to epirubicin wasediatedby

Pgp

1 Establish ifoxysterol concentrations and/or expression mfysterol producing

enzymescorrelate with P-glycoproteinmRNA and proteiexpressionn TNBC

tumours.

1 Examine whether protein levels of oxysterol producing enzyares oxysterol

contentassociate withdiseasefree survivain ERnegative tumours.
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Figure 32 Graphical Abstract Can oxysterols confer chemotherapy resistanggough LXR

mediated upregulation of Pgp?

Cholesterol can be modified to form oxysterols through hydroxylation of the cholesterol side
chain by CYP46A1, CH25H and CYP27AL1 to form 240HC, 250HC and 260HC. | hypothesise tha
oxysterols can induce resistance themotherapy drugs through upregulation of Pgp, a
OKSY2GKSNI LI STFTfdzE LizYLT DAL GKSANI FI2yA&dA

56



3.3 Materials and methods

3.3.1 Cell culture

HepG2, MDAVIB-468 and MCF7 cell lines were sourced from Dr Thomas Hughes and
originalyF NRY ! ¢/ / & / Stfta ogSNB Od#Z G§dzZNER Ay 5 dz
GlutaMAX (31966047, Thermo Fisher Scientifld) supplemented with 10% Fetal
Bovine Serum (FB@)1560636 Thermo Fisher, Ukt 37°C, 5% COCells were passade

at 80% confluence and #@ated at 1x10cells in T75 flasks (10364131, Thermo Fisher
Scientific, UK). Cell lines were routinely checked for mycoplasma every 6 naoaths

their identities were authenticated at the start of the project.

3.3.2Drugs andeagents

Epirubicin (12091, Cambridge biosciend® and GW (2474, ToCridK were stored at
-20°C and diluted in nuclease free water and nitrogen flushed ethanol, respectively.
240HC (700061P), 250HC (700019P) and 260HC (700021P) and the deuteraigd int
standard mixture of 220HE7 (700052P) 250H@I6 (700053P)and HBOHCA6
(700059P)vere stored at20°C in nitrogen flushed ethan@lll oxysterols or deuterated

oxysterols were sourced frolwvanti Polar LipidJS.

3.3.3 Cell culture ssays

3.33.1MTT

MDA-MB-468s were seeded onto 96 well plates at a density of 2zélls per well. Cells
were left for 24 h before media was replaced with 200fgdsh media withVC (%
ethano) or 1 pM GW dilution in DMEM supplemented with 10% FEBGSells were
incubated a further 24 h before @1 uM of epirubicin was added for 48 Rells were
washed with PBS and media replaced véthuL of phenol red free DME{@1880036
Thermo Fisher ScientifiUR with 10 pL solubilised MTT reagdiM2128 SigmaAldrich,
UK; final concentration 0.5 mg/mLXells were incubated f@ h, media removed and
cells washedonce with PBS before adding 200 df isopropanol, respectively.
Absorbance was read using GRlAstar Plus plate reader (BMG LABTEX&Hnany at
540 nm.
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3.3.3.2 siRNA knockdowns

Knockdowns were achieved through transfection with Origene duplekksAand
scrambled RNA negative contidted (Table3.1). Cells were seeded at a starting cell
number of 1.5x10in 2.25 mL of DMEM GlutaMAX imll plates. 24 h after seeding,

250 pL of OptiIMEM (31985062, Thermo Fisher Scientific, UK) containimg G0siRNA
duplexes and 3 L lipofectamine RNAIMAX (13778030, Themo Fisher ScientifietdJK)
added to the wells siRNA containing media was replaced with DMEM GlutaMAX after
20 h of exposure. Total siRNA incubation time for assessment of gene and protein
expression was 48 and 72 h, respectively. siRNA duplexes used in this chapter are listed
in Tabke 3.1.

Table3.1 Table ofsiRNAused
Gene names and product codes for siRNAitencers used.

Gene name siRNA ID
ABCB1 SR303486
Scrambled RNA SR322981

3.3.4Quantification of gene expression

3.3.4.1Extraction of RNA

RNA extraction wagerformed using the ReliaPrapRNA Miniprep SystenzZ§01
Promega, UK). In summaryells were lysed with 250 pL BETG buffer (Guanidine
Thiocyanate +-Thioglycerol) an@®5 pL of isopropanol. Cell lysates were transferred to
spin columns placed inside t@ition tubes and centrifuged for 30 seconds at 14,000
rpm. Lysate was washed with 500 @iLRNA wash buffer argpun at 14,000 rpm for 30
seconds. Lysates then incubated for 15 minutes in DNase 1 incubatioat mmom
temperatureto digest DNA before waig with 150 pL column wash solution. 15 pL
nuclease free water was used to elute RNA and samples stor8@°at. RNA yield was
measured on LVis Pla(BMG LABTECH, Germanging CLARIOstar Plpisite reader
(company detailsyvith 2 uL. RNA. RNA was assed for quality absorption at 26280

nm and quantity through absorption at 260 nm.
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3.3.4.2Conversion of RNA to cDNA

cDNA was generated from |8 RNAusing theGoScriptV Reverse Transcriptadet
(A5003 Promega, UKP pg RNA was mixed with Ong randomprimer per reaction and
heated to 70°C for 5 minutes before cooling on ice for a further 5 minutes. 15 pL of
master mix solution (5 pl nucleasefree water,4 pl MgCh (25mM), 4 pl GoScriptV 5x
Reaction BuffeRNA 1 pl PCRnucleotide mix (0.5mM) andl pl GoScriptV Reverse
Transcriptasgwas added to each reaction to reach a final volume of 20 pL per tube.
Tubes were then heated at 25°C for 5 min, at 42°C for 59 min, then 70°C for 15 min.
Once the cycle is complete, cDNA was diluted in 80 pL nuelessevater and stored

at-20°C.

3.3.4.3Assessment of gene expression

Gene expression assessment was performed using Tagman Fast Advanced Mastermix
(4444557 Thermo Fisher, UK,) with Tagman assays (433It8&mo Fisher, UK) with
PCRmediated amplificdon quantified on a QuantStudio Flex 7 (Applied Biosystems Life
Tech, Thermo Scientific, UK9ing MicroAmp optical 9@ell reaction plates (4306737,
Thermo Fisher, UKThe cycling conditions were as follows: two hold stages of 2 minutes

at 55°C andthen 95°C, followed by 40 cycles at @5 for 1 second and 80 for 20
seconds. DSy S SELINBaarAz2y 61 & 'yl f&@aSR dzaAy:
Hypoxanthine Phosphoribosyltransferase (HPRTL Gene expression assays were

storedat -20°C and displayeth Table3.2.

Table3.2 Tagman assays.
Gene names and product codes faagmangPCRassaysised.

Gene Name Tagman ID
HPRT1 Hs02800695
ABCB1 Hs00184500

3.3.5Immunohistochemistry

3.3.5.1Assessment of antibody accuracy usilmgmunofluorescence
For protein expression analysis, 150,000 HepG2 or MCF7 cells were seeded onto 22x22
mm coverslips (630125, VWR International, UK), treated with siRNA and fixed in 100
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uLof 3.7% paraformaldehyde for 15 minutes and washed twice in PBS, at 72 h following
SiRNA exposure. Cells were incubated in-PB&n20 2% (PBB for 30 minutes and
blocked with 10% normal goat serum (NGS) (50197Z, Thermo Fisher Scientific, UK) for a
further 30 minutes. Primary antibodies were added in optimised concentragtated

in Table3.3in 2% NGS in PBSand incubated for 1 h at room temperatur@ells were
washed 2 times in PBBand incubated for 30 minutes at room temperature with Alexa
647-conjugated secondary antibody against rabbit 1IgG (A11004, Thermo Fisher
Scientific, UK) at 10D0. Coverslips were washed 4 times with PBS and mounted onto
SuperFrost Plus slide$0(149870 MenzelGlaser Germany) with one drop of Prolong
Gold Antifade Mountant with DAPP86941 Thermo Fisher Scientific, UK) and imaged
using Zermaging software 4eiss, UK) on an LSM 880 with Airyscan (Zeiss, UK).
Knockdown efficiencies were analysed through imaging three fields on each slide,
drawing around the perimeter of all cells in the image and quantifying pixel intensity via
the Mean Gray Value function iji macOSLOCI, USADptimisation for antibodies
targeting CYP46A1, CH25H and CYP27A1 can be folyppandixFigureA.1-3.

3.3.5.2Immunohistochemcal staining

Formalinfixed, paraffinembedded (FFPE)dions were dewaxed irl00% xylene
(10784001 Fisher Scientific, URB)timesfor 5 minuteseachfollowed bydehydrdion in
100%ethanol(32221, Thermo Fisher Scientific, B3Kimesfor 5 minuteseach For anti
Pgp, antiCYP46A1 and anfiIH25H antibodies, antigen retrieval was not performed. For
anti-CYP27A1 antibody, slides were heated in citrate buff2l g citric acid
monohydrate (C1909, Sigmaldrich, UK) 700 mL kD and 13 mL of 2M NaOMnia
microwave for 10 minutes, followed by a cooling period of Bthutes Activity of
endogenous peroxidase was blocked with 0.3%%,K110736291 Fisher Scientific, Jk
methanol (32213 Thermo Fisher Scientific, Jkor 10 minutes For antiPgp, ant
CYP46Alral anttCH25H, a further block step was carried out using Blé¥keasein in
TBS (37532, Thermo Fisher Scientlfig) for 30 minutes. Slides were incubated with
antibodies at optimal concentrationsTéble 3.3, optimisation process shown in
Appendix Figure A4) for 1 hat room temperature Staining was visualised using
secondary antibodies against rabbit (8114, Cell Signalling Techn&§gsnd mouse
(7076, Cell Signalling Technolpthd primary antibodie$or 30 minutesand SignalStain
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DAB substrateit (80595, Cell Signalling Technology, kiSfor 3 minutesat room
temperatured b dzOf SA S6SNB adFAYySR gA0GK al @ SNRa
tap water. Sections were dehydrated with ethanol, washed with xylene and mounted
onto coverslips with DePeX (Fluka). All antibody stain assays were optimised using
tumour samples obtained through ethical approval fraeeds Breast Research Tissue

Bank (LBRTB) (reference number: 15/HY/0025)

Table3.3 List of antibodies.
Antibody name, species that the antibody was generated in, product codes and respective
concentrationsof antibodiesfor immunofluorescence and immunohistochemistry.

Antibody target Speces origin Product code Concentration IF Concentration
IHC
Pap Mouse s¢73354, Santa N/A 1:500
Cruz Biotech
CYP27A1 Rabbit ab126785, Abcarr 1:100 1:100
CYP46A1 Rabbit ab198889, Abcanr 1:100 1:100
CH25H Rabbit bs-6480R, Bioss 1:100 1:150

3.3.5.3Quantification of immunohistochemical staining

Positive staining of Pgp, CYP27A1H25H and CYP46Al1 was assessed-semi
guantitatively using a weighted histoscore system. Each tumour was scored in triplicate,
with three cores embedded in the tissue microar@MA)per tumour. Histoscores
between 6300 were determined, with this value Icalated with the formula (X % of

tumour cells weakly stained) + &% of tumour cells moderately stained) +X3o of

tumour cells strongly stained). For scoring of TMA sections, whole cores were scored.
Tumours were ignored if two or moduplicate cores were missingccuracy of primary
observer histoscores were verified using the intraclass correlation coefficient (ICC), with
10 triplicate cores selected at random for secondary scoring by an independent observer
(either BW or LW [both higpathologists]). ICCs of double scored tumour cores ranged
between 0.81 and 0.99{gure3.3), all representing an almost perfect agreeméBarry

et al., 2010) Parametric correlations analysed through er@ded Pearsof@ rank and
non-parametric correlations analysed through oefier Af SR { LISIF NXI y Q&
AAIAYATFAOLIYOS 2F nodnp®d S5AFFSNBYyOS-tet® YSRA

Man-Whitney test depending on whether the groups were normally or not normally
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distributed, respectively. To compare survival curves, log rank test was used. Statistical

analyses were performed using Prism 8 (GraphPad Software Inc, USA).

4 3007 Pgp 3007 CYP27A1 43007 CH25H 3007 CYP46A1
L]
2 * o .
§ 200 . 200 o 8 200 ® e 200
.
Ll . o "P .
I . T . . .
1 » 100 . 1001 . 100 .
% 100 . 00 . % . K R
R? =0.99 RZ=0.09 % R2=089 RZ=0.84
o * p < 0.0001 o - p < 0.0001 o p<0.0001 < ® p <0.0001
0 100 200 300 0 100 200 L300 0 100 200 300 0 100 200 300
» »
AW H-score AW H-score

Figure 33 Intraclass correlation coefficient.

Intraclass correlation between two independent observers (Alex Websdale [AW] and one of
either Dr Bethany Williams [BW] obr Laura Wastall [LW], both histopathologists) for Pgp,
CYP27A1, CH25H and CYP46A1. Scoredygival are plotted against secondary scorers, with
AYGNY Of Faa O2NNBtLFGA2y O2SFFAOASYd OF t Odzt G S

3.3.5.4 Generation of tissue microarray

Ethical approvals were obtained from Leeds (East) REC (reference numbers:
06/Q1206/180,09/H1306/108). The patient cohort consisted of TNBC tumours as
determined by immunohistochemistry from Leeds Teaching Hospitals Trust (LTHT)
between 1/01/2008 and 01/10/2012. Further selection criteria for these tumaovese

that patients had not undergone neoadjuvant therapy, tumour contained sufficient
stroma, avoiding heavily necrotic or inflammatory cell rich regions and whether
resection blocks were available for normal tissue. Areas suitable for TMA were identified
from slides stained with hematoxylin/eosin, with three separate cores of 0.6mm taken
and transferred into recipient wax blocks on golDr Laura WastgBroad et al., 2021)
Clinicopathological features of the cohort are summarisedble 3.4). TMA Blocks were

sectioned to 5 pm onto SuperFrost Plus slides (MeGiater; Braunschweig, Germany).
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Table3.4 Patient characteristics

Clinicopathological features of tHEMA cohort(n = 146).

Characteristic Category TMANOo. of patients = 146 (%)
Tumour Grade 1 2(2)
2 19 (13)
3 3(2)
Tumour size X op YY 66 (45)
X op YY 18 (12)
N/A 64 (43)
Survival status Alive 101 (68)
Deceased 47 (32)
Recurrence status None 102 (69)
Present 46 (31)

3.3.6 TCGAlatasetanalysis

MRNA expressionscores relative to diploid samples of our gene cohort was obtained

from http://cBioportal.org (Ceramiet al., 2012) Breast cancer gene expression

databases provided by The Cancer Genome Atlas (TCGA) used. Expression data were

stratified by clinical and PAM50 subtypes, TNBC. To generate TNBC cohorts, clinical

information was obtained and filtered foregativity of ER, PR and HER2 status for both

TCGACIinicopathological features are summarised able3.5.

Table3.5 Cohortcharacteristics

Clinicepathological features of the TCGA breast cancer cohort separated by TNBC subtype (n =
123) by hormone resptor status or Basal and Claudin low subtype (n = 85) by PAM50 method.

Characteristic Category TCGA TNBC No. of Patients = 123 (%)
Tumour Stage 0 0 (0)
1 26 (21)
2 82 (66)
3 11 (9)
4 2(2)
N/A 2(2)
Survival Status Alive 104 (85)
Deceased 19 (15)
PAM50 Subtype Basal 76 (62)
HER?2 5(4)
Luminal A 4 (3)
Luminal B 1(1)
Normal 2(2)
Claudinlow 0 (0)
N/A 35 (28)
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3.3.7 Analysis of oxysterol content in tumour

Ethical approvals were obtained from LBRTB through 15/HY/0025 for 47 breast tumours
(31 TNBC, 16 HERZ2 enriched). These samples were cut into nine consecutive slices of 5
mg, with three slices used for assessment of MRNA expresticeg for protein
expresion, and the final three for analysiinptal, free, and esterified oxysterol

concentration. Clinicopathological featuresthis cohortare summarised ifable3.6.

Table3.6 Patient characteristics
Clinicopathological features of the LBRTB breast tumour cohort (n = 47).

Characteristic Category LBRTB No. of patients = 47 (%)
Tumour Grade 1 1(2)

2 9 (19)
3 37 (79)
Tumour size X op YN 27 (57)
X op Y)Y 20 (43)
Survival status Alive 25 (53)
Deceased 22 (47)
Recurrence status None 23 (49)
Present 24 (51)
HER2+ status Positive 16 (34)
Negative 31 (66)

3.3.7.1 Liquid chromatographywith tandem mass spectrometryanalysis of tumour
oxysterol content

5mg tumour slices were homogenised in 500 pL internal standard solution using an IKA
T10 UltraTurrax homogenizer (VWR). Internal standard solution comprised of 1.5 nM
of deuterated 220HC 250HC and 260HE€achin isopropanol and 30 pL of 6 uM
cholesterol25,26,2%13C (for autoxidation monitoring) For assessment of total
oxysterol content, alkaline hydrolysis was performed by adding 35 pL of 2M potassium
hydroxide in methanol to 100 pL of homogenized sample solstbrheated for 60°C

for 120 minutes. Stels were extracted from sample solution using lictigliid
extraction with 300 pL of-+hexane and type 1 water solution (1:1), retaining the light
phase. Liquidiquid extraction was repeated a further two times, adding 150 pL-of n
hexane. Samples were guarated in an Eppendorf concentrator plus and resuspended
in 100 pL isopropanol. Samples were added to an Oasis PRIME HBL Ingy G®E

cartridge and eluted with methanol, evaporated and resuspended in 20 pL isopropanol.
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Samples were treated with choliesol oxidase 50mM phosphate buffer pH 7 and
heated at 37°C for 60 minutes. Samples were derivatized with a solution of 15 mg
GirardQ &eagent T (®00, SigmaAldrich UK) 15 uL glacial acetic acid and 500 pL
methanol and left at roomemperature overnight. Derivatized samples were stored at
4°Cand measured within a weekSample oxysterol content was measured using a
Dionex UltiMate 3000 UHPLC system connected to a TSQ Vantage triple quadrupole
mass spectrometeoperated in multiple raction monitoring (MRM) modeExcess
Girard P waste wasemovedby an online HotSEP C18 SPE column (1 mm3bnm,
(Teknolab, Norway)) and subsequently separated on an ACE UltraCore Super
PhenylHexyl column (2.1 mm ID x 100 mm, particle diameter 2.5 Adwafced
Chromatography Technologies LTD, URggaks were quantified with Xcalibswftware
(Thermo Fischer ScientifidK.

3.3.72 Tissue RNA extraction and gene expression analysis

Three tumour 5mg slices were taken from different areas of the bieasnour tissue

for gene expression analysis. Tumour tissue was homogenised in LBA + TG buffer to
inactivate resident tissue ribonucleases. Following this step, RNA extrastisn
continued following section3.3.4.1@ EG NI OGiA2Yy 2F wb! gepe O5b!

expresgon was performed following sectiaiB.3.4.2 Conversion of RNA to cDEA | Yy R

0 ® o dAssessmeat of gene expressiond
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3.4 Results

3.4.1 LXRmediated chemotherapy resistance isiediated by Pgpin triple-negative

breast cancer cells

Previous work had already established that Pgp expression was inducible by LXR ligands
(Hutchinson et al., 20210 establish whether Pgpas mediating the LXRdependent
chemothelpy resistancecells were treated with epirubicin and LXR agonists with and
without knockdown of Pgp expression. To validate siRNA and drug eiB&ZBIMRNA

was measured before and after exposure to LXR ligand GW3965 with and without SiRNA
against Pgp Kigure 3.4A). GW3965induced a 1.5fold increase inABCB1ImRNA
expressionin siCON treated MDMNB-468 cells(oneeway ANOVA p<0.0001)and
rescued cellérom epirubicin mediated cell deathrigure3.4B compare columns 3 and

4). TargetedsiRNAreduced ABCBIMRNA expression by0-fold (one-way ANOVA,
p<0.0001) and GW3965 failed to increase ABCBImRNA expressionunder these
conditions(one-way ANOVApP>0.05).In response to epirubicin treatment, cell viability

fell by approximately 35% for both siCON+EPI and siPgp+EPI compared to their sSiCON
and siPgp, respectively (oweay ANOVAp=0.0001 and p=0.0004). GW3965 reversed
epirubicin mediated cell deatmisiCON (p=0.0009) but not in siPGP (p>0.05) treated
cells Figure 3.4B). These data supported the hypothesis that GW3965 induced

resistance to epirubicin required induction of Pgp.
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3 100] pos © aag
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Z / > |
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Figure3.4 LXR confers chemoresistance to epirubicin exclusively througdiyleoprotein.

(A) Pgp expression following h@&reatment with GW3965 in siCON andggfreated cells. (B)
MTT in MDAVIB-468 cells after sib shows GW3965 no longer enhances protection to
epirubicin (EPDtreatment without Pgp expression. Data presedtare mean with SEM of 3

independent replicates of 6 technical replicatestdfues calculatedsing oneway ANOVA with
multiple comparisons.
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3.4.2 CH25H orrelates withABCBX&t mRNA levein primary TNBC samples

Treatments of synthetic and natural LXR ligands induce Pgp expression and
chemotherapy resistance in TNBC cell lines, however this does not represent the
physiological environment of the tumou€H25H is a known transcriptional target of
LXR(Liu, Y. etla, 2018)and reciprocally its ptein product catalyses the synthesis of
250HC, aLXR ligan@Hutchinson et al., 2019bJ o assess if LXR activitysxarrelated

with expression oABCBIn tumours, the mRNA levels BiR1HJthe gene that codes

T 2 NJ),[CH28Kand two other oxysterol producing enzyme3Y{P46Aand CYP27A1

were correlated with that oABCB1n a cohort of primary TNBC samp(&®boldt et al.,

2012) Assessment of TNBC tumours from the TCGA dataset showeNRidi3and
CH25H both positively correlated wittABCB1(Figure3.5; { LIS | NJY' | yWREH3 NJ V|
R=0.2 p<0.0001CH25KH R=0.5, p<0.001). Correlations between CYP46A1 or CYP27A1
with ABCB1 were not significant (p>0.05). These data indicate that while LXR expression
is correlated with its transcriptional targets, its activity, at least in TNBC is not linked to

oxysterol produts of CYP46Adr CYP27A1

v NR1H3 4 CYP46A1 4 CH25H 4 CYP27A1
c
2 2
@ |2 o2, 2 z 2
8 ¢
[=9% 3
®|o o e o o
- o o
< R*=0.18 R®=0.007 R*=0.49 R*=0.006
P<0.0001 p=0.05 p<0.0001 p=0.05
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Enzyme expression (mRNA)

Figure 35t 3L O2 NNXf I (i SCH25BANRKA IpvelmTNBCY R

Correlation analysis of TNBC tumours obtained from TCGA (n=89) dataset accessed via
cBioportaNR1IH3CYP46AXCH25Hand CYP27Aéare represented along theaxes andABCB1
alongtheyr ESa® t SINAE2Y Q& NIyl 6F4& LISNF2NY¥SR (2 i
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3.4.3 Oxysterol synthesising enzymesorrelate with expression of Pgp in triple

negative breast tumourst protein lewel

To confirm whether intratumour production of oxysterols associates with Pgp
expression, cancer cell populations within TNBC tumours were assessed for their
expression of oxysterol producing enzymes; CYP46Al1, CH25H and CYP27A1 and
correlated with Pgp expressioAll antibodies against oxysterol synthesising enzymes
used were validated for their accuracy against their targ@ispendix Figure AB) and

a weltvalidated(Mechetner and Roninson, 1992&htibody against Pgp used frequently

in breast cancer was select€@horne et al., 2018; Kim, B. et al., 201Qptimisation
stepsfor staining ofall antibodiesare shown inAppendix Figure A&. ATMAof 146
pre-treatment TNBC tumours was stained fBgp andthe three oxysterol producing
enzymes all of whichwere quantified using weighted {dcores (seéppendixFigure

A.8Afor Pgp and-igure3.6A for oxysterol producing enzynmepresentative images).

Epithelial Pgp was more highly expressed in patients that suffered relapse, metastasis
or death (1 S NJYEyéh) WidNthan those that had not{ S NIYNo FEved®2 I NP dzLJ
(AppendixFigure A.8). High epithelial cell expression of Pgp associated with reduced
DFS Appendix Figure A.8€D; logrank rest p=0.002), as has been shown in other
general breast cancer cohort@Gregorcyk et al., 1996; Tsukamoto et al., 1997)
Expression of all three enzymes significantly positively correlated with that of Pgp
(Figure3.6B;t S+ NE 2y Q& NJ?30.B,¥<0/0Q01; C26HZR.57wp<0.0001;
CYP27A1:°R0.07, p=0.0067). These data suggest that protgjpression of oxysterol
producing enzymes within TNBC epithelial cells could be important for cancer cell
expression of Pgp. Furthermore, these measurements validate previous correlations of

MRNA expressiors€ction3.4.2) at the protein level.
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Figure 36 Protein expression boxysterol producing enzymes, CYP46A1, CH25H and CYP27A1
in stromacorrelate with Pgp expression in TNE@ithelial cells

(A) Representative images of breast tumour stains containing cancer cells that are considered
either; weakly stainedmoderately stained or strongly stained for CYP27Al1l, CH25H and
CYP46A1. Scale bars representiad5(B) Correlation between the expression of both CYP27A1,

/1 Hpl YR / ,tnc!m (2 GKS SELINB&aarzy 2F t 3L
performed to assessorrelations.
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3.4.4 The intratumour correlation between 240HC and Pgp is decoupled in ER

negative, NoEvent patients

Further validation of the oxysterdtgp association was performed through the
guantification of oxysterol concentration in tumours. T¢@ncentration of total 240HC,
250HC and 260HC were measured througMBIMS in triplicate slices from matched
ERnegative tumours from the LBRTB cohort of 47 (31 TNBC and l16ddEeted).
These tumours hagreviouslybeen assessed faxpression of vaousmRNAs including
ABCB1 To address known issues of high intratumour heterogeneity of OHC
concentration(Solheim et al., 2019the average oxysterol concentrations from three
tissue slices per tumour was calculated. Average concentratioresach OHC were then
correlated withABCB mRNAfrom matched tumours. HigBCBIMRNA expression
within ERnegative tumours associated with reduced DAfpendixFigure A.@-D; log

rank test p=0.014), whiclinas been demonstrated previoustybreast cance(Atalay et

al., 2008) Of the oxysterols assessed in-B#jative tumoursKigure3.7), 240HC was
associated wittABCBY wb | S E LINB & & A 2:1=0011)SA50CAYQG0OHGIT Y |
were not. Furthermore, 240HC was lyprcorrelated with Pgp in patients who had
suffered a relapse or disease specific de&bent: R=0.14, p=0.011) but not in patients
who had survived disease frebld event:p>0.05). These data suggested that 240HC
may be most likely responsible for drigi LXR mediated Pgp expressioviva When
stratified by clinical subtype (TNBC or HeRE@ched), only 240HC in TNBC Event
patients positively correlated with ABCB1 mRNA expresshppdndix Figure AOQ;

p=0.11.
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Figure 37 240HC associates withBCBINRNA expression in patients that have suffered an
event.

Correlation analysis between tumour concentration of 240HC, 250HC and 260AB @A
MRNA expressiorelative to HPRTCohort split betweertvent(dotted, coloured lineandopen
circleg, No Event(solidcoloured lineand closed circlespatientsand All patients (black dotted
line). Lines indicate linear regression, correlations calculated (&iegmay” Qank

3.4.5 High expression of CYP46A1 and CH25H associaterediiced diseasdree

survival in triplenegative breast cancer

To establish whether oxysterol producing enzymes were predictive of DFS in TNBC, the
expression of CYP46A1, CH25H and CYP27A1 was associated with patient information
regarding whether they haguffered an event or notFrst, the expression o€YR6A1,

CH25H and C¥ZPA1 were compared betweeBvent and No Event patientgpendix

Figure A.1A), finding that lmth CH25Hand CYP46Adere more highly expresseid
Eventpatientso { (0 dzR-&sf C25Hp&0.007and CYP46A1: p=0.000ROC curves

were used to determine expression cut qfppendixFigure A.1B) for assessment of
whether the enzymes were predictive of DF8gh expression oéither CH25H and
CYP46Aassociated withreduced DF$@Figure3.8; log-rank test p=0.005 ang=0.002

respectively.
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Figure 38 High expression of CYP46A1 and CH25H is predictive of reduced difease
survival.

KaplanMeier analysis of (A) CYP46A1 (lowddre= <65, high+score= >65), (B) CH25H (low H
score= <113.2, high-store= >113.2) and (C) CYP27A1 (lescdile= <63.3, hig Hscore=
>63.3).ROC curves were performed to dichotomise high and low expredsigmank test was
performed to assess significancghaded areas represent 95% Gltiéhts at riskof event are
shown beneath each Kapldvieier curve
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3.4.6 High conentrations of 240HC, 250HC and 260HC associate with reduced

diseasefree survival in ERiegative tumours

Oxysterol content was #n compared betweenERnegative Event and No Event
patients All oxysterolsAppendixFigure A.2A; Mann-Whitney test 240HC: p0.024,
250HC: p=0.004 and 260HC: p=0.005) were significantly higleencentration in
tumours from Event compared to No Event patients. Patients were then dichotomised
into high and low tumour concentration of the assessed oxysterols thraaghiver
operating characteristicROQcurve analysisAppendixFigure A2B) and KaplarMeier

curves generated using patient information regarding DFS. Survival curve analysis
showed that all three oxysterols associated with reduced DFS when present in tumours
at high concentrationsKigure3.9; log-rank test 240HC: p=0.02, 250HC: p=0.01 and
260HC: p=0.01). When analysing the smaller cohort (n=27) containing just TNBC
patients, only high concentrations of 260HC (p=0.04) associated with shorter DFS
(Appendix Figure A13A). However, in HER&hriched tumours (n=4) high
concentrations of all three oxysteralsmainedassociated with reduced DFSppendix

Figure A.BB; log-rank test 240HC: p=0.04, 250HC: p=0.004 and 260HC: p=0.03).
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Figure 39 High concentrations of oxysterols are predictive idduced diseasdree survival.
KaplanMeier analysis of (A) 240HC (low ng/g = <286.5, high ng/g = >286.5), (B) 250HC (low ng/g
=<57.22, high ng/g = >57.22) and (C) 260HC (low ng/g = <346.9, high ng/g = >34fafk Log
test was performed to assess significar8haded areas represe@b% Cl andaiients at risk of
suffering an event are shown beneath each Kajseier curve
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3.5 Discussion

The overall aim of thighapter was to test the hypothesis thabxysterotmediated
resistance to epirubicin is mediated via Pgp upregulatiodthat the oxysterol/LXR axis

is associated with reducddFSOur group previously established that transactivation of
LXR by oxysterols is more potent int&gative than EfRositivebreast cancer cell lines
(Hutchinson et al., 2019bThis sensitivity t@xysterolsignalling, coupled with a lack of
targeted therapies for TNBC, were important parameters in the decision to further
investigate theoxysterotLXR axis in this disease subtypeaimentof TNBC cells with
LXR ligands (G3965 240HC, 250HC and 260HC) was previously found to Increase
resistance toepirubicin and induce expression of P@jutchinson et al., 2021Pgp is
most commonly overexpressed in TNBC compared to okineast cancersubtypes
(Millis et al., 2015and confers resistance to epirubicin via its xenobiotic efflux functions
(Chen, Y.N. et al.,, 1990Pgp was therefore a likely mediating candidate of the
chemoresistance induced loxysterotLXR pdiway.

Although oxysterols were demonstrated to upregulate Pgp expression and induce
chemotherapy resistance through LXR in TNBC cells, whethermédiRted
chemoresistance was induced solely through Pgp was unclear. Therefore, the first aim
of this chaper was to demonstrate that LXRediated resistance to chemotherapy
acted through increased Pgp expression. Treatment of NBM68s with GW3965
increasedABCRB expressiorandwas unable to induce expression in siPgp treated cells.
A subsequent MTT assay mirroring this experiment showed that siPgp inhibited
GW3965mediated resistance to epirubicin, suggesting that-intlRced chemotherapy

resistance to epirubicin is driven bpnegulation of Pgp.

To examine whether Pgp may be under the regulatory control obttysterotLXR axis

in patients, three experiments were undertaken. Pgp expression was measured in three
independent cohorts and the pathway was measured at the levigtsRINA, protein and
oxysterolconcentrationsContrasting with mRNéxpression data harvested from TCGA,

CYP46ADrotein showed a strong correlation with Pgp expressigithin the TMA.
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Considering CYP46A1 producesOBC, one of the more proficient LXd&tivators
(Lehmann, J.M. et al., 1997; Janowski et al., 1929f8cHhihson et al., 2019b)this is
understandable Furthermore, CYP46A1 has been implicatechialysing the final step

in an alternate shunt in the mevalonate pathwakhis shunt leads to therodudion of
another potent LXR ligandlehmann, J.M. et al., 1997; Janowski et al., 1999P5FC
(Griffiths @ al., 2016b) potentially enhancing the correlation between CYP46A1 and
Pgp Additionally, 240HC was found to positively correlate WMBCB lexpression
within TNBC and HER2+ tumours. This suggests that CYP46A1 production of 24,25EC is
not driving the association between CYP46A1 and Pgp but may still complement it.
Interestingly, when tumours were stratified on Event or No Event patients, the
association betweer240HC andABCBlIremained only within the Event group. This
finding could be due to a range of factors, such as enhanced expression of LXR co
repressors in No Event patientidutchinson et al., 2019pb)eading to repression of LXR
signalling. Alternatively, reduced expressionBD lacking-XR isoforms in Event
patients could result in less ligand binding competition for\ectiXR isoforms and
increased transcription of LXR target gerfegmnto et al., 2021)Both CYP46A1 and
240HC were pradtive of reduced DFS and their presence in tumours were significantly
higher in Event patients compared to No Event patients. These findings may be due to
upregulation of Pgp through the LXRysterol axis, however it is possible there are

other mechanisra involved.

CH25H exerts the greatest influence over Pgp expression of the tested enzymes at
protein levelin the TMA cohortThis supports findings from mRNA data analysis, which
found that only CH25H expressionof the testedoxysterol producingenzymeshas a
positive relationship withABCB. expressionin the TCGAcohort. However, the LXR
ligand product of CH25H, 250HC, is not a proficient LXR afloglishann, J.M. et al.,
1997; Janowski et al., 1999nd was the poorest ligand tested for inducing
chemotherapy resistance in MTT asséstchinson et al., 2021)naking these results
somewhat surprising. Observed associations within patient cohorts thus, may in fact not
be due to the efficacy of 250HC, but rather the result of both CH25H and Pgp both being

LXR targets. CH25H is upregulated in liver cancer well HepG2, in response to
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treatments with both natural (250HC) and synthetic (T317)ligéRds(Liu, Ying et al.,
2018) This suggests that stimulation of LiKR/ivowould induceboth Pgp and CH25H
expression, enhancing any association between CH25H and Pgp. Furthermore,
concentration of 250HC within TNBC and HER2+ tumours did not correlate with
expression oABCH, supporting the suggestion that correlation between proteins may
be a result of being gene targets of LXR. Additionally, tumour concentration of 250HC
may not directly reflect expression of CH25H, with enzymes involved in 250HC
metabolism varying in expression between tumours. Despite the lack of association
between 250H@nd ABCR, 250HC and CH25H are still predictive of DFS, suggesting

they may be involved in alternative mechanisms in cancer progression.

Compaed to CYP46A1 and CH25the correlation between CYP27A1 and Pgp is
considerablyweaker.This may be due to thfact that CYP27A1 can further metabolise
both 26 0OHGriffiths et al., 2019nd 240HCAbdelKhalik, Jonas et al., 201i8jo inert

LXR agonis{Soroosh et al., 2014Additionally, CYP27A1 has other-p#thway targets,

such as vitamin D@awada et al., 2000)vith these potentially saturating the enzyme

and reduangits efficacy for 2610OHC productiohis is reflected in the lack of separation
between patients whose tumours express high and low levels of CYP27A1 and no
significant difference between CYP27A1l expression betweeent and No Event
patients Furthermore, the respective products of CYP27/&Y mduce alternate effects

on patient prognosis. Treatment with 260HC inducgetastasis through LXR in an
MMTVW-PyMT cancer model and induced a significant reduction in animal survival
(Nelson, E. R. et al., 201Bjowever, CYP27A1 also catalysebyafroxylation of vitamin

D3 (Sawada et al., 2000an essetial step enabling the conversion of vitamin D to its
functionally active form. High levels of-Bydroxyvitamin D has been demonstrated to
associate with a reduced risk of TNBC cancer progre§gmm et al., 2011 )suggesting

that CYP27A1 hydroxylation of vitamin D3 may improve patient outcome. Contrastingly,
high tumour concentration of CYP27A1 product, 260HC, associates with DFS, however
did not associate wh ABCBZExpression in our cohort. Subsequently, it is likely that the
association between 260HC and DFS is due to the previously established-260HC

mediated induction of metastas{®elson, E. R. et al., 2013)
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Treatmentswith GW3965 have been shown to induce chemotherapy resistance in 4T1
allograft modelgHutchinson et al., 2021Expansion upon this experiment could be to

graft 4T1 cls pretreated with siRNA targeting CYP46A1l. Prognalkita associating
CYP46A1 expression and 240HC concentration with Pgp expression and DFS suggests
that knockdown of CYP46AL1 in animal xenograft model would reduce tumour resistance

to epirubicin treatnent and lead to enhameg epirubicin mediated tumour destruction
Alternatively, overexpression plasmids could be utilised to enhance expression of

CYP46ALl in the allografted cells, improving epirubicin resistance.

With both 240HC ad CYP46A1 showing an association with Pgp expression at mRNA
and protein level, respectively and 240HC inducing chemoresistance in breast cancer
cells,a targetable mechanism to prevent chemotherapy resistance has emerggsiie
concentration of 260HC Babeen shown to be influenced by dietary intake of
cholesterol in animal model¢Sozen et al.,, 2018and both 240HC and 260HC
concentrations in serum correlate with that of their precursor, cholestéssles et al.,

2014) suggesting that oxysterol content can be influenced by &igtthermore, statins
reduce circulating levels of 250HOias et al., 2018and 240H(Vega et al., 2003)
Therefore TNBC patients may benefit froa dietary intervention targeting cholesterol

reductionor statin therapyto reduce circulating and intratumoaflevels of 240HC.

3.6 Conclusion

The development of chemotherapy resistance continues to be a major setback in the
treatment of TNBC, leadinto the development of new agents less susceptible to
common resistance mechanisms. Moreover, there is a requirement to further
understand the mechanisms that lead to chemotherapy resistance, which may identify
targetable pathways to preventhe induction of chemotherapy resistanceln this
chapter, oxysterols have been demonstrated to induce chemotherapy resistance
through upregulation of Pgp. Furthermore, both oxysterols and the enzymes

responsible for their production have been shown to associate wittuced DFS in high
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concentrations. Oxysterols are derived from cholesterol #meir concentrationin

serum correlates with cholesterol conte(8tiles et al., 2014Yherefore, TNBC patients

may benefit from either dietarygpharmacologic interventiositargetingcholesterol to

impair induction of chemotherapy resistance througtetbxysterol:LXR:Pgp axito
summarise, endogenous LXR ligands are prognostic biomarkers for TNBC patient survival
and present a targetable mechanism to be explored in clinical trials to reduce incidence

of chemotherapy resistance.
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Chapter4: Oxysterols from canceassociated fibroblasts impact

LXR signdihg in triple negative breast cancer

4.1 Introduction

In the previous chapter, the inttamour oxysterol concentration and epithelial cell
expression of enzymes responsible for oxysterol production were shown to associate
with DFS. Combined with previous research from the laboratory, the hypothesis that the
oxysterolLXR axis could induce Pgpediated chemotherapy resistance was
established. However, epithelial cells are not the only cell type within a tumour, with a
rich network of norcancer cells present for epithelial cells to interact with. These non
cancer cells form the TME and include tresident fibroblasts and adipocytes and the
infiltrating immune cells. The tumour stroma refers to the Acancer region of the TME,
which primarily consist of fibroblasts and the extrallular matrix that they secrete.
Stroma rich triplenegative tumairs have shorter periods of relap$ee survival(de
Kruijf et al., 2011; Moorman et al., 2012; Dekker et al., 2C8) overall survival
(Moorman et al., 2012; Millar et al., 202@ibroblasts make up a large constituent of
the cellular naterial in the tumour stroma and have been shown to associate with

aggressive cancer phenotyp@hou et al., 2018)

Tumour residing fibroblasts will receive signals from cancer cells which induce their
conversion from normal fibroblasts to caneassociated fibroblasts. Caneassociated
fibroblasts are significantly different from normal fibroblasts in regards to their
expression profilegGonzalez et al., 201@)nd their morphology(Olsen et al., 2010)
CAFs can also be sourced from infiltrating mesenchymal sterm(\d&lser et al., 2015)

and adipocyte¢Bochet et al., 2013CAFs derived from different breast cancer subtypes
exhibit specific gene expression profil@hou et al., 2012)n fact, four different CAF
subtypes (CAB1S4) have been identified within human betacancers through the
expression of canonical CAF marker proteir®WA caveolinl, FAP, FSPA Y i SANR Y
and PDGER Of these four subtypes, only two (GBE and CAB4) were found to be
majorly present in TNBC and accumulate differentially betweeBO MimourgCosta,

A. et al., 2018)CAF subtypes appear to have distinct roles on epithelial cells, with CAF
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S1 and CAB4 performing complementary roles in inducing metastasis-&1A€ells
appear to prime epithelial cells for metastasis by instigating epithelial to mesenchymal
transition, whereas CA84 cells initiate cancer invasion through Notch signalRadon

et al., 2020) These CAF subtypes may also act as prognostic indicators, with the
presence of CAB4 in the lymph nodes associated with reduced overall sur{idebdn

et al., 2020) CAFs can not only influence epithelial cells but can also alter other non
cancer cells of the tumour microenvironment. The CAF gene signature in TNBC tumours

was found tonegatively correlatavith cytotoxic Fcells(Wu, S.Z. et al., 2020)

Fibroblasts have been shown to produce oxystefdBnnenberg et al., 2013; Lange et
al., 2009; Saucier, S. E. et al., 1985)wever, oxysterol production within CAr@snot

yet been elucidated. Furthermore, iA€s can produce oxysterols, whether oxysterols
are secreted in sufficient quantity into the TME would heavily impact their influence on
epithelial LXR transactivatioiMechanisms of cellular oxysterol export have been
identified, with one such being the part through ABCGXXu, M. et al., 2009)
Oxysterols exported through ABCG1 were shown to be taken uadpcentcells(Xu,

M. et al., 2009) demonstrating oxysterainediated paracrine signalling. ABCA1 was
unable to export KC (Xu, M. et al., 2009however could export 250HCTam et al.,
2006) Additionally, small quantities oKCare also exported through HElound ApoA

| (Gelissen et a1.1999) Oxysterols were found to be exported from cells in exosomes,
however the concentration of oxysterols exported by exosomes was unrelated to
intracellular oxysterol levelgRobergLarsen et al., 2017)There has been an
accumulation of evidence stating the importance of exosomes in many cancer hallmarks
(Giordano et al., 202@nd ocysterols may be an important component within exosomes
for inducing precancer pathways. Therefore, the association between high CAF cell
number and tumour aggressiveness in TNBBou et al., 2018jnay be related to
2EeaiGSNRrfta aSONBGSR oé /1 cao {SONBGISR 2E
in adjacent or distant epithelial cells and activate qgencer pathways, such as

chemotheapy resistance through Pgp upregulation.
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4.2 Hypothesis and aims

Oxysterols secreted by caneassociated fibroblasts can induce chemotherapy

resistance in adjacent epithelial cancer cells throughinéRiated upregulation of Pgp.

The aims of thislapter were to:

1 Identify TNB&pecific markers of canc@ssociated fibroblasts and examine if
their expression correlates with expression of LXR target genes in TNBC and
Basallike/Claudinlow tumours.

1 Elucidate whether CARscrease the ability of LXR toansactivate LxfRarget
genesin TNBC cells.

1 Examine whether stromal expression of oxysterol producing enzymes associates

with epithelial Pgp expression and DFS in TNBC tumours.

Fibroblast

ABca1f
| Pgn

Epithelial

Figure 41 Graphical hypothesisCancer associated fibroblast transactive LXR signalling in
triple negative breast cancer epithelial cells through secreted oxysterols.

240HC, 250HC and 260HC are secreted by casseciated fibroblasts that are adjacent to
epithelial cells within a TNBGmour. Oxysterols are taken up by the epithelial cell and used to
induce LXR signalling, leading to an increas@BCBIMRNA expressioand Pgp protein
expression
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4.3 Materials and methods

4.3.1Systematiceview

4.3.1.1 Search strategy

Searches werearried out using the Pubmed and Scopus databases during August 2021.
The search strategy used was published on the PROSPERO dat&tiad2(21272880
however the strategy identified markers for caneesociated adipocytes and
macrophages in addition t€AFs. For this chapter, only CAF markers are addressed.
Search strategy: (((((TNBC[Title/Abstract]) OR (triple negative breast[Title/Abstract]))
OR ("ER Negative" "PR Negative" "HER2 Negative"[Title/Abstract])) OR
(BLBC]JTitle/Abstract])) @ OR  (Basal* breasicancer[Title/Abstract])) = AND
(((((macrophage*[Title/Abstract]) OR (monocyte*[Title/Abstract])) OR
(Fibroblast*[Title/Abstract])) OR (adipos*[Title/Abstract])) OR
(adipocyte*[Title/Abstract])).

4.3.1.2 Study selection

Titles and abstracts that were identified from the search strategy were screened against
the following inclusion criteria: 1IJhe articleis in English 2) The articledescribesan
original(primary data)study. 3) The article investigate TNBC4) The article investigate
adipocytes, fibroblasts or macrophages) The article identifes potential marker
genes/proteins in adipocytes, fibroblasts or macrophadrasblications from predatory

journalslisted onhttps://b eallslist.net/were excluded from our review, as were case

studies. Studies that assessed gene expression in fibroblasts or macrophages, however
not in the contex of TNB@ssociation were excluded from our revieScreening was
performed by two independent assessors (either Shounak Barua, Wing Lee, Jing Zhang,
Ruiming Zhang or Qinghui Zhu) and validated by a third (eh&iorgia Cioccoloni or

Alex Websdale)dentification process for marker genes is summariseéigure4.2.
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Is the gene a canonical CAF marker Do the papers report
(reported discovery or use as a markerin  YES specificity or high selectivity
>2 publications)? towards CAFs?

NO YES

If a novel discovery (reported discovery in
1 publication), is there evidence of NO
expression in other cells in TNBC TME
from other publications?

Include

Figure 42 Decision tree for identifying TNB&pecific CAF marker genes.
Reported discovery of a CAF marker descrébgsnethat has upregulated expressiam TNBE
CAFdollowing their conversion from normal fibroblasts

4.3.2TCGAand METABRIGataset analysis

4.3.2.1 Data extraction and analysis

MRNA expression-scores relative to diploid samples of our gene cohartreast
tumourswere obtained from http://cBioportal.org (Cerami et al., 2012Breast cancer
gene expression dabases provided by TCGKoboldt et al., 2012and METABRIC

(Curtis et al., 2012vere used Expression data was assessed for bDNBC and Basal
like and claudidow (BLCL)To generate TNBC cohorts, clinical informatbthe entire
TCGA and METABRIC datasetee obtained and filtered for negativity of ER, PR and
HER2 statud-or BLCL tumours from TCGA, bdikaland claudidow expression data
was selected fofrom http://cBioportal.org. To generateMETABRIBLCLcohorts,

basatlike and claudifow tumours were chosen using the PAMS50 classification
reported in clinical information mMRNA expressionscores relative to diploid samples

were downloaded for all sampleBxpression data for TNBC patients was obtained from
TCGAN=123) and METABRIC (n=28Xpression data fdBLClpatients was obtained

from TCGA (n=85) and MEBRAC (n=398)Data was then imported into PRISM for
analysisClinicopathological features of TNBC and BLCL cohorts are listed for METABRIC
(Table4.1) and TCGAT@able4.2).
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Table 41 Patient characteristics

Clinicopathological features of the METABRIC breast cancer cohort separated by TNBC subtype
(n = 299) by receptor status or Basal and Claudin low subtype (n = 398) by PAM50 method.
N/A=not available.

Characteristic Category METABRIC TNBC N METABRIC Basal + Claudir
of Patients = 299 (% Low No. of Patients =28 (%)

Tumour Stage 0 0 (0) 1(0)
1 62 (21) 91 (23)
2 130 (44) 170 (43)

3 25 (8) 34 (9)

4 0 (0) 0 (0)
N/A 82 (27) 102 (25)
Tumour size <35 mm 230 (77) 309 (78)
X op 65(22) 82 (20)

N/A 4 (1) 7(2)
Survival Status Alive 139 (46) 198 (50)
Deceased 160 (54) 200 (50)
Recurrence Status None 177 (59) 248 (62)
Present 122 (41) 150 (38)
PAM50 Subtype Basal 151 (51) 199 (50)
Claudinlow 106 (35) 199 (50)

HER2 30(10) 0 (0)

Luminal A 2 (1) 0 (0)

Luminal B 0 (0) 0 (0)

Normal 20 (3) 0 (0)

Table 42 Patient characteristics

Clinicopathological features of the TCGA breast cancer cohort separated by TNBC subtype (n =
123) by hormone receptor status or Basal and Claudin low subtype (n = 85) by PAM50 method.
N/A=not available.

Characteristic Category TCGA TNBC No. of TCGA Basal + Claudiow No.
Patients =123 (%) of Patients = 85 (%)
Tumour Stage 0 0(0) 0 (0)
1 26 (21) 21 (25)
2 82 (66) 55 (65)
3 11 (9) 7 (8)
4 2(2) 1(1)
N/A 2(2) 1(1)
Survival Status Alive 104 (85) 75 (88)
Deceased 19 (15) 10 (12)
PAM50Subtype Basal 76 (62) 81 (95)
HER2 5 (4) 0 (0)
Luminal A 4 (3) 0 (0)
Luminal B 1(1) 0 (0)
Normal 2(2) 0 (0)
Claudinlow 0 (0) 4 (5)
N/A 35 (28) 0 (0)
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4.3.2.2 Generation of heatmaps

Satistical analysis of correlation data was condretusing R version 3.6.3, RStudio
version 2021.09.0 Build 354y Olivia Burton and Dr Eltdviasconcelosvith thanks to
leedOmics t ST NB 2y Qa O afed® feheliate 2Ry values fr correlations
between TNBGpecific CAF marker genes and canonical BKfettgenes an@ False
Discovery Rate of 1%as applied to theesulting pvalue.Heatmaps were generated
from R values usintpe heatmap.2 commandLiaw A, 2020)vithin the gplots package
(Warnes GR, 2020y Olivia Burton andlton Vasconcelosith thanks toLeedsOmics

Genes were divided into different clusters through hieracahclustering.

4.3.3 Cell culture assays

4.3.3.1 Cell lines

MDA-MB-468 cells were obtained fror®r Thomas A. Hughes and MD#B8-453 cells
were obtained fromDr Laura Mathews, originally from ATCC. And.XBntrolled
luciferase reporter cell line lsdbeen developedrom MDAMB-468 cells (se8.3.1 Cell
culture) via a published metho@Hutchinson and Thorne, 20). In brief, cells were
transfected with Lentiviral particles containing a firefly luciferase reporter expressing
luciferase under the control of LXiding elements and also encoding puromycin
resistance.LXR-inducible MDA-MB-468s were referred to as MDMB-468-LXRLuc
cells. CAF cells were frdbr Thomas A. Hughes. CAFs were generated bymigdiated
immortalisation through overexpressiasf hTERTN fibroblasts extracted from inside
luminal A tumour massg®road et al., 2021 Cells were grown as reported3r8.1 Cell

culture.

4.3.3.2 Ceculture

CAFsand MDAMB-468-LXRLuc cells were seeded intipaque walled 96 well plates
with flat and clear bottomsLXR-inducible MDA-MB-468s were always seeded at a
density of 10,000 cells per well. CAF seeding density ranged from 0,2.5x1@, 1x1¢
and 2x10 cells per well. Cells were @uiltured together for 16 h before being assessed

for luciferase expression via luciferasesaygs (sed.3.3.5 Luciferase assgy
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4.3.3.3 Conditioned media

CAF conditioned medi@M)was generated by adding 10 mL of DMEM containing 10%
FBS into a confluent T75 and incubating for 44 h. NMIBM68 conditioned media was
generated by seeding 4.5X4€ells per mL and conditioning DMEM containing 10% FBS
for 24 h. All media was centrifuged upon collection for 5 minutes at 200 rcf and stored
at -80°Cuntil use. MDAMB-468-LXRLuc cellsvere treated with conditioned media for

24 h before being assessed for luciferase expression via lucifeszsg's (sed.3.3.5

Luciferase assgyor mRNA expression (s8€.4 Quantification of gene expressign

4.3.3.4 DMEM acidity assessment

CAFs and MAMB-468s were seeded as pé13.3.3and left to condition media. 600L
of media was taken at time points: 16, 20, 24, 40 and 44 huyRGff conditioned media
from each time point was aliquoted into 9@ell plates in triplicate. DMEM acidity of
conditioned media was assessed by absorbance at 56(Hheid, 2018)read using

CLARIOstar Plus plate reader.

4.3.3.5Luciferase assay

Luciferase expression MDAMB-468-LXRLuc cellsvere measured using the Luciferase
Assay system (E1500, Prometk. Cells were grown in opaque walled 96 well plates
with flat and clear bottoms. For LXRhducible cell lines, cells were treated witiXR
ligandor a matched volume of vehicle contifor 16 h. Cells werthen carefully washed
with 100puL of PBS and lysed in 10D 1X Passive Lysis Buffet. BYE1500, Promega
UK. Following addition of PLB, plates were frozen&Cfor at least 2 h before
thawing. Luciferase expressisvasmeasured through the addition of 154 of LAR Il
(E1500, PromegaUK and luminescent signal measureding the CLARIOstar Plus
microplate readeBMG Labtech, UK)

4.3.3.6siRNA knockdowns

For siRNA knockdown methods and reagents used3se82 siRM\ knockdowns For
simultaneous knockdown of CYP46A1, CH25H and CYP27A1, 4eabhwi-silencer
(SR307398+C,SR305958+C andSR301124+B were used following thencubation
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times stated ir3.3.3.2 siRNA knockdownsiRNA duplexes used are listed abk 4.3.

Tri-silencers and scrambled RNA control were obtained f@nitbene, USA.

Table 43 Table of siRNaused
Gene names and product codes for siRNAiteincers used.

Gene name SiRNA ID

CYP46A1 SR307399
CH25H SR305950
CYP27A1 SR301124
Scrambled RNA SR322981

4.3.4. Immunohistochemistry

4.3.4.1Quantification of immunohistochemical staining

For immunohistochemical staining, manual histoscoring, generatio@MAs and
patient characteristics se&3.5Immunohistochemistry Stromalproportions of tumour
cores were measured using ImageScepesion12.4.3(Aperio TechnologiedJS by
drawing around the perimeter of the core, excluding necrotic regions and drawing
around cancer regions in the core. Canasza was then subtracted from the total area

to find the stromal area of the core. Stromal area was then divided by total area to find
the stromal proportion of the tumourlmmunohistochemical staining within stromal
regions was quantified using positiveixgl count version 9 algorithm (Aperio

Technologies, US) for ImageScope.

4.3.5Quantification of gene expression
For extraction of RNA, conversion of RNA to cDNA and assessment of gene expression,
see3.3.4 Quantification of gene expressioifagmanassay (4331182 Thermo Fisher,

UK) usedwithin thischapter are displayed ihable4.4.
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Table 44 Tagman assays.

Gene names and product codes for gPCR primers used.

Gene Name Tagman ID

HPRT1 Hs02800695
ABCA1l Hs01059137
ABCB1 Hs00184500
CYP46A1 Hs01042347
CH25H Hs04187516
CYP27A1 Hs00168003
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4.4 Results

4.4.1 Expression of multipl&CAF marker genes associate with canonical LXR targets

4.4.1.1 Determining the TNB€&pecific CAF marker gene panel

Todetermine if the presence of CAFs in TNBC was linked to activity of lisKBf genes

that could identify thepresence of CAFs within TNBC was required. Most genes are
expressed in multiple cell types at different levelherefore,a key criteron was to
identify genes that were strongly expressed in TNBC CAFs but were very low or absent
in other cell types of the TMHO0 address thisa systematic review was performed to
identify TNB&pecificand CAFspecificmarker genes. Once g&htified, expression of
these genscould be used aa semiquantitative surrogate marker fothe presence of

CAR in each tumour in the cohorguch a list was then used to asseskafpresence of

CAIR associated with outcome metrics (survival, relase)with LXR activity (a similar

list was developedor LXR target geneseed.4.1.2).

Our search strategy returned 720 records from PubMed and 858 from Scopus. De
duplication generate®01 unique records to be screened against inclusion criteriar Afte
abstract screening229 records that investigated gene expression in TNBC CAFs, CAMs
or CAAs remainedGene lists forCAMs and CAAs wemdso generated but were
determined by other group members so are not included he3absequent full text
screening idntified 52 records reporting expression of 41 different genes in TNBC CAFs.
Of these41 genes 33 were expressed in oth@MEcells including macrophages (n=3),
adipocytes (n=2)or epithelial cells (n=28)n total 11 genes from 23 publicationgere

found to be highly specific to TNEIAFs (se€able4.5). ThePrismaflow diagram of the
screeningprocess ishown inFigure4.3. The most frequently used CAF marker in TNBC
wasACTAR h { a ! ¥ 8aifférBnt studies MAPwas the next most commo(m=9),
followed by CAVlcaveolinl (n=7), PDGFRPDGFR (n=6), PDGFR< t 5 D (hw},
PDPMpodoplanin(n=4) and CXCLY3FD1(n=4). A further four markers were reported

in just one studyeach, namelyC1S(Tchou et al., 2012)IMTC1(Tchou et al., 2012)
COL1AAcollagentype | alpha 1 chaifWu, S.Z. et al., 202@nd ITGAL1Ly G SINA Y b
(Smeland et al., 20207 he roles ofhe 11 finalTNBGCAF marker genes are somarised

in Table4.5. One notable absence from our final list of TN&@cific CAF markers was
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S100A&SP1, which has been used as a CAF marker multiple times pre{@asigrani
etal., 2017; Costa, A. et al., 2018; Gagliano et al., 2020; Lee, J.H. et al., 2018; Park, S.Y.
et al., 2015; Kim, H.M. et al., 2015; Wu, S.Z. et al., 268P1 was excluded here dae

high expression in cancer celBbdelKhalk, J. et al., 2018neaning this marker is not

CAF selective.

= PRISMA 2009 Flow Diagram

o
Records identified through Records identified through
5 Scopus database searching PubMed database searching
k= (n=858) (n=720)
S
=
S
T
o 4 4
i Records excluded (n = 672), with reasons:
Records after duplicates removed (n =901) Abstract not in English: (n = 2)
b Mot original research (n =71)
N
Not TNBC (n = 138)
» h 4 Not investigating TME compartment cell*
‘s ~ (n=122)
% Records screened (n =901 No gene expression in TME compartment
3 cell (n =1339)
. Full-text articles excluded (n = 148), with
z Full-text articles assessed for reasons:
3 eligibility (n = 229) Full text not available (n = 10)
0 Predatory journal (n = 12)
w Animal studies (n = 55)
¥ Case study (n=1)
- Not TNBC-associated TME compartment
& Studies identifying Studies identifying Studies identifying cell (n=31)
3 TNBC CAF marker TNBC CAM marker TNBC CAA marker Gene expression occurs in multiple TNBC
E gene (n=23) genes (n=57) genes (n=5) TME cell types (n = 39)

Figure 43 Study discovery and distribution.

PRISMA flow diagram showing searching, screening, eligibility and inclusion spréoes
studies that had their full text assessed for eligibifitgasured gene/protein markers in both
TNBGassociated macrophages and fibroblasts. *TME compartment cells refers to either
adipocytes, fibroblasts or macrophages.
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Table 45 TNBGspecific CAF markagenes
List of TNB@pecific CAF marker gene names, protein names and their abbreviations if appropriate and normal protein function.

Gene List

Encoded Protein

Function

ACTA2

{ Y22 (0K a2detitdissA)»

One of six actin isoforms. Involved in the formation of actin microfilament bundles and enables formation o
adhesions through these bundl€Blinz, Boris et al., 2003)nvolved inthe contraction apparatus of myofibroblas
(Shinde et al., 201 Hinz, B. et al., 2001)

C1S

Complement component 1s (C1s

Serine protease component of the complent component 1 (C1) complex. C1s serene protease function initiate
complement signalling cascade through cleavage of other C1 complex compdReds 1986) Also cleaves non
complement proteins such as MHC class 1 mole@ftéksson and Nissen, 199 sulinlike growth factor binding
protein 5(Busby et al., 200@nd Wnt receptorlipoprotein receptofrelated protein6 (Naito et al., 2012)

CAV1

Caveolinl

Scaffolding protein that is the main component of cavedqRethberg et al., 1992)-urthermore, can interact with man
proteins outside of the exocytosisanhanism. For example, binds to TLR4 to suppress macrophage proinflamn
signalling(Wang, X.M. et al., 2009) m  Xiy'td iBiffate actin remodellingYang, B. et al., 2014nd RhoGTPasédo
initiate cell migration(Arpaia et al., 2012)

COL1A1

Collagenypelh m

Component of type 1 collagen, the dominant protein in connective tissue from teidanson and Bentley, 1983
Forms the heteromeric type pralpha 1 chain. Formation of a type 1 collagen molecule requivo type prealpha 1
chains and one pralpha2 chair{Gura et al., 1996)

CXCL12 Stroma celderived factor 1 (SFD1

Induces strong chemotaxis of lymphocyt@eul et al., 1996nediated through chemokine receptor (CXCR) 4 bing
(Schiraldi et al., 2012)Stimulates angiogenesis through CXCR7 activditiang, M. et al., 2017)mportant for
embryogenesis, immune regulation and tissue regeneratidimeng, J.W. et al., 2014)

NEOSLIIi2NI 080t

FAP Fibroblast activation protei(FAP) Atypical serine protease wittualspecificity dipeptidypeptidasefunction that either residesn cell surface or in plasm

in its truncated form. Cleavage function has demonstrated importance in blood clgtteey K.N. et al., 2004)besity
(Dunshee et al., 201@Ind is expressed highly during embryogenesis.

ITGAL11 LY GS3aNRY h The alpha chain of heterodimeric integrin dimer with integrin be@élling et al., 1999)mportant for cell binding ta
type 1 collagen and oncogene phosphorylatiinusappan et al., 2019)

PDGFRA  Plateletderived growth factor  Cellsurface receptotyrosine kinasehat binds to and is activated by platelet derived growth fact®®GF)Once bound

NBOSLJi 2 NJ | f LK to PDGF, the receptor heterodimerises and phosphorylates itself other proteins to initiate a signalling cascag

Important during embryogenes{§chatteman et al., 1992nd angiogenesi&hu, K. etla, 2013)
PDGFRB  Plateletderived growth factor  Cellsurface receptortyrosine kinasethat binds to and is activated bfDGF Once bound to PDGF, the recepf]

heterodimerises and phosphorylates itself and other proteins to initiate a signalling castlaolgphorylation create
binding site for PI3KKazlauskas and Cooper, 1930hich stimulates PI3K/Akt signalling pathvf#yang, H. et al., 2012
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PDPN

Podoplanin

Mucinttype transmembrane glycoprotein. Essential for organ and lymphatic tissue in embryonic development. Im
for development of organs such as lun@amirez et al., 2002)nd the lymphatic systerfSchacht et al., 2003Dnly
1y26y 32yArAald G2 YeSt2AR 2NRIAY LINRGSA y(Rayes tal, 0%7) &

TMTC1

Transmembrane O
Mannosyltransferase Targeting
Cadherins ITMTC1)

Endoplasmic rétulum (ER) integral membrane protein involved in ER calcium homegSasiyd et al., 2014)

93




Prior studies have identified that CAF marker genes strongly correlate with each other
within wholetissue mMRNASeq databasegQiu et al.,, 2021; Kelley et al., 2018)
Therefore, to verify whether the selected TNBG&cific CAF marker genes identified
during the literature review stage were acete indicators that CAFs were present
within tumours, the marker genes were correlated against one another. Correlations
O{LISEFNXIYQE NIry{1Z C5w M:0 ¢S RBureld,NEGRANY SR
n=123) and a validation cohorfigure4.4B; METABRIC, n=299) faNBCFor heatmap
generation, hierarchical clustering of genes was performed. Within both the exploratory
and validation cohorts, two clusters of TNBgecific marker genes formed. These
clusters appear to be influenced by positive caatins or absence of correlation
between marker genes. Within both cohorts, TMTC1 rarely correlates with other marker
3SySa YR A&a GKS 2yfeée 200dzLldryid Ay GKS al
O2K2NIi® / m{ 22Aya Catln2)yyOiHAISENDASYOS8K;:
Every other TNB€pecific CAF marker gene exhibited strong correlations. These findings
were replicated in BLCL tumours from the same databases (TCGA, n=85; METABRIC,
n=398; Appendix Figure B.1AB; Venn diagram showg overlap in patients between

TNBC and BLCL cancers in the two cohorts showppendixFigure B.2. The strong

correlations between all CAfarkers suggestetihere were not multipleCAFsubtypes.
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Figure 44 Correlatiors between triple negative breast cancerspecific cancer associated
fibroblast markers.

Correlations between TNBCAF markers. Dendrograms represent subgrouping of genes within
the heatmap.(A) Validation cohort of mMRN3eq data from 123NBGumours from TCGA. (B)
Experimental cohort of mMRNSeq data from 299 NBCtumours from METABRIC. Analysis
performed and heatmaps generated by Olivia Ban, Elton Vasconcelos anddd€Omics
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4.4.1.2 Expression of CARarker genes correlates with expression of a subset of LXR
target genes in TNBC and BLCL tumours

Following the generation of a panel of TN8&&cific CAF marker genes, the next step

was to understand whether CAFs potentially induce LXR |Bignan whole TNBC
tumours. To elucidate this, TNBPecificCAF markers wexr associated with a panel of
canonical LXR target genes. LXR target genes were selected based on evidence of an LXR
binding site present in their promoter region and increased mRNA expression in
response to natural or synthetic LXR agonist treatmdiatb{e 4.6). TNB&pecific CAF
markers were also correlated against negative control genes, to highlight the association

between CAFs and LXd&tget genesN\R1H2CYP7A&and MLXIPL

Table 46 Table of LXR target genes

Gene LXR promoter binding in Change in gene expression in response tc
name human cells/tissue LXR ligands in human cells/tissue
(Ulven et al., 2004; Ignatova et al., 2013b;
ABCA1l (Laffitte et al., 2001a) Menke et al., 2002Vak et al., 2002; Beyea et
al., 2007)
. (Hutchinson et al., 2021; ElAli, A. and Hermai
ABCB1 (Hutchinson et al., 2021) D. M., 2012: Sairol et al., 2013)
. Ignatova et al., 2013a; Menke et al., 2002;
ABCGL (Laffitte et al,, 2001a) ( Igdwards et al., 2002; Beyea et al., 2007)
ABCG5 (Back et al., 2013) (DianatMoghadam et al., 2021)
ABCG8 (Back et al., 2013) (DianatMoghadam et al., 2021)
APOE (Laffitte et al., 2001b) (Suon et al., @10; Hutchinson et al., 2019b)
CETP (Luo, Y. andall, 2000) (Honzumi et al., 2010; Lakomy et al., 2009)
CH25H (Liu, Y. et al., 2018) (Liu, Y. etal., 2018)
LPL (Zhang, Y. et al., 2001) (Zhang, Y. et al., 2001)
NR1H3 (Laffitte et al., 2001a) (Laffitte et al., 2001a)
SREBF1 (FernandezAlvarez et al., 2011) (Menke et al., 2002; Beyea et al., 2007)

/| 2NNBflFdGA2ya o{LISINXYIyQa NIy{1ZI C5w M:0
(Figure4.5A; TCGA, nt23) and a validation cohorHgure4.5B; METABRIC, 899 for
TNBCumours. In the exploratory cohorABCA1ABCB1CETRand CH25Hpositively
correlated withsixor more TNBE€&AF marker genes. However, in the validation cohort,
ABCA1ABCB1ABCG1CETPCH25Hand LPLpositively correlated withsix or more
TNBGspecific CAF marker genes. These correlations were also perfonitteBLCL
expression dataTCGA, n=85; METABRIC, n=398), with similar correlation patterns
found, albeit stronger AppendixFigure B.3AB). ITGAlland ACTAXhow little to no
association in LXR target genes. In both dendrograms, four LXR target 4B@5]
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ABCB1CH25Hand CETRare clustered together. However, in the exploratory cohort
APOEs included in this cluster, whereABCGAndLPlare integrated ithin the cluster

in the METABRIC validation cohort. From the exploratory coR@GFRBnd CAVlare

lost from a cluster of CAF marker genes that strongly correlate with LXR target genes.
TNBC CAspecific marker genes that correlate with LXR targetsistergly across the
TNBC and BLCL validation cohorts@&CAV1CXCLLIPDGFRADGFRBNdPDPN

This suggestedhat the presence of CAFs in primary TNBC was correlated with LXR
activity. Previous reports have indicated that CAFs are able to synthasissecrete
oxysterok (Kannenberg et al., 2013;hge et al., 2009; Saucier, S. E. et al., 138bjhe

next section evaluated if CAFs could activate LXR activity wheultooed in vitro.
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Figure 45 Triple negative breast cancespecific cancer associated fibroblast marker genes
correlate with canonical LXR marker genes in triple negative Istdamours.

Correlations between TNBCAF markers, LXR target genes and control genes. Dendrograms
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from 123 tumours from TCGA. (B) Experimental cohort of mB&daa from 299 tumours
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4.4.2 Oxysterols secreted by CAFs activate LXR in epithelial cells

Correlations between TNBgpecific CAF marker genes andubset of canonical LXR
target genes suggethat CAFs can induce LXR silgmain the TME. | hypothesised that

this pathway was mediated by oxysterols secreted by the CAFs. To establish if CAFs
activated LXR signalling in adjacent TNBC epithelial cells, the capacity of CAFs to produce
OHCs was determined and then whetheradture of CAFs with TNBC cells led to LXR

activation was determined and if this was dependent on OHC production.

4.4.2.1 Comparison of oxysterol producing enzyme expression and oxysterol
concentration in cancer celland CAFs

To assess the potential conution of oxysterols to the TME from CAFs, their expression
of oxysterol producing enzymes; CYP46A1, CH25H and CYW&s Aétermined The
CAFs | used were canezssociated fibroblasts derived from a luminal A breast tumour
(Verghese et al., 2011 CAFRcells expressd a significantly higher level of both CYP46A1
and CYP27A1 than MEMB-468 cells Figure4.6; two-tailed t-test: p<0.0001for both),
however therewasno significant difference in CH25H expression between the two cell
lines CAF cells were also compared to another TNBC cell line;NUB4#53. CAFs
expressed higher levels of CH25H and CYP2&pde(dix Figure B4A; p<0.0001 for
both) than MDAMB-453s but lower CYP46A1 (p<0.0001)

CYP46A1 CH25H CYP27A1
104 10 10%
T p<0.0001
10" % 4o 1071 p<0.0001
5 ns
qI
(a']
108 10 1021
107 . . 104 - - 103 - -
468  CAF 468  CAF 468  CAF

Figure 46 CAFs and epithelial cells have differential expression of oxysterol producing
enzymes.

Epithelial cells (MDMB-468) and cancerassociated fibroblasts (CAF) wemultured
individually and assessed for expression of CYP46A1, CH25H and CYP27A1 and compared using
kK k/ G Yr®rin&li®e®to HPRT expressi@ata presented are the mean and SEM ftonee

to five biological replicates of two technical replicatesvadPues generated usingwo-tailed t-

tests
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Furthermore, to identify whether CAFs of breast tumours have high intracellular

oxysterol content relative to cancer cells, oxysterols were measured in CAFs and MDA

MB-468s by LAAS/MS (cells pelleted by Dr Sadatchinson and measured by Dr Hanne
RobergLarsen). CAFs contained significantly higher lesfeBBIOHCGAF to MDAVIB-
468: 104 to 8 pmol100,000 cellsp=0.007), 250HCCAF to MDAB-468: 108 to 5
pmol/100,000 cellsp=0.03) and 260OHCAF to MDAB-468:556 to 58 pmol100,000

cells p=0.05) than MDAVB-468s Figure 4.7).

CAFs contain significantly higher

intracellular levels of all threexysterols compared to MDMB-453 cells Appendix

Figure B4B; 240HC: p=0.02, 250HC: p=0.03, 26(HT.04)

4104 240HC 10%- 250HC 10% 260HC

% p=0.05

3 3 103-
g|" p=0.007 10 _p003
S | 104 = 101 104
_E; o 1 .
% 10™ 107 101
S

10° . . 10° . - 100 ' '
468 CAF 468 CAF 468 CAF

Figure 47 CAFs contain higher intracellular concentrations of oxysterols than MIdB-468s.
Intracellular concentrations of oxysterols witfdAF and MDMB-468cells measured using LC

MS/MS P-vales generated using oftailed t-tests.
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To assess the potential for CAFs and cancer cells to secrete oxysterols into their
surroundings, CAF and MBMB-468 conditioned media were assessed for oxysterol
content. Cells conditioned media until the media began to acidippéndixFigure B.%

(Held, 2018)with oxysterols measured from this point by-MS/MS (neasured by Dr
Hanne Roberg.arsen). CAF conditioned media contained higher levels of 240HC (884
to 285 pmol/L) and 250HC (676 to 413 pmol/L) than MIBNM68s Figure4.8; two-

tailed ttest: 240HC: p=0.02, 250HC: p=0.05), although there was no difference
260HC concentration in media conditioned by the two cell lines. CAF conditioned media
contains significantly higher levels of 260H@pendix FigureB.4C p<0.0001) than
MDAMB-453 CM, however had lower levels of 240HC (p=0.04) and no significant
difference in 250HC.

& 105 240HC 106 250HC 105- 260HC

E ns

3| 104 10 10
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& _p=002 p=0.05
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E [ 10% S 10% 10%
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468 CAF 468 CAF 468 CAF

Figure 48 CAFs secrete higher concentrations of 240HC and 250HC thanNE>468s.
Oxysterol concentrations in media conditioned by CAFs and-MBA68s measured using £LC
MS/MS. Pvalues generated usirtgvo-tailed t-tests.
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4.4.2.2 CAFs require oxysterol synthesising enzymes to activate LXR in adjacent TNBC
cells

As shown iM.4.2.1, CAFs express oxysterol producing enzymes and carpbadiice

and secrete oxysterols. To test if the production of oxysterols by CAFs was sufficient to
drive LXR activity in adjacent TNBC cellsculture assays were performed. LXR
transactivation in adjacent TNBC cells was quantified using-MBA68-LXRLuc cells.

The expression of luciferase protein in these cancer cells provides a quantifiable signal
of LXRdependenttransactivation. Cells were cultured together at four different ratios
(all shown asMDA-MB-468:CAF)1:0.25, 1:0.5, 1:1 and 1:2, withAEs tested at four
different seeding densitieand MDA-MB-468 cell number unchanged. After 16 h of
incubation, luciferase signal was assessed, finding that there was a significant increase
in luciferase transactivation in ratios; 1:0.25, 1:0.5 and BEdufe 4.9; oneway ANOVA
p=0.05, p=0.001 and p=0.001, respectively).

1 5- p=0.001
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Figure 49 CAF secretions induce LXR sidingl in MDAMB-468s.
LXR inducible luciferase reporter MIb#B-468 cells were caultured with CAF cells for 16 h at
5 different cellular ratios; 1:0, 1:0.25, 1:0.5, 1:1 and 1:2, with MDB:468 cells representing
the left value and CAF cells representing the right valDeeway ANOVA with multiple
comparisons was performed.
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To assess whether luciferase induction in cancelts is driven through oxysterol
secretions fromco-cultured CAFs, a triple knockdown of three major oxysterol
producing enzymefCYP46A1, CH25H and CYP2&as)performedfigure4.10A; one-
way ANOVAall three p<0.0001)When these triple KD CAFs werm@aultured with
MDAMB-468LXRLuc reporter cells, their ability tmduce LXRdependent activation
was significantly reduced compared to mock (siCON) transfected [Eigjis€4.10B) by
around 1015%. (1:0.025 ratip=0.0001 1:0.5 ratiop=0.01). These results support the
hypothesis that oxysterslare the mediating signal that caus@AFso increase the
activity of LXR in adjacent cancer celowever,assessment of LXR transactivation in
MDAMB-468 monocultureas an additional controlvould have provided further
evidence on whether CYP46AT525H and CYP27A1 were driving the-Gédhiated LXR
transactivation.
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Figure 410 Knockdown of oxysterol producing enzymes in CAFs may impair ability to induce
LXR.

(A) Gene expression analysis of CAF cells that were simultaneously transfected with either sSiRNA
targeting CYP27A1, CH25H and CYP46A1, or siCON for 72 h. Changes in expression of CYP27A1
CH25H and CYP46A1 were assessed. Gene expression was normalistdsaguggles treated

with siCON. (B)XR inducible luciferase reporter MIIMB-468 cells were caultured with CAF

cells with siCYP27A1, siCH25H and siCYP46A1 knockdown for Zulu@e were performed

at two cellular ratios; 1:0.25 and 1:0\&jth MDAMB-468 cells representing the left value and

CAF cells representing the right value. Data are presented on a continuous axis and on a reduced
axis insert to aid clarity. Data presented as four biological replicates of six technical replicates.
Oneway ANOVA with multiple comparisons was performed.
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4.4.2.3CAF conditioned mediactivates LXR in TNBC cells

To establish whether the factors derived from CAFs that activated LXR were secreted
media collected from CAFs was added to MDB:-468-LXRLuc cells. If the factors were
secreted (as expected for oxysterols) then LXR should still be activated. If LXR was not
activated by CM, then either calell contact or a bdirectional communication is
required. CAFCMsignificantly increasedXReporter gene activityKigure 4.11A16 h:
p=0.037) 24 h p=0.028)and endogenous LXR target gene expressibgufe 4.1B;
ABCA148h p=0.002 Figure 4.1C, ABCB124h p=0.0017). These data demonstrate the
ability of the CAF secretome to activate LaXi upregulate expression of canonical LXR
marker genesABCABNdABCBL1

The evidence provided suggests that CAFs induce LXR signalling in adjacent epithelial
cells through oxysterol secretions. CAF secretion of oxysterols can occur irrespective of
contact or communication with epithelial cells. Oxysterols secreted by CAFdenay
inducing expression of canonical LXR targeBCARndABCB1lthrough transactivating

LXR.
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Figure 411 CAF conditioned media induces expressionrABCAJand ABCB1

LXR inducible luciferase reporter MIMB-468 cellsvere treated with either75%CAF or 75%
MDAMB-468 CM for 16, 24 or 48 h. (A) Comparison of luciferase expressickB(B)IMRNA
expression and (B3BCBINRNA expression in MEMIB-468 cells treated with either MDRMB-

468 CM or CAF CM. Data presented as three biological replicates, with bref SR & (i dzR Sy
test performed.
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4.4.3 Stromal oxysterol synthesising enzymes associate with epithelial Pgp expression

4.4.3.1 Stromal expression of oxysterol producing enzymesariates with DFS and
epithelial Pgp expression

CAFs are the most abundant roancer cell type within breast tumour stroma.
Consequently, stromal proportion provides a rough estimate as to how rich in CAFs
tumours are. Furthermoresection4.4.2.2highlighted the importance dhe expression

of oxysterol producing enzymes in CAFs for LXR transactivation. Therefore, to determine
whether expression of oxysterol producing enzymes in GAKs&/oinfluence epithelial

Pgp expression and DHBge stromal expression of oxysterol producing enzymes,
CYP46A1, CH25H and CYP27A1 were quarntiftad TMA cohortAll antibodies used
were validated for target specificity and optimised Appendices Figure A.17.
Weighted histoscores were calculated for totalostra of the three enzymes (respective
images inFigure4.12A). CYP46A1 and CH25H were expressed more highly in tumour
stroma from patients that had suffered an event against those that had Ayopéndix
FigureB.6A; 2 St O#eS:ZCYRH6AL, p=0.034; CH2BHN.037). Thexpressionvas
measured to assess if it was predictive of DFS, with cut off points determined using ROC
curves Appendix Figure B.8). High expression of all three enzymes associated with
reduced DFS~{gure4.12B; logrank test CYP46A1, p=@08; CH25H, p=0.002; CYP27A1,
p=0.018). Additionally, stromal expression of all three enzymes also positively
associated epithelial expression of PEm(re4.12CT  t S| NX @¥%PS5a1,2R0123/ |
p<0.0001; CH25H,%80.34, p<0.0001; CYP27A12=R07, p=0.014). Furthermore,
stromalexpression of all three enzymes also positively correlated epithelial CH25H
expression Appendix Figure B.T  { LIS I NJ:OFP4&AL, RRD.38] p<0.0001;
CH25H, R0.51, p<0.0001; CYP27A%@R04, p=0.04).
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Hgure 412 High expression of oxysterol producing enzymes in stroma are predictive of
reduced diseasdree survival and associate with epithelial Pgp expression.

(A) Representative images of low, moderate and high stromal stains for CYP46A1, CH25H and
CYP2AL. KaplarMeier analysis of (B) CYP46Al (loveddre= <24.7, high-ktore= >24.7),
CH25H (low Hcore= <58.7, high-Btore= >58.7) and CYP27A1 (lowcdre= <23.2, high-H
score= >23.2). Lagnk test was performed to assess significance. Shaded aresesesp 95%

Cl and patients at risk of suffering an event are shown beneath each Kdgien curve. (C)
Correlation between stromal CYP46ACH25H and CYP27Akpression and epithelial Pgp
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4.4.3.2 Combining stromal expression of oxysterol producing enzymes and stromal
proportion strengthensthe association with epithelial Pgp expression
Within the TMA, stroma accounted for3B% (median: 68%, SD: 22%) the total

tumour (Appendix Figure B). Ths high variation in stromal proportion may influence

the association between stromal oxysterol producing enzyme expression and both

epithelial Pgp expression and DFS. Therefore, the contribution of the stromal proportion

was assessed to epithelial Pgp eegsion and DF3. representative image @pithelial

and stromal proportions within a tumour is shown kigure 4.13AFirst, the stromal

proportion was compared against patients that had suffered an event and those that

had not, finding no significant d@rence in stromal proportionppendixFigure B.9\).

A ROC curve was generateflppendix Figure B.8) to dichotomise the data for

assessment of stromal proportion as a prognostic indicator, finding that high stromal

proportions within TNBC tumours assdeiad with reduced DFS3-(gure4.13B logrank
test. p=0.017). Furthermore, stromal proportions also positively correlated with
epithelial Pgp expressionFigure 4.13CT { LIS NI RH9, ND.Q03).
Additionally, stromal proportionpositively correlated with epithelial CH25H expression
(AppendixFigure B.1T { LJS IraxkR2=0.MAp=0.05), another LXR target gdria,

Y. etal., 2018)
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Figure 413 Increased tumour stroma associates with likelihood of event and Pgp expression.
(A) Representative image epithelial and stromal proportions within a tumour core. Scale bar
represents 25mm. (B) KaplatMeier analysis with 95% confidence intervals of stromal
proportions (low stromal proportion = <62.2%, high stromal proportion = >62.2%jJah&dest

was perfomed to assess significandeatients at risk of suffering an event are shown beneath
each KaplaiMeier curve. (B) Correlation of stromal proportions with Pgpsebre in epithelial
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The stromal propdion and stromal expression of oxysterol producing enzymes were
then multiplied together thereby creating an assessment of overall amount of stromal
oxysterol producing enzymes in the tissue, @sdessients were made as twhether

this improved associains with epithelial Pgp expression. CYP46A1, CH25H and
CYP27A1 all remained significafigure 4.14A-C all p<0.0001 and all R values
increased significantly fronthose seen withexpression level within thestromal
compatment alone (Figure 4.14D; paired ttest. p=0.035). These data suggest that
stromal proportions and stromal expression of oxysterol producing enzymes are

complement each othein the induction ofepithelial Pgexpression
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Figure 414 Stromal expression of oxysterol producing Bymes works synergistically with
stromal proportion to improve association with epithelial Pgp expression.

(A-C) Stromal expression of CYP46A1, CH25H and CYP27A1 were multiplied by the stromal
proportion as correlated with epithelial Pgp expressi@n) Change in R before and after
stromal expression was multiplied by stromal proportianS | NA2y Qa NIyl 61 &
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4.5 Discussion

This work suggests that there is a contribution of CAFs to epithelial LXR signalling and
Pgp expression. 240HC and 260ld@d their synthesising enzymd&SYP46A1 and
CYP27AWwere higher in CAFs than 468 ce8sirprisingly, despite an approximate-10

fold difference in intracellular 250HC content and increased secretion of 250HC in CAFs
compared to MDAMB-468s, there is no significant difference in CH25H between the
two cell lines.The production of 250HC I§YP27ALLi, X. et al., 2007@nd CYP46A1
(Lund, E.G et al., 1998)ay be driving increased 250HC production in CAEsugh

0 KS S yratés ¥f@B06C production are much lower tt@iH25H Therefore, this is

more likely to ke the result of reduced 250HC metabolising enzymes in CAFs compared

to MDAMB-468s, such as CYP7@&tiffiths et al., 2016a)

CAFs express oxysterol producing enzymes to a higher degree than TNBC cells and have
higher intracellular oxysterol content than MBEMB-468s. However, intracellular
content of oxysterols may not associate with oxysterol concentration secreted in
exosomes. TNBC cell line, MDIB-231, shows that despite considerably higher
intracellular content of 260HC than its luminaldérived counterpart, ME7, the
oxysterol is secreted in exosomes to aftldl lesser exten{RobergLarsen et al., 2017)
Evidently, this also seems apparentOAFand MDAMB-468s. Despite high expression

of CYP27A1 and intracellular concentration of 260HC in CAFs compared {MBADA
468s, there is no significant difference in the concentration of 260HC secreted into the
media between the two cellnes. This may be due to differences in efflux mechanism
for oxysterols, for exampleKCcan be exported from the cell by ABCG1 but not ABCA1
(Xu, M. et al., 2009) However, 240HC and 250HC are secreted at significantly higher
levels by CAFs than MEMB-468s, which match the intracellular conceattions of the

oxysterols in their respective cells.

The CAF cells used within these experiments are derived from a luminal A tumour
(Verghese et al., 2011huminal A cancers exhibit a muted response to LXR signalling
(Hutchinson et al., 2019bY herefore, this may result in CAFs that are relatively weaker
producers or secreters of oxysterols compared to TiB@/ed CAFs, due to reduced

requirement for LXR signalling in luminal A tumours. Moreover, there is differential
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expression of CAF mamkgenes between CAFs derived from tumours of different breast
cancer subtypegCosta, A. et al.,, 2018kuggesting that differential capabilities to
produce and secrete oxysterolstween differently derived CAFs may not be unrealistic.
Consequently, a greater rate of oxysterol secretion may be obtained from CAFs derived
from TNBC tumourd-However, there is crossover between CAF subtypes present in
luminal A tumours and TNBC tumoutis. particular, CAS4s are present in a high
number of luminal A and TNBC patie(®osta, A. et al., 2018)o identify whether our

CAF cell line belongs to CAF subtypes foundmwihNBC, the expression of CAF markers
used in Costa et al. could be assessed within the CAF c€lClisea, A. et al., 2018)

Irrespective of their CAF subtype, lumuagrived CAF cells elicited an increase in LXR
transactivation in MDAVIB-468s in ceculture experiments. However, compared to
treatments of the same MDMB-468 cells with natural and synthetic ligands, the LXR
transactivation is considerably weak@tutchinson et al., 2019bNevertheless, these
experiments using natural ligands were performed at doses 1&@@dOhigher than
oxysteol concentrations found within conditioned media. Therefore, these changes
found following CAF eoulture are more biologically relevant and represent a kbergn
increased induction of LXR activation over the course of months or years within a
tumour. Interestingly, ceculture of MDAMB-468s and CAFs at a ratio of 1:2 did not find
a significant change, although this may be indicative of limitations of cell growth on
plates. CAF CM also increased in LXR transactivation relative teMBEIA8 CM,
suggestinghat CAF oxysterol secretions alone are enough to transaetiepithelial

LXR irrespective of ceth-cell contact. Additionally, CAFs were shown to induce
expression of canonical LXR targeBCAland ABCBl a chemotherapy resistance
protein that is regulated through LX@Riutchinson et al., 2021)Typically, oxysterol
treatments on MDAVIB-468s induce an upregulation &BCAlthat is 6Gfold larger
than to ABCBIHutchinson et al., 2019b; Hutchinson et al., 20ZIgncerninglyABCB1
MRNA expression was upregulated heratgreater degree thaABCA1suggesting that
some ABCBINRNA upregulation may be the result of other factors secreted by CAFs.
For example,n anin vivomodel of nonsmall cell lung carcinoma, targeting the CAF
proportion within these xenografts with a W dose of Sfluorouracil lead to the

downregulation of epithelial Pgp expressi@da et al., 2017) Interestingly, primary
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culture of CAFs and nesmall cell lung carcinoma cells induced fogdiated
chemotherapy resistance in epithelial cells through CAF secretion of IGF2, which
induced ABCBlexpression through AKT signalliighang, Q. et al., 2018)GF2 was
secreted in primary breast tumour CAFs more highly than by normal fibrol§lastset

al., 2019) Furthermore, following caulture with MDAMB-436 cells, secretion of IGF2

increased compared to moreulture (Gui et al., 2019)

Due to the time constraints of my PhD, | was unable to verify whether epitABi@B 1
expression was modulated by CAF oxysterol secretions rather than other components
within CAF CM. This could be confirntecbugh simultaneous knockdown of L'X&nd

LXR in MDAMB-468s before treatment with CAF CM. If epitheA&CB Expression is
dependent on oxysterols derived from CAF CM, double knockdown of bothdrkXR
LXR will prevent induction of LXR signallingdaimpair upregulation oABCBINRNA
expression. Similarly, a simultaneous, trigleockdown of CYP46A1CH25Hand
CYP27Atould be performed in the CAF cells to impair their production of 240HC,
250HC and 260HC, respectively. However, whether this wdtéd the rate of
oxysterol secretion would first have to be investigated. Furthermore, there is currently
a lack of evidence demonstrating that the increagRICBInduced by CAF CM leads to
chemotherapy resistance in epithelial cells. In theory, celliMwalassays could show the
change in epithelial cell resistance to chemotherapy agent, epirubicin, following
treatment with CAF conditioned media. As previously performed in Hutchinson et al.,
colony forming assays, MTTs and chemotheragsntefflux assays would demonstrate
that CAF CMnediated upregulation oABCBMPgp is driving chemotherapy resistance
(Hutchinson et al., 2021)Again, this can be validated through greatment of
epithelial cells with siRNA targeting [oXdd LXR before CAF CM treatment.

Correlations between TNBEpecific CAF marker genes and canonical LXR targets within
our METABRIEohortidentified a subgroup of CAF marker genes that strongisetatte

with LXR target genes. This subgroup includ@8CAV1CXCL1PDGFRADGFRBNd
PDPNInterestingly, very few of these genes have any association with LXR actigation
vitro, either through increased oxysterol production or upregulation cditedd genes. In

the colon, stromal cells positive f®DPNand negative foCD34were shown to exhibit
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enhanced expression @H25Hbver infiltrating immune cells and epithelial cells. 250HC
metabolising enzymeZYP7Btvas also found to be overexpressedwever to a lesser
degree thanCH25H(Emgard et al., 2018)Iinterestingly, these colonic fibroblasts
resemble CAFs in their marker gene expression. For exar@i84negativity is
characteristic of CAFs in breast can@@ui et al., 2019)Furthermore, overexpression

of CAV1in aortic endothelial cells coincided with upregulation of canonical LXR target
gene, ABCALLn et al., 2007)Contrastinglycaveolinl has been shown to facilitate the
degradation of ABCA(Lu, R. et al., 2016)Additionally, CXCL12which exhibited a
remarkably strong association with LXR target genes, has been shown to downregulate
ABCAZExpressionn vitro (Gao, J.H. et al., 2019Jhere is no evidence of any interaction
between/ M{ X t 5DCwh withylXR sighdlliGgwin the rant literature.
Therefore, marker gene correlations with LXR targets may be driven thrthegh
representation ofthe oxysterol secretingCAF proportion of tumours, rather than the

genes driving LXR signalling themselves.

Our systematic approach toedtifying TNB&pecific CAF marker genes was designed
to capture as many genes as possiinlg were definitively able to demark the presence

of CAFs in TNBEowever, this method may have led to the inclusion of-spacific
genes if theyhadnot beenresearched in TNB@reviously For example, there is limited
information regarding C1S and TMTC1 in TNBC and none relating their expression to any
other cell type outside of the studies identified from the systematic review. Monocytes
(Bensa et al., 1983nacrophagefloos et al., 1988nd dendritic cellgLi, K. et al., 2011)
have all been shown to produce C1S under normal conditions, however their production
within a cancer setting, particularly TNBC, is unexplored. In -ckdarrenal cell
carcinoma,C1S was found to be produced by the epithelial cells and not expressed in
infiltrating macrophagegfRoumenina et al., 2019Flevated mRNA expr@en of C1S

was also found in cutaneous squamous cell carcinoma cells compared to normal skin
cells(Riihila et al., 2020)There has not been any investigation into cellapression

of TMTCL1 In particular, the inclusion ofTMTCla TNB&pecific CAF marker seems
questionable as it rarely correlated with other CAF marker genes, suggesting that the
presence offMTCIin tumours does not indicate the presence of CKPpisl et al, 2021;

Kelley et al., 2018)Another limitation of the selection method was the decision to
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choose CAF markers that were highly selective or specific rather than just specific. This
choice was due to the high crossover in expression of CAF markers with epithelial cells
(AbdetKhalik, J. et al., 2018yherefore, expression of markgenes that also appean
epithelial cellsvould have interfered with LXR target gene correlatidittey had been

included potentially impairinghierarchal clustering of CAF subgroups.

Despite the limitations of the systematic approach amdilicoanalysis, the association
between the stromal proportion in TNBC tumours and expression of canonical LXR
target, Pgp, mirrored findings from the CAfarkerLXR target gene correlations. This
suggested that the stromal proportion may induce LXR target gene expression
independently from epithelial cells. Furthermore, stroma rich tumours associated with
reduced DFS, replicating findings from previous Esitle Kruijf et al., 2011; Moorman

et al., 2012; Dekker et al., 2013)dditionally, the expression of oxysterol producing
enzymes were measured in the stroma and were also faargbsitively associate with
epithelial Pgp expression. Moreover, combining the stromal proportion with stromal
expression of oxysterol producing enzymes enhances the positive association with
epithelial Pgp expression and DFS. However, the use of stmo@brtions introduces

the caveat that stroma is not exclusively composed of CAFs but also adipocytes and
infiltrating immune cells. Therefore, these cells may be driving expression of LXR target
genes in epithelial cells. This could be resolved througtiiptex staining of the TMA,
co-staining the oxysterol producing enzymes against macrophage amdll Tarkers

would enable quantification of CYP46A1, CH25H and CYP27A1 within specific cell types.
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4.6 Conclusion

Understanding the role of the tumeumicroenvironment in tumour progression is of
growing importance. Despite evidence of their value as prognostic indicators in TNBC,
there has been little investigation into how naancer cells can influence cancer
hallmarks. Here, we demonstrate how th@esence of CAFs associated with the
activation of LXR target genes, in particulBCB/IPgp, in both ourin-silico analysis
using a panel of TNBSpecific CAF marker genes and in human TNBC tumour tissue.
Furthermore, we demonstrated how CAFs can transate LXR in TNBC epithelial cells
through oxysterol secretions and induc&BCBlexpression. Further research is
necessary to verify whether changesABCBEXxpression in epithelial cells is mediated
through oxysterol secretions and whether ti8CBlipregulation improves epithelial

cell response to chemotherapy drugs. Nevertheless, this chapter provides the
groundwork towards further elucidating the contribution of the TME to cancer

progression.
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Chapter5: Pharmacologic andenetic inhibition of cholesterol
esterification impairs cancer progressiona systematic review

and metaanalysis of preclinical models

5.1 Introduction

Esterification is an integral component of cholesterol homeostasis, enabling cholesterol
storage wihin lipid droplets. Intrecellular storage of cholesterol as esters generates an
accessible supply for rapidly proliferating cells to utilise and meet the high requirement
for plasma membrane synthesis. Several diseases are linked with imbalances in
cholederol esterification such as neurological conditiorf¥anier et al., 1988)liver
disorders(Min et al., 2012)and cancergde GonzalgCalvo et al., 2015)Cholesterol
esterification can be carried out by SOAT1 and SOATZ2, which conjugate an acyl chain via
an ester bond to the third carbon of the cholesterol molecidespite high structural
homogeneity between the two enzymes, they exhibit different preferences for fatty acid
substrate during ester generation. For example, SOAT1 preferentially utilises the 18
carbon oleoyl CoA to produce cholesteryl oledfg(re5.1A), whereas SOAT2 utilizes

16 carbon palmitoyl CoA to produce cholesteryl palmitdgy(re5.1B) (Cases et al.,
1998) Additionally, LCAT can produceholesteryl esters(CE) by utilising
phosphatidylcholine (lecithi(Figure5.1Q (Rousset et al., 200950OAT1 is ubiquitously
expressed in tissues, whereas SOAT? is restricted to thgGhaing, FY. et al., 2001)
LCAT is produced in the liver and secreted into the circulation, conjugated to the

membranes of lipid complexéSzedlacsek et al., 1995)
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Figure5.1 Mechanisms of cholesterol esterification.

(A) The preferred substrates and products of SOAT1. (B) The preferred substrates and products
of SOAT2. (C) The preferred substrates and products of LCAT. Reaction specificities of SOAT1
and SOAT2 were determingdSOAT1 or SOAT2 expressing H5(€lses et al., 1998Reaction
specificities for LCAT were determined using LCAT isolated from human &radiacsek et

al., 1995)

Cholesterol esterification is beneficial for cangeowth and as such, the expression of
SOAT1, SOAT2 and LCAT have prognostic value. High SOAT1 has been shown to be &
marker for poor prognosis in adrenocortigdlacombe et al., 2020ylioma(Chi et al.,

2019) liver(Jiang, Y. et al., 2018hd pancreati€Li, J. et al., 201@gancers and has been



associated to higher grades of both bredbktuang, Y. et al., 201@nd renal cancer
(Matsumoto et al., 2008) Lipid droplet formation is indicative of cholesterol
esterification and high lipid droplet content in glioblastoma associates with etiuc
overall surviva{Geng et al., 201@&nd high tumour grade in prostatewcer(Yue et al.,
2014) Furthermore, cholesteryl oleate has been identified as a potential biomarker for
prostate cancer(Li, Jia et al., 2016)Conversely, LCAT is associated with improved
prognosis for liver cancer patientsong et al., 2019nd isoften found reduced in liver
cancer tissue compared to normal liver in liver cancer pati@dtsyang et al., 202@nd

rat models(Pattanayak et al., 2014; Thirunavukkarasu et al., 2003; Veena et al., 2006)

Many small molecule inhibitors of SOAiEdiated cholesterol esterificationavebeen
developed and evaluated in clinical trials against 4ancer diseases. These studies
provide additional information regarding secondary outcome measures such as drug
tolerability, toxicity and side effects. One such drug, avasimibe, was develoi€86n

as a dual inhibitor of SOAT1 and SOAT2 and has been demonstrated as safe at 750 mg
daily for 24 monthgTardif et al., 2004Neverthelessavasimibe therapy was not found

to significantly alleviate symptoms of either atherosclero@iardif et al., 2004pr
homozygous familial hyperokesterolemia(Raal et al., 2003).ow solubility and poor
bioavailability in circulation and tissues of avasimibe has led to the development of a
lipid encapsulated form, known as avasinfiree, S.Sy. et al., 2015)K604, a SOAT1
specific inhibitor which does not affect systemic cholesterol metaballkenoya et al.,
2007) was used in a clinical trial against atherosclerosis, however no results have
currently been published. ATR1, otherwise known as nevanimibe, is the only SOAT
inhibitor currently tested against cancer (adrenocortical carcinoma) howeuearpur

did na respond to the treatment(Smith, David C et al., 2020[actimibe, a non
selective SOR inhibitor, has been tested in clinical trials against three different
disorders However, only one studyhasreported their findings and was terminated early
due to increased incidence of major cardiovascular events (NCT00151788). Pactimibe is
currently untested in preclinical models of cancer, likely due to its severe side effects.
Drugs targeting cholesterol esterification that have been tested in clinical trials are
summarised inTable5.1. There are many other small molecule inhibitors shown to

inhibit either SOAT1 or SOAT?2 activity that are currently untested in human studies. For
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example, both pyripyropene @hshiro et al., 20119nd Sandoz 5805 (Williams et al.,
1989)reduce seum levels ofCEsSn mice through SOAT inhibition.

Table 51 SOAT inhibitors assessed in clinical trials.
National clinical trial numbeis abbreviated to NCT

DrugTarget NCT Reference Condition or disease Phase Outcomes
Avasimibe NA (Insull Jr et al., Shortterm safety Phase Avasimibe was tolerated at 500 mg daily fo
(CH1011y 2001) 1 weels. Avasimibe induced reductions in
SOAT triglycerides and VLDL cholesterol.
NA (Tardif et al., Atherosclerosis NA Avasimibe was tolerated at maximum dosa|
2004) of 750 mg daily for 24 months. Avasimibe
caused a moderate inease in LDL
cholesterol and did not alter coronary
atherosclerosis.
NA (Raakt al., 2003) Homozygous familial ~ NA Avasimibe monotherapy was tolerated at 74
hypercholesterolemia mg for 6weeks. Avasimibe did not induce al
significant lipid changes.
K-604/ NCT008 Completed, no Atherosclerosis Phase NA
SOAT1 51500  results published 2
Nevanimibe NCTO018 (Smith, David C. Adrenocortical Phase  Nevanimibe was tolerated at up to 158.5 m
(ATRLO1Y 98715 et al., 2020) carcinoma 1 for 5 weeks. No tumour response to
SOAT1 treatment at any dosages.
NCT028 (EHMaouche et Congenital adrenal Phase  Nevanimibe was tolerated at 1000 mg twic
04178 al., 2020) hyperplasia 2 dailyfor 2 weeks. Nevanimibe reduced-17
hydroxyprogesterone levels.
NCTO036 Terminated Congenital adrenal  Phase NA
69549 hyperplasia 2
NCTO030 Terminated Endogenous Phase NA
53271 [ dzZa KAy 3Qa 2
Pactimibe NCTO001 (Meuwese et al., Familial Phase Pactimibe at a dosage of 100 mg increase
(Cs505y 51788 2009) hypercholesterolmia 2/3 low-density lipoprotein cholesterol. Pactimib
SOAT increased incidence of major cardiovascul
events.
NCT001 Completed, no Coronary artery Phase NA
85042 results disease 2
NCT001 Completed, no Atherosclerosis Phase NA
85146  results published 2

There are a vast number of SOAT inhibitors currently untested against cancer in clinical
trials, however many have been tested in mlenical models of cancer. These studies
provide insights into the precancer mechanisms that SOAiEdiated cholesterol
esterification influences and highlightharmacological inhibitors of SOAT fit for
repurposing as anticancer therapies. This systematic review and -aretlysis
summarises the currenevidence regarding the role of cholesterol esterification
enzymes as therapeutic targets in cancer and identify the mechanisms through which

they may enable cancer progression.



5.2 Hypothesis and aims

Inhibition of SOAT1 and/or SOAT?2 increases the imtnaur content of free cholesterol

and oxysterols, leading to reduced tumour volume through a variety of mechanisms.

The aims of this chapter were to:
1 Compare cholesteryl ester concentration in tumour and {temour tissue in
preclinical models of cancer
1 Examine whether inhibition of cholesterol esterification in4ofmical models of
cancer leads to reduced tumour volume
1 Elucidate the mechanisms involved in cholesteryl estediated tumour

progression

SOAT activity Systemic
unaltered inhibition of SOAT
A Tumour microenvironment

’( T-cell
@® Tumour
s Cytolytic effector
molecules
CTLinvasiont 67
Proliferation v TNFa ¢ TUNE‘L* t
Apoptosis X IFNy ¢
Immune evasion v GzmB ¢
B Tumour cell
Oncogenes
Cholesteryl esters
in lipid droplets

@® Phosphorylation

Reactive oxygen

ROS 2
species

FC Free cholesterol

. Oxysterols
Oncogene phosphorylation 4 Mevalonate pathway §
Mev:l:nate pathway4 OHC synthesis by ROS and CYPs ¢
ROS ¢
Lipid droplets $

Figure 52 Graphical abstractHow does SOAT inhibition impair cancer progression?
(A) SOAT inhibition increases the cytotoxic capabilities of tusdiltrating T-cells. (B) SOAT
inhibition impacts oncogene signalling, oxysterol production and ROS formation.
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5.3 Materials and methog

5.3.1 Search strategy

We systematically searched four databassibmed, Scopus, Web of Science and
Cochrane Library. The last search took place in April 2021. Search strategy used for this
search was registered on the PROSPERO database (CRD4202Q202vH8) we did

not include studies investigating cholesterol ghdtion due to lack of dataSearch
strategy: (Cholesterol est* [Title/Abstract] OR Cholesteryl est* [Title/Abstract] OR
Oxysterol est* [Title/Abstract] ORhydroxycholesterol est* [Title/Abstract] OR
Cholesterol sulf* [Title/Abstract] OR Cholesterol sulph* [Title/Abstract] OR oxysterol
sulf* [Title/Abstract] OR oxysterol sulph* [Title/Abstract] OR hydroxycholesterol sulf*
[Title/Abstract] OR hydroxycholestdrsulph* [Title/Abstract] OR ketocholesterol est*
[Title/Abstract] OR ketocholesterol sulph* [Title/Abstract] OR ketocholesterol sulf*
[Title/Abstract] OR LCAT [Title/Abstract] OR Cholesterol Acyltransferase [Title/Abstract]
OR ACAT* [Title/Abstract] OR A [Title/Abstract] OR ACACT* [Title/Abstract] OR
ARGP2 [Title/Abstract] OR SterotA@yltransferase [Title/Abstract) OR SULT2B1b
[Title/Abstract] OR HSST2 [Title/Abstract] OR Hydroxysteroid sulfotransferase
[Title/Abstract] OR Cytosolic sulfotransfergd@lb [Title/Abstract] OR Sulfotransferase
Family 2B Member 1 [Title/Abstract] OR Sulfotransferase 2 B1 [Title/Abstract]) AND
(Cancer [Title/Abstract] OR neoplasm [Title/Abstract] OR tumour [Title/Abstract] OR
tumor [Title/Abstract] OR carcinoma [Title/Albatt] OR Oncolog* [Title/Abstract] OR
Malignan* [Title/Abstract])

5.3.2 Study selection

The inclusion criteria for which titles and abstracts were screened against wdtee 1)
article describes an original (primary data) stugyThe article investigagecancer 3)
The articleinvestigates an in-vivo pre-clinical animal model) The articleinvestigates
modulation of cholesterol esterification. Publications from predatory journals were
excluded from our metanalysis. Screening was performed by two irelegent
assessorgeither Xinyu Chen, Rufaro Mwarzi or Ruoying W discrepancies were
solved by a third assess@lex WebsdaleAll studies that satisfied each of these criteria

were included in the metanalysis.
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5.3.3 Data extraction

Publicationgthat reported suitable data for quantitative assessment were included in
our metaanalysis. All data were extracted in duplicate by independent assessors, with
disagreements solved by discussion with the research team. Only dataifirendo
animal modelsassessing CE concentrations, or SOAT/LCAT modulation were included,
with any comparisons reporting other enzymes or combination therapies excluded.
Where data was only presented in figures, Webplot Digitizer (v4.2) was used to extract
data. Data regardingo animals, study design, SOAT modulation, cancer type and

outcomes were assessed.

5.3.4 Statistical analysis

Review manager version 5.4 (The Nordic Cochrane Centre, Denmark, 2014) was used for
meta-analysis. Where multiple treatment doses were usedimparison to control, the
largest was reported in metanalysis. Where studies reported data as a fold change,
fold changes were normalised to tumour size at the initiation of the experiment by us
to standardise the data. Tumour volumes and diameters w&adardised to cm across
studies. Mean differences were used when available, but when measurements were not
shared within an outcome, standardised mean difference (SMD) was used. SMD
describes the effect size of the intervention group relative to theaklity observed
within the study. Random effects model was used due to the high heterogeneity
anticipated between studies brought on by variation in SOAT modulation therapies,
cancers assessed and animal models used. Heterogeneity was assesseqwigingn

1> value of >75 deemed a marker of high heterogeneity between studies. Evidence of

high or low heterogeneity within studies was discussed.

5.3.5 Publication bias

Evidence of publication bias was assessed using funnel plots. Where funnel plots
suggested publication bias, a corrected overall effect was generated by Duval and
¢tsSSRASQa GNRY YR FAff YSGK2R dzaAaAy3d [/ 2YlL
USA, 2014).
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5.3.6 Risk of bias

Risk of Bias (ROB) was adapted from Cioccoloni et al., which summarises guidelines
published by the British Journal of Pharmacology and SY{®&ideoloni et al., 2020)

ROB was performed by two independent assessors and used to assess experimental

design, animal experiments and both immunoblotting and immunohistochemistry.



5.4 Study characteristics

5.4.1 Records returned

Our searclstrategy identified 3026 records from PubMed (n=847), Scopus (n=970), Web
of Science (n=1189) and Cochrane Library (n=20). A further four were identified during
background reading. After removing duplicates there were a total of 1543 unique
records availale for abstract screening. Abstract scraampreturned 84 records that
either measured changes in tumour size following SOAT1, SOAT2 or LCAT modulation
(n=43) or compared inter/intr@nimal CE content in tumour and normal tissue (n=41).
Full text screeimg identified 24 publications assessing pharmacological or genetic
inhibition of cholesterol esterification enzymes that were suitable for both quantitative
and qualitative analysis. A further 13 studies assessing CE concentrations were suitable
for qualitatve analysis, ten of which were included in quantitative analysis. This process

is summarised with a PRISMA flow diagr&igre5.3A).

5.4.2 Cancer sites

All 46 comparisons from 24 studies included in qualitative analysis of cholesterol
esterification vere either xenograft or allograft models assessing SOAT1 and/or SOAT2
inhibition. Of the 46 comparisons, 12 assessed liver cancer, eight skin cancer, seven
prostate cancer, six pancreatic, six brain cancer, two on lung, two on colorectal and
breast, bone ad leukaemia were only studied once. No records investigating LCAT
modulation appeared from our search. Of the 13 qualitative studies assessing CE
concentration in tumours, nine assessed livigro evaluated testicular anganaeatic

or renal cancersvere examined oncéFigure5.3B). Seven prelinical models were

either xenografts or allografts, whilst one wasadiation induced model.

5.4.3 Interventions and dosing

A total of five different pharmacological inhibitors veaused across the 46 comparisons,

in addition to RNA interference and genetic knock(kigure 5.3 Avasimibe was the
most common SOAT inhibition therapy assessed, featuring in 26 of the 46 qualitative
comparisons. Avasimibe was primarily used at 15 mg/kg (17/26 studies), with lower

concentrations of 7.5 mg/kg (3 comparisons) and 2 mg/kg (5 compajiststs tested.
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Two further comparisons also assessedn3@kg. Pretreatment of cancer cells with
either shRNA or siRNA targeting SOAT1/2 before grafting was the second most common
approach, after avasimibe theraplipid encapsulated avasimibe (avasimirgs used

four times at 75 mg/kg, containing a total of 7.5 mg/kg avasimBBA interference
occurred in five comparisons in cancer cells and twice inTCédtls. Genetic knockouts
were performed in four comparisons, once using CRISPR/CagBatment before
grafting and three times using transgenic mice with a SOAT1 knockout specific to the T
cells. K604 was used twice to specifically inhibit SOAT1, whereas SOAT2 was inhibited
twice using Pyripyropene A. Both AT®L and Sandoz 5835 were used in one
comparison each. Drugs were administered by six different rodtee most common
method of administration was intraperitoneal injection (IP) (n=10) followed by
intravenous injection (1V) (n=3), per oral (PO) (n=3), intragastric administ(@8 (n=2)

and both intratumoural (IT) and subcutaneous injection were used once. Despite being
bioavailable when orally administered, avasimibe was only assessed twice following PO
administration. This administrative route was only found to be effeciv@0 mg/kg on

the U20S bone cancer xenograft modelith PC3 prostate cancer xenograft resistant

to a 15 mg/kg doséLee, S.SY. et al., 2015)
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5.5 Results

5.5.1 Cholesteryl esters are concentrated in tumour tissue

To understand whether CEs were a cancer selective target feranter therapy, the

CE content was compared between tumour and +samour tissie. Eight studies
compared CE content in tumour and normal tissue in the same animal. Six of these
comparisons were performed in liver cancer mod@srnard et al., 1986; Erickson et

al., 1988; Ruggieri, Salvatore et al., 1976; Ruggieri, S and Fallani, 1979; Thirunavukkarasu
et al., 2003; Wood et al., 1978)ith testicular(Konishi et al., 1998nd renal(Talley et

al., 1983)ancers assessed once. Overall, there was an inciedSE concentration in
tumour tissue compared to normal tissue from the same animal (SMD = 1.29; 95% CI:
0.68 to 1.90;4= 31%; p 9.0001;Figure5.4A). Harry et al., found that CE content was
increased in three different hepatocarcinoma xenogréftppendix Table C.1(Harry et

al., 1971) However, microsomal fractions from tumour and Amimour tissue exhibgd

no difference in CE concentratigman Heushen et al., 1983 urprisingly, comparisons
between tumour tissue and normal tissue framn-tumour bearinganimals found no

significant differences in CE concentratiéingure5.4B).



A

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI
Liver cancer
Barnard G, 1999, LCa, Xeno, pg/mg (protein) 66 49 7 29 16 7 17.4% 0.95 [-0.18, 2.08) i
Erikson 5, 1988, LCa, Xeno, ug/mg (protein) 104 81 B 2.1 1.6 7015.1% 1.38[0.12, 2.64] =
Rugagieri 5, 1976, LCa, Xeno, mg/g (dry wt) 27 04 4 1.3 0.2 S 4.1% 4.12 [1.26, 6.97] _—
Ruggieri, 5., 1979, LCa, Xeno., mg/g (dry wt) 21 13 10 1.3 0.7 11 22.4% 0.75 [-0.15, 1.64] ™
Thirunavukkarasu C, 2003, LCa, Mut, mg/g (wet wt) 1.3 011 B 12 01 B 16.0% 0.88 [-0.33, 2.09) ™
Wood R, 1978, LCa, Xeno, mg/fg (wet wi) 29 0.3 3 0.3 01 3 0.4% 9.30 [0.18, 18.43]
Subtotal (95% CI) 36 39 75.4% 1.22 [0.45, 1.99] <
Heterogeneity: Tau® = 0.34; Chi* = 8,37, df = 5 (P = 0,14); I* = 40%
Test for overall effect: 2 = 3.12 (P = 0.002)
Other cancer
Konishi H, 1991, TC, Xeno, ma/g (wet wt} 68.1 6 5 609 5.6 5 13.3% 1.12 [-0.27, 2.51] —
Talley D, 1983, RCa, Mut, pug/g {wet wi) 104 4.9 6 17 L7 6 11.3% 2.19[0.63, 3.75] -
Subtotal (95% Cl) 11 11 246% 1.60 [0.55, 2.64] -
Heteregeneity: Taw® = 0.00; Chi* = 1.01, df = 1 (P = 0.32); I = 1%
Test for overall effect: Z = 3.00 (P = 0.003)
Total (95% CI) 47 50 100.0% 1.29 [0.68, 1.90] <>
Heterogeneity: Tau® = 0,22, Chi* = 10.13, df = 7 (P = 0.18); I' = 31% =T * t 5
Test for overall effect: Z = 4.14 (P < 0.0001)
Test for subaroup differences; Chi® = 0,32, df = 1 (P = 0.57), 1* = 0% Higher in intra- Higher in intra-
animal normal animal tumour
tissue tissue
B Experimental Contral Std. Mean Difference Stal. Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% C| 1V, Randem, 95% CI
Liver cancer
Barnard G, 1999, LCa, Xeno, pg/mg (protein) 66 4.9 7 2 16 4 15.6% 1.02 [-0.32, 2.36] —
Ruggieri 5, 1976, LCa, Xena, mg/g {dry wt) 19 0.8 4 95 2.5 4 10.7% -3.56 [-6.37, -0.75]
Ruggieri, 5., 1979, LCa, Xeno., mg/g (dry wt) 21 13 10 1 05 S 16.2% 0.93 [-0.21, 2.07) —
Thirunavukkarasu C, 2003, LCa, Mut, mg/g (wet wt) 1.3 01 [ 16 0.1 6 14.2%  -2.77[-4.53,-1.01] —
Wood R, 1978, LCa, Xeno, mg/g (wet wt) 29 03 3 0.7 0.2 3 3.6% 6.90 [0.05, 13.76]
Subtotal (95% CI) 30 22 60.2% -0.32[-2.46, LB2| -
Heterogeneity: Tau’ = 4.31; Chi* = 24.29, df = 4 (P < 0.0001); I' = 84%
Test for overall effect: 2 = 0.20(P = 0.77)
Other cancer
Brown R, 1975, TCa, Rad, mg,/100g (wet wt) 96.8 29.4 3 315 199 2 10.0% 1.78 [-1.21, 4.78] —
Oni T, 2020, Pea, Xeno, pg/mg (pratein) 07 0.7 4 06 0.2 4 15.4% 0.17 [-1.22, 1.56] ——
Talley D, 1983, RCa, Mut, ug/g iwet wt} 104 4.9 6 0.1 0.1 6 14.2% 2.74[0.99, 4.50] —
Subtotal (95% CI) 13 12 39.8% 1.46 [-0.34, 3.26] -
Heterogeneity: Tau® = 1.53; Chi® = 5.23, df = 2 (P = 0.07); I = 62%
Test for overall effect: £ = 1.59 (F = 0.11)
Total (95% CI) 43 34 100.0% 0.38 [-1.06, 1L.82]
Heterogeneity: Taw” = 3.01; Chi* = 32.89, df = 7 (P < 0.0001); " = 79% _{0 —IS ) g 150
Test for overall effect: Z = 0.51 (P = 0.61)
Test for subgroup differences; Chi* = 1.55, df = 1 (P = 0.21), 1 = 35.6% Higher in inter- Higher in inter-
animal normal animal tumour
tissue tissue

Figure5.4 Cholesteryl ester concentration in tumour tissue and matchadrmal tissue from
control littermates.

(A) Cholesteryl ester concentration in tumour tissue and mateheaal tissue from the same
mouse. (B) Cholesteryl ester concentration in tumour tissue and matobedal tissue from
non-tumour bearingittermates. Differences in cholesteryl es@sncentration between tissues
is represented as a standardised mean difference.

5.5.2 SOAT promotes tumour growth

To establish whether inhibiting cholesterol esterification can impair tumour growth,
previous studies investigating this in animal modekravcollated and the change in
tumour size was assessed in overall cancer and individual cadeross 24 studies,
there were 40 comparisons reporting changes in tumour size in response to
pharmacologic or genetic inhibition of SOAT, compared to comtiok. Of these 40
comparisons, 27 reported a significant reduction in tumour size following SOAT
inhibition as measured by either volume &mdiameter (cr) or radiance (units of
photons/seconds/crfunits of solid angle or steradian, abbreviated to p/Agross all

40 comparisons and 555 mice assessed, SOAT inhibition associated with reduced
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tumour size (SMB-2.1; 95% C2.56 t0-1.64; P=75%; p<0.00001;Appendi Figure

CHP® CAdINIKSNN¥2NBX Sy2dzaAK aiddzZRASa& eradled S& a S
individual metaanalyses on brain cancer, liver cancer, pancreatic cancer, prostate
cancer and skin cancer. Cancers that were not studied in sufficient numbers for

subgroupanalys® ¢ SNB adzwaSljdzSyidfe 3INRAzZLISR (23S

5.5.2.1 Bain cancer

Subgrouping for brain cancers included four models of glioblasi@eag et al., 2016;

Liu, J.Y. et al., 2021; Luo, Yidan et al., 288d)just one ofadrenocortical carcinoma
(Cheng, Y. et al., 2016\l comparisons found significant reductions in tumour size
following SOAT inhibition as reported by either volume or radiance measurements (SMD
=-3.26; 95% C14.53 t0-1.99; F =52%; p <0.00001;Figure5.5). Cheng et al., was the
only study assessing adrenocortical carcinoma, demonstrating that PO administration of
ATR101 is sufficient to reduce H295R xenograft vol@keng, Y. et al., 2018)he U87
glioblastoma model was tested against both avasimibe at 15 andddRg(Liu, J.Y. et

al., 2021)in addition to pretreatment of cells with shRNA against SOAGé&ng et al.,
2016) all treatments reduced tumour burden. There was no significarfemhce
between the two avasimibe doses for size or weiffkppendixTableC.9. In addition

to U87 cells, Geng et al., also treated GBM30 cells with SOAT1 shRgrafpriending

that the GBM30 xenograft modelas sensitive t&OATL1 inhibitiofGeng et al., 2016)

The largest reduction in tumour size was attributed to a m§/kg treatment of
avasimibe on the LN229 xenograft model, with the authors associating this to the loss
of long noncoding RNA lincO033@\ppendix Table C.2 overexpression of linc00339
impaired avasimibe mediated growth inhibitigbuo, Yidan et al., 2020)

Experimental Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Cheng Y, 2016, ACC, H295R, ATR-101, cm’ 1.5 0.44 10 3.67 1.44 10 31.8% -1.95([-3.06, -0.85] -

Geng F, 2017, GBM, GEM30, SOAT1 shRNA, p/s 0.18 0.29 7 872 251 7 18.4% 4.47 [-6.69, -2.26] I E—

Geng F, 2017, GBM, UB7, SOAT1 shRNA, p/s 0.33 0.77 7 7.63 3.76 7 26.2% -2.52[-4.04, -1.00] —_—

Liu J, 2020, GBM, U87, Avasimibe, cm® 0.58 0.09 6 1.29 0.19 6 16.5% -4.41([-6.84, -1.98] —_—

Luo Y, 2020, GBM, LN229, Avasimibe, cm’ 135 0.2 4 273 02 4 7.1% -6.00[-10.35, -1.65]

Total (95% CI) 34 34 100.0% -3.26 [-4.53, -1.99] S

Heterogeneity: Tau® = 1.01; Chi’ = 8.33, df = 4 (P = 0.08); I’ = 52% 1‘0 5 T 10

Test for overall effect: Z = 5.02 (P < 0.00001)

Figure 55 Change in tumour size following disruption of SOAT in brain cancer.
Standardised mean difference in braumour size



5.5.2.2 Liver cancer

Nine comparisons assessing changes in liver cancer volume following SOAT or SOAT1
specific inhibition were identified from our search strate@dyang, Y. et al., 2019; Lu,

Ming et al., 2013)with SOAT disruption inducing a significant reduction in tumour
volume in only three comparisons. Nevertheless, the subgrouping exhibited a significant
reduction in tumour volume across the nine comparisons (MD.28; 95% C10.47 to

-0.1; P=84%; p .002;Figure5.6). SOAT1 expression was measured across six patient
derived xenografts (PDX) and interestingly, tumours that expressed high levels of SOAT1
were more susceptible to avasimibe treatment. No PDXs expressing low levels SOAT1
protein were significantly reduced in volume following avasimibe treatngdiang, Y. et

al., 2019) Huh7 and HepG2 xenografts found that inhibition of SOAT2 by the specific
SOAT?2 inhibitor, Pyripyropene A, or gene ablation using RNAI induced a significant
reduction in tumour volume, whereas inhibition of SOAT1 inducedignificant change
(Appendix Table C.2 (Lu, Ming et al., 2013)This may be attributed to enhanced
expression of SOAT2 over SOAT1 within HepG2 cells as reported by The Protein Atlas
(Huh7 not reportedjUhen et al., 2017b; Uhlen et al., 201 2a)d SOAT2 is upregulated

frequently in hepatocellular carcinom#&Song et al., @06).

Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Jiang Y, 2019, HCC, PTX1, Avasimibe | z 1.88 0.15 6 197 0.2 6 12.5% -0.09[-0.29,0.11] o
Jiang Y, 2019, HCC, PTX2, Avasimibe z 2.45 038 6 2.76 0.79 6 4.6% -0.31[-1.01,0.39] —
Jiang Y, 2019, HCC, PTX3, Avasimibe |2 0.33 0.11 6 0.51 0.21 6 12.7% -0.18[-0.37,0.01] —
Jiang Y, 2019, HCC, PTX4, Avasimibe | & 1.2 0.33 6 2.57 0.45 6 7.8% -1.37[-1.82, -0.92] e —

Jiang Y, 2019, HCC, PTXS, Avasimibe E 0.92 0.13 6 1.7 0.38 6 10.1% -0.78[-1.10, -0.46] I

Jiang Y, 2019, HCC, PTX6, Avasimibe |2 06 0.1 6 0.79 0.12 6 13.8% -0.19[-0.31,-0.07] -

Lu M, 2013, HCC, HepG2, K604 1.28 0.28 1 118 0.15 11 12.7% 0.10 [-0.09, 0.29] T
Lu M, 2013, HCC, Huh7, K604 0.87 0.21 8 101 0.17 8 12.7% -0.14[-0.33, 0.05] -7

Lu M, 2013, HCC, Huh7, SOAT1 RNAI 0.94 0.21 11 1.08 0.19 11 13.1% =0.14[-0.31,0.03] -
Total (95% CI) 66 66 100.0% -0.28 [-0.47, -0.10] -
Heterogeneity: Tau® = 0.06; Chi’ = 50.55, df = 8 (P < 0.00001); I’ = 84%

-1 0 1 2
Reduced tumour Increased tumour

volume lcm?) volume (cm?)

Test for overall effect: Z = 3.05 (P = 0.002)

Figure 56 Change in tumour size following disruption of SOAT in liver cancer.
Mean difference (cr¥) in liver cancevolume
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5.5.2.3 Pancreatic cancer

We identified six studies that explored SOAT inhibition in pancreatic cancer, of which all
assessed changes in tumour voluthg J. et al., 2016; Li, J. et al., 2018; Oni, T. E. et al.,
2020; Zhao et al.,, 2020)Our metaanalysesshowed that tumour volume was
significantly reduced in these SOAT inhibited tumours (MD.56; 95% CF0).79 to-

0.33; P = 85%; p <0.0001;Figure5.7). One study found that preatment of T8
pancreatic cancer organoid cells with shSOAT1 led to eaenphmour ablation at 58

days after grafting. The same study also performed CRISPR knockout of SOAT1 in M3L
pancreatic cancer organoid cells, inducing a reduction in tumour volume by, 4cm
compared to wild type cell@ni, T. E. et al., 202BhSOAT1 was also assessed i MIA
PaCa pancreatic cancer cells, however tumour remained, albeit significantly smaller
than with control shRNALI, J. et al., 2018Ywo studies assessed avasimibe treatment
on MIAPaCa xenografts. Surprisingly, 7.9/kg daily for 33 days induced a larger
reduction in tumour voluméLi, J. et al., 2018)an double the dose for 28 daytsi, J. et

al., 2016) Furthermore, siRNAediated knockdown of SOAT1 was restricte CRT

cells introduced into immunodeficient, NSG mice. Genetic ablation of SOAT1-h CAR
cells appeared to be sufficient to induce a significant reduction in tumour volume

compared to siCON treated CARell§Zhao et al., 2020)

Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
LiJ, 2016, PaCa, MIA PaCa-2, Avasimibe 0.51 0.13 9 0.99 031 8 18.6% =-0.48[-0.71, -0.25] -

LiJ, 2016, PaCa, MIA PaCa-2, SOAT1 shRNA 0.23 0.06 6 0.65 0.29 6 18.4% -0.42[-0.66, -0.18] -

LiJ, 2018, PaCa, MIA PaCa-2, Avasimibe 0.33 0.11 8 0.8 0.08 8 22.1% -0.47[-0.56, -0.38] =

Oni T, 2020, PaCa, M3L, SOAT1 KO, 0.4 0.06 5 44 15 5 2.7% -4.00 [-5.32, -2.68]

Oni T, 2020, PaCa, T8, SOAT1 KO 0.0001 0.0001 5 0.65 0.19 5 20.4% -0.65[-0.82, -0.48] -

Zhao L, 2020, PaCa, BxPC3, SOAT1 siRNA* 0.12 0.11 6 0.4 03 6 17.8% -0.28([-0.54, -0.02]

Total (95% CI) 39 38 100.0% -0.56 [-0.79, -0.33] &
Heterogeneity: Tau® = 0.06; Chi* = 33.97, df = 5 (P < 0.00001); I = 85% +

-4 -2 0 2 ]
Reduced tumour Increased tumour
volume (cm?) volume (cm?)

Test for overall effect: Z = 4.80 (P < 0.00001)

Figure 57 Change in tumour size following disruption of SOAT in pancreatic cancer.
Mean difference (crf) in pancreatic cancemlume * denotes modifications localized to CAR T
cells.
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5.5.2.4Prostate cancer

Our systematic review identified four studies assessing prostate catheer, H.J. et al.,
2018; Lee, S¥. et al., 2015; Liu, Y. et al., 2021; Yue et al., 2@etpss the seven
comparisons fom these studies, there was a reduction in tumour size as measured by
eithervolume or radiance following SOAT inhibit{&@MD =1.78; 95% C#2.83 t0-0.73;

1> = 76%; p =0.0008; Figure 5.8). Only one study assessed PO administration of
avasimibe, demostrating that this was a considerably weaker method to administer the
drugthan IP(Lee, S.SY. et al., 2015)Matched doses of avasimibe and Sando38
showed avasimibe reduces tumour volume bgraater amount suggesting avasimibe
was a more potent inhibitor(Yue et al.,, 2014)However, studies assessing SOAT
inhibition in vitro by either avasimibe(Terasaka et al., 2007; Ikenoyaat., 2007)or
Sandoz 5835(Tabas et al., 199@uggest that Sandaequiresa smaller dose to inhibit
SOAT. This implies that the increased efficacy of avasimiagoover Sandoz 5835
may be an issue of bioavailability. Furthermore, lipid soluble versiovagimibe was
also tested. Interestingly, Lee et al., used ™g/kg lipid encapsulated avasimibe
(avasimin), with this inducing less fold change in tumour volume comparednmwiky
avasimibe treatment. However, dosing schedules were drastically diffdretween
these two studies, wittavasimibe treated daily, whereas avasimin treatment was daily
for the first five days, followed by treatment every subsequent four dage, S.SY. et

al., 2015) However, daily treatment of avasimin could not induce significant reduction
in tumour volume or radiance imice injected withPC3M cells and PC3 cells,

respectively(Lee, H.J. et al., 2018)

Experimental Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Lee H, 2018, PCa, PC3-Luc, Avasimin, p/s 0.1 0.14 9 0.83 1.81 8 16.6% -0.56 [-1.53, 0.42] a

Lee H, 2018, PCa, PC3M, Avasimin, cm* 0.55 0.19 6 0.78 0.34 7 15.7% -0.76 [-1.90, 0.39] -

Lee S, 2015, PCa, PC3, Avasimin, cm* 033 0.1 8 1.24 068 8 15.4% -1.77[-2.98,-0.56] —

Lee S, 2015, PCa, PC3, Avasmibe, cm’ 0.84 0.23 4 0.86 031 4 14.5%  -0.06 [-1.45, 1.32] —

Liu Y, 2021, PCa, CaP, shSOATL, cm® 0.1 0.04 6 033 0.1 6 12.5% -2.79[-4.56, -1.02] e —

Yue S, 2015, PCa, PC3, Avasimibe, cm?® 0.44 0.04 9 1.05 0.17 9 11.5% -4.70[-6.67, -2.74] —

Yue S, 2015, PCa, PC3, Sandoz, cm’ 0.48 0.04 8 1.26 0.36 8 13.8% -2.88[-4.39,-1.37] I a—

Total (95% CI) 50 50 100.0% -1.78[-2.83,-0.73) e
Heterogeneity: Tau’ = 1.47; Chi’ = 24.84, df = 6 (P = 0.0004); I’ = 76% t 1

'
o - 10
Test for overall effect: Z = 3.34 (P = 0.0008) Reduced tumour size Increased tumour size

Figure 58 Change in tumour size following disruption of SOAT in prostate cancer.
Standardised mean difference in prostate cansiege
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5.5.2.5 Skin cancer

Growth of skin cancer models was significantly reduced across six comparisons from
four studies(Chen, X. et al., 2017; Hao et al., 2020; Li, M. et al., 2018; Yang, W. et al.,
2016)(SMD =3.61; 95%Cl:-4.55 t0-2.67; ¥ =25%; p €.00001;Figure5.9). Hao et al.,
compared the cdreatment of avasimibe with -Tell therapy against -€ell therapy
alone, finding a significant reduction in tumour size. Furthermore, avasimibe therapy
alone was sufficient to significantly reduce tumour burden in immunodeficmnice

(Hao et al., 2020Moreover, Yang et al., investigated the effects of CRISPR knockout of
SOAT1 restricted to-@ells, finding that SOAT1 deficiency in theells alone was
sufficient to reduce tumour volumgrang, W. et al., 2016)hese experiments suggests
that SOAT may be driving tumour gression through multiple mechanisms, one of
which being the immune response. Only one study did not assess the B16F10 allograft
model, instead investigating the squamous skin carcinoma cell line, SCC7, finding that
SCC7 allografts responded to avasimiba similar manner to B16F1Chen, X. et al.,
2017) Interestingly, Hao et al., not gnused the lowest avasimibe dosage but also only
performed two administrations, compared to 1bg/kg doses every two dayslao et

al., 2020) This may explain the relatively small change in volume in comparison to other

studies, with the remarkably low standard deviation accounting for the larger SMD fold

change.
Experimental Control Std. Mean Difference $td. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Chen X, 2017, SCC, SCC7, Avasimibe, cm® 1.75 0.97 5 3.67 0.43 5 19.4% -2.31([-4.11, -0.51]
Haa M, 2020, MM, BL6F10, Avasimibe, cm® 0.78 0.04 6 0.9 0.03 6 17.9% -3.13[-5.04, -1.23] —_——
Hao M, 2020, MM, B16F10, T-cells+Avasimibe, cm* 0.38 0.01 6 0.56 0.03 6 5.6% -7.43[-11.23, -3.63]
Li M, 2018, MM, B16F10, Avasimibe, cm® 2.28 0.18 7 363 041 7 16.2% -3.99([-6.03,-1.96] e
Yang W, 2016, MM, B16F10, Avasimibe, em? 1.25 0.09 8 2.54 0.39 9 183% -4.20[-6.07,-2.33] —_—
Yang W, 2016, MM, B16F10, SOAT1 KO#, cm’ 1.25 0.38 8 338 0.73 9 22.5% -3.41[-5.03,-1.79] —_—
Total (95% CI) 40 42 100.0% -3.61 [-4.55, -2.67] L
Heterogeneity: Tau” = 0.35; Chi® = 6.69, df = 5 (P = 0.24); I = 25% = =+ 3 %

Test for overall effect: Z = 7.52 (P < 0.00001) Reduced tumour size Increased tumour size

Figure 59 Change in tumour size following disruption of SOAT in skin cancer.
Standardised mean difference in skin cansige # denotes modifications localized tecélls.



5.5.2.6 Other cancers

The other cancer subgrouping contained two colorectal cancer xenodtafes H.J. et

al., 2018; Xu, H. et al., 202x)vo lung cancer xenograf{8i et al., 2019; Pan, J. et al.,
2019)and one breasi{Lei et al., 2020)bone (Wang, L. et al., 2019nd leukaemia
(Bandyopadhyay et al., 201¥g¢nograft models. All models within the subgroup were
treated with either avasimibe or avasimin, irdog a significant reduction in tumour
volume across the seven studies (MD0=31; 95% Ck0.48 t0-0.15; ¥ =89%; p <
0.00001;Figure5.10). The only xenograft insensitive to SOAT inhibition was the K562R,
chronic myelogenous leukaemia (CML) models Thpossibly driven through the BCR
ABL translocation, commonly found in CN&awyers, 1999)The BCRML fusion
increases activation of multiple oncogenes including MAPK, AKT and@1MGi and
Saglio, 202). Avasimibe has only been found to decrease signalling of the MAPK
pathway(Bandyopadhyay et al., 2017)

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Bandyopadhyay S, 2017, CML, KS62R, Avasimibe, cm’  0.58 0.3 8 0.55 0.14 8 13.5%  0.03[-0.20, 0.26] -
Bi M, 2019, LCa, LLC, Avasimibe, cm’ 0.45 0.07 6 0.96 0.15 6 16.4% -0.51[-0.64, -0.38] -
Lee S, 2015, CRC, HCT116, Avasimin, cm’ 033 0.1 8 1.67 0.68 8 7.3% -1.34[-1.82, -0.86] S —
Lei J, 2019, BCa, 4T1, Avasimibe, cm’ 08 02 6 106 0.11 6 15.0% -0.26 [-0.44, -0.08] -
Pan J, 2019, LCa, LKR13, Avasimibe, cm’ 0.13 0.12 10 021 0.1 10 17.2% -0.08[-0.18, 0.02] -
Wang L, 2019, 0S, U205, Avasimibe, cm® 0.03 0.04 5 032 028 5 13.0% -0.29[-0.54,-0.04] _
Xu H, 2021, CRC, SW480, Avasimibe, cm® 0.6 0.03 6 0.86 0.08 6 17.7% -0.26[-0.33, -0.19] -
Total (95% CI) 49 49 100.0% -0.31 [-0.48, -0.15] L 3
Heterogeneity: Tau® = 0.04; Chi* = 52.68, df = 6 (P < 0.00001); I’ = 89% _12 _=] i é
Test for overall effect: Z = 3.70 (P = 0.0002)
Reduced tumour Increased tumour
volume (cm?) volume (cm?)

Figure 510 Change in tumour size following disruption of SOAT.
Mean difference (cr) in other cancer volume.
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5.5.3 SOAT expression is associated with enhancement of cancer hallmarks

5.5.3.1 SOAT inhibition prolongs survival

Preclinical studies are bound by ethical considerations to prevent prolonged animal
suffering, which increses with tumour burden. Different ethical governing boards
present different requirements on the terminal tumour volume or animal weight loss,
that when reached, the animal in question must be sacrificed. From thesealadaard

ratio functionhas beergenerated a that describes the risk of early etherisation based
on tumour burden or significant weight loss. Thirteen comparisons from seven studies
were included for this analys{€hen, X. et al., 2017; Geng et al., 2016; Hao et al., 2020;
Lee, S.9Y. et al., 2015; Lei et a2020; Oni, T. E. et al., 2020; Yang, W. et al., 2016; Li, J.
et al., 2018)finding that animals in the intervention group exhibited an 85% reduction
in risk of being euthanised early (HR.%5; 95% ClI: 0.08 to 0.285163%; p <0.00001;
Figure5.11). Furthermore, the effects of SOAT inhibition on survival within models of
metastasis has also been assessed. Both systemic avasimibe treatmentcatid T
specific SOAT1 knockdown induced a significant reduction in hazard ratio for
intravenously injected_ewis lung carcinomdl{C) and B16F10 cellfrang, W. et al.,
2016) The importanceof the immune system in SOAT inhibitiorediated risk of
euthanasia was demonstrated in another B16F10 metastasis model, showing that
treatment with 2mg/kg avasimibe was not enough to induce a significant reduction in
risk of euthanasia, whereas tberapy of avasimibe at the same dose withcdlls

reduced risk of euthanasia by 43¢tao et al., 2020)

Hazard Ratio Hazard Ratio

Study or Subgroup log[Hazard Ratio] SE Weight IV, Random, 95% Cl IV, Random, 95% CI
Chen X, 2017, SCC, SCC7, Avasimibe -3.0815 0.9877 5.5% 0.05[0.01, 0.32] e —
Geng F, 2017, GBM, GBM30, SOAT1 shRNA -3.0619 0.8472 6.5% 0.05 [0.01, 0.25] —_—
Geng F, 2017, GBM, U87, SOAT1 shRNA -2.8751 0.8627 6.4% 0.06 [0.01, 0.31]
Hao M, 2020, GBM, LN229, Avasimibe -0.7508 0.7348 7.4% 0.47 [0.11, 1.99] — 1
Hao M, 2020, MM, B16F10, Avasimibe -0.8421 0.7477 7.3% 0.43[0.10, 1.87] —_— 1
Hao M, 2020, MM, B16F10, T cells+Avasimibe 0.1133 0.6738 7.9% 1.12 [0.30, 4.20] I —
Lee S, 2015, CRC, HCT116, Avasimin -3.1297 0.7996 6.9% 0.04 [0.01, 0.21] s —
Lee S, 2015, PCa, PC3, Avasimin -3.1491 0.8007 6.9% 0.04 [0.01, 0.21] -_—
Lei J, 2019, BCa, 4T1, Avasimibe -0.7715 0.4219 10.3% 0.46 [0.20, 1.06] -
Li M, 2018, MM, B16F10, Avasimibe -1.5123 0.5945 B.7% 0.22 [0.07, 0.71] B —
Oni T, 2020, PaCa, M3L, SOAT1 KO -2.936 0.6225 8.4% 0.05[0.02, 0.18] I
Yang W, 2016, MM, B16F10, Avasimibe -2.0915 0.6499 8.1% 0.12 [0.03, 0.44] e
Yang W, 2016, MM, B16F10, SOAT1 KO# -1.5385 0.4708 9.8% 0.21[0.09, 0.54] S
Total (95% CI) 100.0%  0.15 [0.08, 0.28) L 2
; 2 _ . chi? = _ _ T L " + y
Heterogeneity: Tau® = 0.74, Chi® = 32.46, df = 12 (P = 0.001); I’ = 63% o001 o1 o 1000

Test for overall effect: Z = 6.07 (P < 0.00001) . .
Reduced risk of euthanasia Increased risk of euthanasia

Figure 511 Forest plot showing changes in risk of arrival at maximal tumour volume following
disruption of SOAT.

Differences shown as hazard ratios as calculated by Mdataehszel between SOAT disruption
test groups and control test groups. # denotes modifications localizeect|g.
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5.5.3.2 Sustained proliferative signalling

The impact of inhibiting cholesterol esterification on tumour growth was demonstrated
through a reduction in tumour volume, however the mechanisms driving this were
unclear. First, assessment of proliferative potential was assessed through the number
of Kb7-positive cancer cellSOAT inhibition was associated with a significant reduction
in proliferative potential, as shown by a reducedmber ofKi6%positive cancer cells
(Hao et al., 2020; Lee, H.J. et al., 2018; Pan, J. et al., 2019; Yue et a(VZD%4)4.43;

95% Clg22.32 to 6.55;24=98%; p = 0.000Figure5.12). Within Hao et al., treatment

with avasimibe concurred with other studies, finding a significant reduction in Ki67
expression, albeit to a considerably weaker degree. This is likely due to the low dose and
infrequent administation of avasimibe compared to other studies. Surprisingly, co
treatment of avasimibe with -€ells conducted within the same study resulted in an
increase in Ki67 positive cancer cells compared to those treated with-pedtsT Despite

this, Fcell and aasimibe cetreatment still induced significant tumour destruction,
indicating that mechanisms may be involved independent of -Kiédiated
proliferation (Pan, J. et al., 2019imilarly, Pan et al. assessed the impact of the SOAT
deficient immune system on epithelial Ki67 expression. By using a synergistic LKR13
allograft model, the authors were able retaam active immune response within the
tumour model, finding that systemic avasimibe treatment reduced Ki67 positive
epithelial cell numbe(Pan, J. et al., 2019 ontrastingly, treatment of H295R xenografts
with ATR101 did not indue a significant reduction in either Ki67 or Brdu, suggesting an
alternate mechanism may be behind AT&®L mediated tumour destructio(Appendix
Table C.2(Cheng, Y. et al., 2016)he sicogene YAP does not appear to be invdlve
with SOATmediated proliferation, with SOAT inhibition upregulating YAP expression,
despite reducing tumour sizéAppendix Table C.2 (Xu, H. et al., 2021)Reduced
proliferation in SOAT&blated CaP xenografts was attributed to a reduced production
of monounsaturated fatty acids derived from SCD1 downregulaiikppendix Table

C.9 (Liu, Y. etal., 2021)
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SOAT1 modulation Control Mean Difference Mean Difference

Study or Subgroup Mean [%] SD [%] Total Mean [%] SD [%] Total Weight IV, Random, 95% CI IV, Random, 95% CI

Hao M, 2020, MM, BL6F10, Avasimibe 35.27 1.16 12 376 078 12 24.1% -2.33[-3.12,-1.54] L

Hao M, 2020, MM, BL6F10, T-cells+Avasimibe 15.12 2.71 12 11.24  0.78 12 23.9% 3.88 [2.28, 5.48]

Lee H, 2018, PCa, PC3M, Avasimin 2088 19.2 6 70.55 20.18 6  8.2% -49.67[-71.96, -27.38] —_—

Pan J, 2019, LCa, LKR13, Avasimibe 518 2.52 8 1532  3.62 8 23.3% 10.14 [-13.20, -7.08] -

Yue S, 2015, PCa, PC3, Avasimibe 1733  5.39 5 58.24 5.75 5 20.4% -40.91([-47.82,-34.00] -

Total (95% CI) 43 43 100.0% -14.43 [-22.32, -6.55] -

Heterogeneity: Tau® = 66.92; Chi’ = 219.53, df = 4 (P < 0.00001); I = 98% ; t d
-100 =50 50 100

Test for overall effect: Z = 3.59 (P = 0.0003) " "

¢ roverane Reduced % Ki67+ Increased % Ki67+
cancer cells cancer cells

Figure 512 Forest plotsshowing changes in proliferation.
Mean difference (percentage Ki67 +cells) between experimental and control groups in tumour
expression of Ki67.

5.5.3.3 Resisting cell death

Furthermore, whether apoptosis was driving S@atibition mediated reduced tumour
volume was investigated.ypically, apoptosis is assessed through apoptosis assays such
as the TUNEL+ assay, quantification of apoptosis related proteins and measuring the
mitochondrial membrane potential. Our me&mnalysis returned four comparisons from
three studies(Lee, S.SY. et al., 2015; Lee, H.J. et al., 2018; Yue et al., 28%4¥sing
change in cancer cells undergoing apoptosis using the TUNEL+ stain following SOAT
inhibition with either avasimin or avasimibe. Studies either quantified the percentage
positively stainedvith TUNEL+ cancer cells or the number of positively stained TUNEL+
cells per area. Across the four experiments, SOAT inhibition significantly increased
epithelial apoptosigYue et al., 2014; Lee, H.J. et al., 2018; LeeYSebal., 2015)SMD

= 5.64; 95% CI: 1.57 to 9.74=183%; p = 0.00Figure5.13). Increased apoptosis was
also discovered within HIBR xenografts treated with ATR1 (Appendix Table C.2
(Cheng, Y. et al., 2016%uggesting that increased apoptosis rather than reduced

proliferation was driving the reduced volume of these tumours.

SOAT1 modulation Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Lee H, 2018, PCa, PC3M, Avasimin, % TUNEL+ 9.9 1.79 6 4.59 5 6  31.5% 1.31[0.01, 2.60) .
Lee 5, 2015, CRC, HCT116, Avasimin, TUNEL+ /area 29.1  3.62 5 1.68 0.89 5 20.6% 9.40 [3.96, 14.83]
Lee S, 2015, PCa, PC3, Avasimin, TUNEL+/area 38.46 9.9 5 129 0.59 5 27.8% 4.79 [1.82, 7.75) —
Yue 5, 2015, PCa, PC3, Avasimibe, % TUNEL+ 492 029 5 223 02 5 20.1% 9.75 [4.12, 15.38]
Total (95% CI) 21 21 100.0% 5.64 [1.57,9.71] —i——
Heterogeneity: Tau’ = 13.23; Chi* = 18.10, df = 3 (P = 0.0004); I = 83% —iﬂ —‘S g 1'0
Test for overall effect: Z = 2.71 (P = 0.007)

Reduced apoptosis Increased apoptosis

Figure 513 Forest plots showing changes in apoptosis.
Standardised mean difference between experimental and corgroups in apoptotic cells in
the tumour as measured by TUNEL +stain assay.



5.5.3.4 Evasion of immune detection

The anticancer immune response can be initiated upon reception of tumour antigens
by CD8+ -Eells. High immune cell infiltratiowithin tumours has been identified as a
marker for good prognosis in breaf¥lenegaz et al., 2008)olorectal(Galon et al.,
2006) lung (Kawai et al., 2008)prostate (Richardsen et al., 200&)nd skin cancer
(Clemente et al., 1996However, the impact of SOAT inhibition owdll function was
unclear.Our metaanalysis demonstrated that SOAT inhibition was sufficient to increase
tumour infiltration of CD3+ CD8+ or CD8¢ells(Lei ¢ al., 2020; Pan, J. et al., 2019;
Yang, W. et al., 201¢BMD = 1.12; 95% CI: 0.46 to 1.7% D%; p = 0.000Figure
5.14A). Avasimibe also impaired efficiency of the immunosuppressive environment
through a decrease in CD4+ Treg cellsimgy cancer model@Pan, J. et 312019) CD4

Treg cells have been shown to reduce CD8 proliferataentially explaining the
increase in CD8 infiltration. However, CD4+ Treg infiltration was unalteredcbif T
specific knockout of SOAT1 in B16F10 xenog@¥afhg, W. et al., 2016)-cell specific
knockout of SOATL1 also signifidgnncreased CD8+ cell infiltratiofyang, W. et al.,
2016) suggesting that SOAT1 disruption in CD8eellE was sufficient tonduce
increased infiltration, irrespective of the CD4+ Treg population and systemic SOAT

inhibition.

Despite the increased tumour invasion of CD8+ cells, imrmuediated destruction of

cancer is typically hampered by the high number of resident immulis exhibiting

anergy, meaning these cells are unable to mount a sufficient cytotoxic response. Our
subsequent metaanalysis of a range of cytotoxic effector cytokines, found that
cytokinesg SNBE O2yaAradaSydte dzZNBIdzZ I § SRMDEY { h
11.54; 95% CI: 5.08 to 18.01:=194%; p = 0.000Figure5.14B) = L Cb ! a5 T
Cl: 3.14 to 13.057 E 84%; p = 0.00Eigure5.14Q and cytotoxic effector molecule,

GzmB (MD = 3.67; 95% CI: 0.02 to 737:97%; p = 0.0%igure5.14D). These findings

suggest that SOAT disruption not only increased the infiltrative capabilities ofdblsT

but enhanced their cytotoxic, antiancer properties.
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A

SOAT1 modulation

Control

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Lei ], 2019, BCa, 4T1, Avasimibe, CD3+CD&+ T-cells 8.13 117 3 7 1.09 3 13.7% 0.80[-0.98, 2.58]

Pan ), 2019, LCa, LKR13, Avasimibe, CD8+ T-cells 517 413 8 255 166 8 41.0% 0.79[-0.24, 1.82) B B

Yang W, 2016, MM, B16F10, Avasimibe, CD8+ T-cells 81 553 7 3.04 161 7oo32.0% 1.16 [-0.00, 2.33] e

Yang W, 2016, MM, B16F10, SOAT1 KO#, CDB+ T-cells 13.69 5.1 5 371 192 5 13.3% 234 [D.53, 4.15] e A—

Total (95% CI) 23 23 100.0% 1.12 [0.46, 1.77] i

Heterogeneity: Tau® = 0.00; Chi® = 2.28, df = 3 (P = 0.52); I = 0% _‘4 _'2 é "1

Test for overall effect: Z = 3.32 (P = 0.0009) Reduced CTL cells Increased CTL cells
SOAT1 modulation Control Mean Difference Mean Difference

Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Lei ), 2019, BCa, 4T1, Avasimibe 41,58 1.06 3 2745 195 3 28.7% 14,13 [11.62, 16.64] -

Pan J, 2019, LCa, LKR13, Avasimibe 9.91 038 5 456 0.6 5 29.9% 5.35 [4.73,5.97] L]

‘Yang W, 2016, MM, B16F10, Avasimibe 57.58 5.39 6 43.8 1012 6 18.7% 13.78 [4.61,22.95] —_—

Yang W, 2016, MM, B16F10, SOAT1 KO# 55.83 741 8 41.22 5.51 6 22,68 14.61[7.84, 21.38] —

Total (95% CI) 22 20 100.0% 11.54 [5.08, 18.01] i

Heterogeneity: Tau® = 36.26; Chi® = 53.40, df = 3 (P < 0.00001); I = 94% ;‘!D Im ) 1lo 2'0

Test for overall effect: Z = 3.50 (P = 0.0005) Reduced TNFai in CD8+ Increased TNFo in CD8+

C SOAT1 modulation Control Mean Difference Mean Difference

Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI

LeiJ, 2019, BCa, 4T1, Avasimibe 26.45  0.99 3 1839 223 3 28.1%  B8.06[5.30, 10.82] -

Pan |, 2019, LCa, LKR13, Avasimibe 392 414 5 292 0.78 5 26.3%  1.00[-2.69, 4.69] b

Yang W, 2016, MM, B16F10, Avasimibe 44.44  3.53 6 34.01 392 6 25.2% 10.43[6.21, 14.65] —

Yang W, 2016, MM, B16F10, SOATI KO# 4843 3.65 8 34 7.35 6 20.4% 14.43(8.03, 20.83] -

Total (95% CI) 22 20 100.0%  8.10[3.14, 13.05] i

Heterogeneity: Tau? = 20.74; Chi* = 18.35, df = 3 (P = 0.0004); I’ = 84% —éO _10 1‘0 5

Test for overall effect: 7 = 3.20 (P = 0.001) Reduced IFNy in CDB+ Increased IFNy in CD8+

D SOAT1 modulation Control Mean Difference Mean Difference

Study or Subgroup Mean SD _Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI

Pan ), 2019, LCa, LKR13, Avasimibe 1.08 0.6 5 041 031 5 35.1% 0.67 [0.08, 1.26] -

Yang W, 2016, MM, B16F10, Avasimibe 8.7 2.4 6 3.43 149 6 30.2%  5.27[2.70, 7.84] —_—

Yang W, 2016, MM, B16F10, SOAT1 KO# 8.77 111 8 3.45 0.61 6 34.7% 5.32 [4.41, 6.23] -

Total (95% CI) 19 17 100.0%  3.67 [-0.02, 7.37] e —
Heterogeneity; Tau® = 10.03; Chi* = 76,20, df = 2 (P < 0,00001); I' = 97% =) % T 5

Test for overall effect: Z = 1.95 (P = 0.05)

Reduced CzmB in CD8+

Increased GzmB in CD8+

Figure 514 Forest plots of change in immune respongedlowing disruption of SOAT.

(A) Standardised mean difference between experimental and control in tumour infiltration of
CD8 +cells. (B) Mean difference (percentage CD8 +cells) between experimental and control in
fleferyce (betcSntafjed @D8 édelis) betviény

¢bCh

SELISNAYSY(I ¢

SELINBaarzy

Ay

YR O2y NPt

Ay LCb

SELINBaarzy

+cells) between experimental and control in GzmB expression in CD8 +cells. # denotes
modifications localized to-Gells.

R



5.5.3.5 Activating invasion and metastasis

Larger tumours are associated with an increased likelihood of lymph node positivity
(Andea et al., 2008nd metastasi$Munajat et al., 2008; Jia, B. et al., 202 erefore,

the impact of inhibiting cholesterol esterification was assessed on metastagse was

a significant reduction in metastases to either lymph, lung, pulmonary or whole mouse
with this measured by tumour node number on the respective organ, organ weight or
radiance from luciferase expressing céllee, H.J. et al., 2018; Lei et al., 2020; kt, J.
al., 2016; Li, M. et al., 20183MD = 2.21; 95% ClI: 3.17 to 1.26; 57%; p < 0.00001;
Figure5.15). Only Lee et akeported xenograft metastasis to all organs within the
mouseby using PC3 cells constitutively expressing luciferase, showing tumour burden
across all organs was reducéallowing avasimin treatment(Lee, H.J. et al., 2018)
Treatments of either avasimib@ avasimin reduced metastasis frequency in breasi

et al., 2020) pancreatiqLi, J. et al., 201@nd prostate cancefLee, H.J. et al., 2018)
Additionally, pretreatment of pancreatic cancer cell line MIA P&3a&ith hRNA against
SOAT1 also induced a significant reduction in tumour metastasis to the lymph (hddes
J.etal., 2016)Li et al., recorded metastasis to two organs, finding concordance between
reduced metastases to lymph nodes and liver following SOAT inhilgltipd. et al.,
2016) Furthermore, avasimibe was shown to impair lung colonisation of intravenously
injected LLC cell, suggesting avasimibe therapy impaired their metastatic potential
(Yang, W. et al., 2018Yloreover, SOAT1 genetic knockdown restricted to mousell$

was also found to significantly reduce tumour multiplicity of the lungs in both LLC and
B16F10 metastasis moddlppendixTable C.2(Yang, W. et al., 2016 ontrastingl,

Hao et al.,, found no significant change in lung colonisation of intravenously
administered B1BLO cells after avasimibe therap§o-treatment of avasimibe and-T
cells could also not significantly alter tumour burden in the luf#ggpendixTable C.2

(Hao et al., 202Mowever, this may have been due to lawasimibedose.

SOAT1 modulation Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Lee H, 2018, PCa, PC3-Luc, Avasimin, Whole mouse 0.3 0.4 9 145 1.64 8 22.8% -0.94 [-1.96, 0.08] —

Lee H, 2018, PCa, PC3M, Avasimin, Lung 2.1 1.1 6 541 2.45 6 18.8% 1.61 [-2.99, -0.23] .

Lei J, 2019, BCa, 4T1, Avasimibe, Pulmonary 14.54 2.01 10 2362 2.14 10 15.7% -4.19[-5.88, -2.50] D —

LiJ, 2016, PaCa, MIA PaCa2, Avasimibe, Lymph 0.3 0.45 9 212 0.88 8 19.0% -2.52[-3.88,-1.16] —_—

LiJ, 2016, PaCa, MIA PaCa2, SOAT1 shRNA, Lymph 0.16 0.36 6 176 0.87 5 15.8% -2.29[-3.97,-0.61] —_—

Li M, 2018, MM, B16F10, Avasimibe, Lung 0.28 0.02 3 036 0.03 3 8.0% -2.51[-5.41,0.39] —

Total (95% CI) 43 40 100.0% -2.21[-3.17,-1.26] -

Heterogeneity: Tau® = 0.78; Chi* = 11.67, df = 5 (P = 0.04); I’ = 57% Id 12 S 1

Test for overall effect: Z = 4.53 (P < 0.00001) N
Reduced metastasis Increased metastasis

Figure 515 Forest plot showing changes in metastasis.
Standardised mean difference between experimental and control numberetéstases.
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5.6 Risk of ms

5.6.1 Study criteria

Risk of bias analyses highlight the likelihood that aspects of study design may generate
misleading results. As a megaalysis summarises the work of many studies, there is an
increased importance to higlght where bias may have been introduc@tierefore, he

risk of bias introduced to the metanalysisthrough the quality of reported data was
assessed; issues regarding study design, ethical considerations and reproducibility were
discussed. Under 50% stiudies reported SOAT modification as effective, either through
demonstrating reducedCEconcentration within tumour tissue or showing reduced
expression of SOATSs following genetic knockdown/knockout. Most studies accounting
for poor reporting of SOAT motation validation used avasimibe, which is already well
characterised. Furthermore, most studies assessed avasimibe at 15 mg/kg (66%),
perhaps explaining the lack of reporting on dosing rationale. There was also limited
reporting on selection bias withirtigdies assessing SOAT modulation, with only 54% of
studies reporting randomisation. Of those 54%, none reported the method of
randomisation. Additionally, only one study reported blinding of investigators to animal
groups (Appendix Figure C.2 Studies ingstigating SOAT modulation against tumour
size performed considerably better on the ROB survey than studies assessing CE content
within pre-clinical tumours(Appendix Figure C.B However, studies from the latter
cohort were considerably older (average ightion date: 1986) than the former
(average publication date: 2018). Outside of these notable findings, risk of bias was
adequate and thus, risk of bias for study design was deemed low. However, there are
greater chances of bias being introduced througimmunoblotting and
immunohistochemical approaches, with clarity lacking on reporting of the antibody

used, controls, blinding, statistical analysis and antibody validg#mpendix Figure

C.4.
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5.6.2 Heterogeneity

As anticipated, there was high hetgeneity within analysis of tumour size between
subgroups @i= 82%) indicating that despite the assessed cancers exhibiting reduced
volume in response to SOAT inhibition, the magnitude of reduction appears to vary. This
can likely be attributed taovariable expression of SOATs within the cell lines assessed.
For example, Jiang et al., assessed the expression of SOAT1 within PDXs, separating
these models into high and low SOAT1 expresgi@ang, Y. et al., 2019pDX models

were then treated with avasimibe, finding that SOAT1 expression is crucial for the
efficacy of the therapy. Furthermore, Lu et al., assessed HepG2 cells, who exhibit
enhanced SOAT2 expression over SOAT1 and found that these xenografts were
significantly more susptible to SOAT2 specific inhibition over SOATL, Ming et al.,

2013) Unsurprisingly, other cancers exhibit the highest heterogeneity of the subgroups
(7= 89%), likely since five of the seven comparisons aestigating different cancers.

Skin cancer exhibited low heterogeneity €1 25), likely driven by the recurrence of
B16F10 allografts across five of the six comparisons. Prostate cancer studies exhibited
high heterogeneity &1 =76%), despite all studieseing performed from the same
research group and all but one comparison assessing PC3 cells. Notably, comparisons
derived from Hao et al., frequently disrupt heterogeneity analyses, likely through their
low avasimibe dose and administration frequency coneplao other studiegHao et al.,

2020)

5.6.3 Publication bias

Bias can be introduced through the selective publication of significant over non
significant or unfavourable results. Thereforenhel plots were inspectéfor evidence

of potential publication bias for analyses of tumour size asl of early euthanasia

Both analyses exhibited funnel plot asymmetry, indicating publication bias. This was
likely driven through the assessment of different cancers and stiedign; however, as

all individual cancer assessments were lowly powered, trim and fill analysis was used to
estimate the overestimation induced by publication bias in tumour aizrisk of early
euthanasiaacross all cancers. Trim and &lhalysespredicted that SOAT inhibitien
mediated reduction in tumour size was overestinte 33%(Figure5.16A) as was the

changein hazard ratidoy 18%(Figure5.16B).
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Figure 516 Risk of publication bias.

(A) Funnel plot to deteqtublication bias within SOAT tumour metrics dataset with trim and fill
method applied to assess overestimation of SMD. (B) Funnel plot to detect publication bias
within survival dataset with overestimation of hazard ratio determined through trim and fill
analysis. Open dots indicate observed studies and closed dots indicate missing studies. Open
diamond indicates observed change and the closed diamond indicates change after missing
studies are factored in.
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5.7 Discussion

This metaanalysis shows that acre87 different studies there is a consistent increase
in CEcontent within tumour tissue compared to normal tissue. FurthermoreABO
mediated cholesterol esterification presents a targetable mechanism to reduce tumour
volume. The use of SOAT inhibitorsswanown to target multiple cancer hallmaris
reduce tumour size including proliferation, apoptosis and immune cell mediated
tumour destruction. These findings were highly significant and occurred irrespective of

the cancer type assessed.

Increased cholesterol loading to the membrane facilitates enhancedllTreceptor
clustering through increased membrane fluidity, leading to increased CB&H T
activation and cytotoxicity. SOAT depletion withieells leads to reduced cholesterol
esterification and increased membrane cholestetolallow for increased cell activity
(Yang, W. et al., 2016; Hao et al., 202®)i et al., suggested that enhanced cytotoxic
response of CD8+ cells is the driving factor behind avasimdsiiated tumour
destruction, showing little change in intratumouwcéll infiltration of 4T1 grafted BALB/c
mice (Lei et al., 2020)Furthermore, SOAT1 deficient GARcels did not exhibit
enhanced tumour infiltrationn vivo(Zhao et al., 202nd avasimibe loading ofcells
resulted in no change in response to chemoattractant, MQR vitro (Hao et al., 2020)
However, there is contrasting evidence provided by other studies. Bathl Bpecific
knockout and IP avasimibe treatment in C57BL/6 mice with B16F10 allografts found a
significant increase in CD8+ delnour infiltration (Yarg, W. et al., 2016)Similarly, IP
avasimibe treatment of\el29 bearing the LKR13 allograft found increased infiltration of
CD8+ cells into tumour@an, J. et al., 2019Reduced efficacy oncElls derived from
BALB/c mice compared to C57B1/6 and sv129 mice may be driving variable stimulation
of tumour infiltration. BALB/c and C57B1/6 mice exhibifferences between the
immune systems with regards to cytokine pradion (Trunova et al., 201Bnd a larger
population of Treg cells in BALB/c m{€#en, X. et al., 2005)hich may cause different

susceptibilities to SOAT inhibition with regards to€ll infiltration.
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Many studies report enhanced cytotoxicity in response to SOAT inhilmtieroandin
vitro and is perhaps a cabination of increased infiltration and enhanced cytotoxicity
that increases tumour destruction. SOAT1 knockdown in-CARIls increases IFNy
expression(Zhao et al., 2020)n vitro, T-cells treated withavasimibedemonstrated
significantly higkr cytotoxicity than control Tells. Interestingly, the same treatment
also enhanced antibody production in native@Is(Chen, X. et al., 2017)his does not
appear to be true for all cancers, with avasimibe treatedells exhibiting enhanced
cytotoxicity against B16F10 ta@moma cells, but not C26 colon cancer cglisM. et al.,
2018) Furthermore, treatment of -Eells with K604 increased expression of cytokines

and cytotoxicity(Yang, W. et al., 2016)

CD8+ Tcells isolated from B16F10 grafted mice treated with both avasimibe and
paclitaxel or paclitaxel monothergpwere reintroduced into new B16F10 allograft
bearing mice. Tells from cereated mice induced significantly more tumour
destruction compared to -Cells frommice treated with onlypaclitaxel. However,
neither CD8+ -Tells from paclitaxel treated mice or those-teated with avasimibe
induced a significant change in serum cytokine content, leading the authors to suggest
that tumour destruction was due to the antigen specific immuesponsegLi, M. et al.,
2018) Interestingly avasimibe treatment has been shown to increase the efficacy of the
specific immune response:dlls harvested from the spleens of avasimibe treated mice
secreted signifiantly more antibodies than those from control spleens. Alternatively, as
these TFcells were derived from C57B1/6 mice, increased tumour destruction could be
due to increased invasion of-CElls into the tumourin response to avasimibegs

reported in Yangt al.(Yang, W. et al2016)

Furthermore,tetrazine {Tre) groups were insertechio the TFcell membranes through

lipid insertion and liposomal avasimibe containing bicyclononyne (BCN), which bind to
Tre groups and enable liposomal avasimibe (B{NAva) retention to the cell surface.

This enhanced avasimibe retention tecdlls dumg circulation and extravasatioin

vitro, treatment of BCNLipa-Ava on Tre containingdells performed similarly to normal
T-cells treated with avasimibe regarding TCR clustering and subsequent increase in
OelG21AyS SELNBERANovgVer@HerCidstedn vivghih€ importance of
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avasimibe restriction to the-DSf f & ¢ &4 KAIKE ATIKISRI HAGK
GzmB and TNFreported between Tre -Eell+BCMNLipo-Ava cells and-€ells pretreated

with avasimibe. There was also a siguaifit decrease in tumour volume, Ki67 status,
hazard ratio and lung metastasis between these condit{éte et al., 2020)This study
demonstrates how lipid encapsulation of avasimibe can be utilised to selectively targe
certain cell types. Nevertheless, lipid encapsulated avasimibe administered either
intravenously has shown to have increased blood and tumour bioavailability over

avasimibe(Lee, S.9Y. et al., 2015)

Increased immune mediated tumour destruction is likely not the only-eaticer
mechanism involved following SOAT modulation. Many studies investigated xenograft
models, which require the use of immunodeficient or lymphodepleted mice to prevent
graft rejection. As such, a direct effect of SOAT inhibition on cancer cells is likely. For
example, oncogenic signalling appears to be influenced by CEs. Reduced
phosphorylation of AKTLI, J. et al., 2018; Yue et al., 2014; Liu, Y. et al., 2081FRK
(Wang, L. et al., 2019; Oni, T. E. et al., 2020; Liu, Y. et al. va@i2lfyequently reported
throughout studies identified within our systematic review. It is understood that high CE
content within tumours upregulates SREBPleading to an increased uptake of
essential fatty acids and subsequent phosphorylation of AK€ et al., 2014Reduced
SREBR caused by SOAT inhibition has been reported in both glioblastomgGelis)

et al., 2016)and pancreatic cancer cells. Additionally, AKT, mTOR anaSeK
phosphorylation increasedignificantly following cholesteryl oleate treatmenwhich

was reversed with the addition of avasimip&/ei et al, 2021) Furthermore, reduction

of ERK phosphorylation was again driven throwaghincrease in free cholesterol.
However, downregulation of ERK phosphorylation instead acts through inhibition of the
mevalonate pathway through a free cholesterobdiated negative feedback loop. In
non-SOAT inhibited tumours, ERK signalling can indugeditle products of an
upregulated mevalonate pathwalOni, T. E. et al., 2020Furthermore, avasimibe has
also been shown to reduce expression of ARKC1C, through downregulation of FOXML1 in
both ostesarcomaWang, L. et al., 2018nd cholangiocarcinomg@ao, Y. et al., 2021)
cells. In addition to upregulation of oncogenic activity, SOAT has alsoitbpécated

in the downregulation of tumour suppressor genes, such aslfEXiong, K. et al., 2021)
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It is understood that the increase in cellular free cholesterol upregulateslE2F
expression, which then exerts its repression of tumour growth through increased

activation of apoptosis.

Esterification is not the only cholesterol modification; many other enzymes can convert
cholesterol into oxysterols by adding hydroxyl, keto or epoxyugso It was
demonstrated that treatments of Huh7 and HepG2 xenografts with SOAT2 specific
inhibitor, PPPA, resulted in a significant increase in 240HC and 260HC intratumour
concentrationin vivoand intracellular contenin vitro. Interestingly, the use & SOAT1
specific inhibitor, K604, did not induce a significant change in oxysterol content either
in vivoor in vitro. Both PPPA and siSOAT2 treatments of HepG2 and Huh7 xenografts
were able to significantly reduce tumour volume, whereas K604 and siSSoAld not.

This led the authors to attribute the arftimour effects of SOAT2 inhibition on the
increase in intratumour concentrations of antiproliferative oxyster@ls, M. et al.,
2013) Consequently, this suggests thadncers storecholesterolas CE$o limit the
production of oxysterols, which reduce their proliferation. Furthermore, reactive oxygen
species can also generate otgrels. Treatments of PC3 and DU145 prostate cancer cells
with avasimibe(Xiong, K. et al., 2028nd H295R adrenocortical carcinoma cells with
ATR101 (Cheng, Y. et al., 2016)gnificantly increased intracellular ROS content,
providing an alternate mechanism for OHC production in SOAT inhibited tumours.
Interestingly, the addition of synthetic LXR ligand, T0901317, inhibits AKT
phosphorylation(Pommier et al., 2010)»suggesting that SRERRnay not be the only
SOATdependent mechanism that affects AKT phospretigh.

Cholesterol is not the sole substrate for SOAT1, with oxysterols also confirmed targets
of recombinant enzyma vitro(Casestal., 1998jand inin vivoanimal models of cancer

(Lu, M. et al., 2013)0xysterols can modulate cell signalling through thetron on LXR,

with esterification by SOAT1 potentially altering their efficacy as LXR ligands.
Consequently, altered efficacy of esterified oxysterols as LXR ligands may be another
mechanism behind altered gene expression in cancer and immune cellsifgIS@AT1

disruption.



The effects of esterification on oxysterol:LXR signalling could be tested through siRNA
knockdowns of both SOAT1 and SOAT?2 inihd{Rible luciferase reporter cells before
treating with oxysterols. Changes in luciferase expressidlowig knockdown of
SOAT1/2 will determine whether esterified oxysterols are more or less potent as LXR
ligands. Oxysterol free and esterified content in these siSOAT1/SOAT?2 cells can also be
measured to see the influence these enzymes have on the @stditin of individual
oxysterols. Furthermore, SOAT2 was presented in liver cancer cells as the primary
mediator of oxysterol esterification, however there may be compensation between
these two enzymes. Investigation should be made into the compensatorgase in

expression of one gene when the other is knocked down.

Since the completion of the systematic search, two-goaft pre-clinical models have
been published showing how modulating CEs can impair tumour generation in
autonomous or carcinogemduced cancer models. One such study, supplemented
MMTVW-PyMT mice witha high cholesterol diet. Firstlyjme until initial tumour
formation decreased and tumour weight increasedwith cholesterol ester
supplementation Furthermore there was a dose dependent response between the
percentage of Ki67 positive cellad CE supgmentation to the dietWei et al., 2021)
Diets were also supplemented with cholesterol, showing a significanéase in serum

CE levels. This again resulted in increased tumour weight and Ki67 po@itieitet al.,
2021) Supplementing hepatocellular carcinomaouse modelswith a high fat diet
increasel SOAT1 exgssion in liver cancer tissues, possibly to store increased
cholesterol obtained from diet. Treatment of mice with avasimibe completely abrdgate
the increased rate of tumour growth induced by high fat digen, M. et al., 2021)
Surprisinglyavasimibe did not induce a significant reduction in HepG2 xenografts in the
absence of highat diets compared to control¢§Ren, M. et al., 2021 HepG2s have
demonstrated tlat SOAT2 exhibits the greatest control over cholesterol esterification
and tumour volume rather than SOAT1. Assessment of avasimibe selectivity towards
SOATL1 and SOAT?2 has been miaedperhaps this study is evidence it is more selective
to SOAT1.
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Ourrisk of bias analysis highlighted a significant risk of publicdiiaeamongst our
meta-analyses. However, results from trim and fill method may have been skewed due
to the moderate and high heterogeneity of the studies assessad1% and 41%,
respectvely), with tests for publication bias lacking power in cases of higher
heterogeneity(Lau et al., 2006)Subsequently, funnel plot asymmetry may be a result

of inter-study differences rather than an undegporting of nonsignificant studies or
studies with unexpected results. However, with a high number of significant studies
from both analyses (60% and 92% respectively) from relatively small average group sizes
(7.08 and 9.66, respectively), the evidence of publication bias is high. Moreover, the
consistent lack of reporting on animal randomisation and assessor blinding increases the
risk of bias introduced through study design. With these seemingly a common
ocairrence amongst prelinical modelgHenderson etl., 2015; Augustine et al., 2017;

Jue et al., 2018)improvements are required tecientific reporting on studies of this

kind to improve their relevance in the decision to test a drug in a clinical setting.

5.8 Conclusion

The data we have summarised shows that imbalanced cholesterol homeostasis can
influence strong changes to tumouiggealling pathways that alter proliferation and the
anti-tumour response of the immune system. The summary we provide here highlights
a targetable mechanisitinat can beusedto target the hallmarksof cancer Many small
molecule inhibitorsaffecting cholesterol esterificatiohave already been identified as

safe for use in humans and present themselves as ideal candidates for repurposing as

anti-cancer therapies.



Chapter6: Discussion

6.1 Cholesterol metabolism pathways are linde

The aims of this study were to highlight the mechanisms through which cholesterol
derivativescan lead to cancer progression, be it through cholestagalroxylation or
esterification. It is apparent that these mechanisms are intrinsically linked, with
cholesterol esterification reducing the pool of free cholesterol to be converted into
oxysterols(Lu, Ming et al., 2013)Furthermore, 250HC has been shown to increase
SOATmediatedcholesterolesterification ininsect cells and rat intestinal microsomes,
suggesting oxysterols can modulate cholesterol stok&@jeeng, D. et al., 1995; Field and
Mathur, 1983) In terms of proliferation, these two pathways arenfiacting. Cholesteryl
esters promote carer growth through cellular restriction of free cholesterol, resulting
in activationof oncogenes AK{Liu, Y. et al., 2021; Li, J. et al., 2018; Yue et al., 20di4)
ERK(Wang, L. et al.,, 2019; Oni, T. E. &t 2020; Liu, Y. et al.,, 2021 onversely,
oxysterols are anproliferative through their induction of LXR signall{fRgikuchi et al.,

2004)

Despite their antproliferative effects on tumour growth, oxysterobBnd oxysterol
producing enzymeare often associated with poor prognosis limeastcancergNelson,

Erik R et al., 2013; Wu, Q. et al., 20484 | have contributed to this research by
demonstrating that 240HC, 250HC and 260HC all associate with reduced DFS in ER
negative patients. Furthermord, have produced strong evidence showing that the
association between 240HC and reduced DFS is mediatedgtinrbXRlependent
upregulation of chemotherapy efflux pump, Pgp. Therefore, findings from these
chapters suggest that if SOAviediated esterification was targeted in HRgative
cancers, these tumours may exhibit impaired proliferation and increased apisgboit

may also develop resistance to Pgpgeting chemotherapy agents. Furthermore,
activity of CYP3A4, an enzyme involved in the metabolism of many chemotherapy
agents (Harmsen et al., 2007)is increased in hepatocytes treated withe SOAT
inhibitor avasimibgSahi et al., 2003Alleviating some of these concerns wemnevivo
animal studies performing combination theragwith chemotherapy agentand SOAT

inhibition (Li, M. et al., 2018; Li, J. et al., 2018; Bandyopadhyay et al., 2017; Pan, J. et al.,
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2019; Bi et al., 2019Dverexpression of Pgp the chronic myelogenous leukaemia cell
line K562 preided resistance to imatinib treatment{Peng et al., 2012)However,
avasimibe treatmentn combination with imatinib therapy on imatinib netant K562
cells reducd tumour volume by 60% compared to imatinib monotherapy
(Bandyopadhyay et al., 2017Furthermore, doxorubicin is both a target of Pgp
mediated efflux(Gottesman et al.2002)and CYP3Armediated metabolisnfGoldstein

et al., 2013)However, doxorubicin treatment ofT 1allograft modelsvasmore potent
when administeredalongside avasimibé_ei et al., 2020)This suggests that neither
avasimibe stimulation of CYP3A4 or Pgp upregulation through SOAT inhibédieted
increased intratumour oxysterol content was reducing the efficacy of doxorubicin
treatment. Additionally, concerns ovencreasecdxysterol content in response to SOAT

inhibition are not exclusive to Ekegative cancers.

Oxysterols are also esteritie however there is limited investigation into whether
oxysterol esters have altered efficacy as LXR agonists. Inhibition of SOATZ2 in Huh7 cells
treated with LDtsized particles were found to have reduced concentrations of esterified
240HC and 260HC comedrto the control. Interestingly, the addition of SOAT1
inhibitor, K604, did not alter concentrations of either esterified oxysterols or cholesterol
(Lu, Ming et al., 2013Furthermore, SOAT2 produces cholesteryl esters and 260HC
esters at a higher rate than SOA{Qases et al., 1998%tudies have shown that
treatments with excess 7KC can induce apoptosis through LXR sig(laghryget al.,

2019) However, teatments ofexcess’KCalongsideSOAT inhibitionwith Sandoz 58

035 in macrophage suppressedpoptosis (Freeman et al., 2005kuggesting that

esterification may prevent 7k@ediated apoptosis

6.2 Cholesterol metabolism determines the TME composition

CAFs can produaexysterolsand secretehem into the TME, which can transactivate
LXR irsurrounding epithelial cell$dowever, here is also the contribution of thether
non-cancer cells of the tumour microenvironment to considdacrophagegLavrnja et
al., 2017; Kimura et al., 2016; Hansson et al., 2003; Rowe et al.,, 2003)cyteqLi,
Jiehan et al., 2014; Franck et al., 2QItyells(Reome et al., 2004; Lu et al., 2014)
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dendritic cell§Liu et al., 2011aNK cell¢Liu et al., 2011a; Nong et al., 2020; Kopcow et
al., 2010)and B cell{Liu et al., 2@1a)are all proven producers of oxysterols under
normal conditions. Additionallf{GAMs can also produce 260HC at high le(&is et al.,
2019) Caculture and conditioned media experiments could be replicated to using these
other cell types in the placef fibroblasts to assess their potential to induce LXR
signalling in epithelial cells. Furthermore, the assessment of stromal expression of
CYP46A1, CH25H and CYP27A1 will have accounted for the contributioncaincen

cells other than the CAFs.

Additionally, inhibition of SOAT may also have implications on the infiltradioc
oxysterol productionof TME cells. Increased intratumour oxysterol content through
SOAT?2 inhibitior(Lu, Ming et al., 2013jnay increasechemoattractant signals for
immune cells.t M Z H p Which is produced by CYP?B&diated hydroxylation of
250HC, directs migration of monocyt@dareuss et al., 2014B-cells and Icells(Liu et
al., 2011a) Therefore, by enhancing intratumour " X H pdoriteht through SOAT
inhibition, the CAM population may increas&urthermore, macrophages treated with
SOAT inhibitor, oleic acid anilide, induced expression of CYP2nA&ncing the
potential for 260HC productiofAn et al., 2008)

The implications of SOAT inhibition on adipocyte oxysterol producrenunclear.
However adipocytes promote cancer progression through the release of free fatty acids
stored in lipid droplets. Fatty acids are then absorbed by cancer cells and preeent th
initiation of the programmed cell death following cell detachment from the ECM and
promote tumour growth(Wang, Y.Y. et al., 201 ®nockdown of either SOADLSOAT2

in adipocytesn vitro reduces lipid content by apprimately 409%Zhu, Y. et al., 2018)
possibly suggging there is less availabiliof free fatty acid secretions for cancer cells

to absorb.

Infiltrating T-cells have already been widely reported to exhibit increased activity
following inhibition of SOAT. This increased activity has primarily beenwd#diio
increasednembrane cholesterol content enabling rapid clustering of TCR coegtiex

the immunological synapggrang, W. et al., 2016; Hao et al., 2020wever, systemic
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inhibition of SOAT may lead to increasettatumour concentration o0260HGs shown

in vivo (Lu, Ming et al., 2013and demonstrated in cells through upregulation of
CYP27ATAnN et al., 2008)Increased intratumour 260HC would leadan increased

G dzY 2 dzZNJ A y T ATt célld(Baéki Any E.2effal.,'204Y) -T cells are known to
suppress CD8 cell cytotoxicityrttugh induction of granulocyte expansion and have
been shown to induce metastasis in E0771 and Metl metastativomodels. There is
OdzNNEByifte y2 S@OARSYOS -Rofls olgidSOAT ;Rbitiany F A
Nevertheless, there are altert@options for SOAT targeted therapy through CA&ell
specific inhibition of SOAT, which should alleviate any issues of enhanced systemic
oxysterol contentln vivomodels have demonstrated that SOAT deficient TAdRIIs

alone are enough to significagtimpair tumour growth in pancreatic tumouZhao et

al., 2020)

6.3 Future pospects

Specific inhibitors to oxysterol producing enzymes have been identifiedexample,
GW273297asbeen frequently used as an inhibitof §YP27A1 in animal models of
cancer(Baek, Amy E. et al., 2017; Nelson, Erik R et al., 20d8¢ver thshasnot been
validated as safe in humans. Furthermore, G¥R4inhibitors have also been assessed
in vivo(Fourgeux et al., 2014; Popiolek et al., 20B0) not in the context of cancer.
Furthermore the efficacy ofcholesterol esterificationinhibiting drugs has been
frequently testedin animal models of cancevith consistent succegd8Vebsdale et al.,
2021) However, when tested in clinical trials againsblesterol linked conditiondnsull

Jr et al., 2001; Tardif et al., 2004; Raal et al., 2GBAQAT inhibitorslid not induce the
desired effect. Currently, only ATIR1 has been assessed as a SDAibitor in cancer
clinical trials, althouglthis didnot induce asignificant tumair responsg Smith, David

C. et al., 2020)Therefore, targeting upstream of both oxysterol and cholesteryl ester
production may benefit patients. As such, dietary intervensi@mmed atcholesterol
rather than drug therapies targeting oxysterols may be important reutd

investigation.
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Cholesteol lowering diets have already been investigated in breast cafioding they
canreduce therisk of relapse in ERegative breast cancel&hlebowski et al., 2006)
Additionally, patients withow LDLC compaed to highLDLC associated witincreased

DFS and overall survi@los Santos et al., 2014 otonly do cholesterol concentrations

in serum positively correlate with serum oxyster@iles et al., 2014)ut LDLcan also
transport 240HC, 250HC and 26Babiker and Diczfalusy, 1998gmonstrathg the

link between LDLC and oxysterol signalling. In addition to dietary interventions,
cholesterol lowering drugs such as statins could be employed to similar effect. A meta
analyss summarising studies assessing statin therappreast cancefound gatins
significantly reduced the chance of recurreremed BCSPManthravadi et al., 2016)
When separating breast cancer patients using statins by subtype, TNBC was
considerally more sensitive to statin therapy than ndiNBC subtypes foBCSD
(Nowakowska et al., 2021)

Additionally, phytosterols have been long proven to reduce cholesterol levels in both
organisms and cells. However, these migftemicals appear to interact with a greater
network of mechanisms, one of which being LXR signalfimngctural similarities
betweenphytosterolsand oxysterols have been highlighted, leading to the discovery of
many phytosterols acting as weak agonistsLXRPIlat et al., 2005)The weak agonist
activity of phytosterolshas alsobeen demonstratedin breast cancer c&d. However,
when cells are treated with phytosterols in conjunction with oxysterols, oxysterol
mediated LXR activation is impair¢dutchinson et al., 2019a)These experiments
suggest competitive binding of the LBD of LXR between phytosterols and oxysterols,
impairing oxysterohbility to induce LXR. Therefore, via the introduction of naturally
occurring phytosterols to the diet, the output of the oxystetd{R axis can be
dampened.Phytosterols have not been tested against cancer in a clinical setting,
however a case controllestudy demonstrated that phytosterols inversely associated
with riskof developing breast cancéRonco et al., 1999Furthermore, aneta-analysis
assessing phytosterol treatments as acdincer therapies inn vivo animal models
showed that phytosterols can reduce breasncer graft volumgMD=by H T ®M1 Y'Y
dpz /LY toth o Hpdp IAA08H;p 40.001) Analysis of the mechanisms involved

in reduced tumour volume found that phytosterols likely reduced tumour volume
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through increased apoptosis and reduced proliferat{@occoloni et al., 2020These
findings suggest that phytosterols may impaieast cancer progression by reducing the

pool of free cholesterol for esterification and bypairing LXR signalling

6.4 Conclusion

Oxysterols have been demonstrated to induce chemotherapy resistance in TNBC
through LXR signalling. Chemoresistances \ghown to be instigated through Pgp
upregulation, a now verified LXR target in breast cancer cells. Furthermore, the
expression of oxysterol producing enzymes associated with Pgp expression and DFS in
human tumours. Additionally, only Event patients exieih a positive association
between intratumour 240HC concentration andBCB1l mRNA expression.
Investigations into the role of the TME in transactivating epithelial LXR identified that
CAFs may be contributing a large proportion of oxysterols to the totabur oxysterol
content. However, further work is required to verify whethAaBCBlupregulationis

driven solely through LXR signalling. Furthermore, this research opens questions as to
whether other cells of the TME can also drive chemoresistance thrdugR
transactivation. The fact that other necancer cells of the TME are capable of oxysterol
production suggests so, however whether there is redundancy in oxysterol production
between these cells is also an area of interest. Additionally, cholestetsisedrive
cancer progression through other mechanisms. Inhibition of cholesteryl esterification
appears to enhance the immune autncer response, demonstrating further
involvement of the TME. These two mechanisms of cancer progression are linked by
cholesterol, suggesting that cholesterol lowering methods would be a suitable as an

adjuvant to chemotherapy.
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Appendix A Supplementary Data for Chapter
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Appendix Figure Al Validation of CYP46Al antibody accuradlCF7 cells were
transfected with siCYP46A1 and CYP46A1 protein visualized using a CYP46A1 antibody.
Immunofluorescence was normalized against control MCF7 cells transfected with
scrambled siRNA and stained for CYP46A1l. Panel A shows representative stain of
untreated MCF¢ells with CYP46A1 at x63 magnification. Scale bars shom. 30anel

B shows SCYP46A1 expression in scrambled and siRNA knockdowns respectively in
magenta and blue fluorescence visualizing nuclei. Panel is split between CYP46Al
expression, DAPI stain anderge of the two. Scale bars show 1®0. Images taken at

x20 magnification. Panel C shows quantification of siCYP46A1 knockdown mean gray
value following stain, normalized to the scrambled. Error bars represent SEM of 2
independent repeats.
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Appendix Figure A2 Validation of CH25H antibody accuraciHepG2 cells were
transfected with siCH25H and CH25H protein visualized using a CH25H antibody.
Immunofluorescence was normalized against control HepG2 cells transfected with
scrambled siCON andz3ti25H. Panel A shows representative stain of untreated HepG2
cells with CH25H at x63 magnification. Scale bars shawi5@anel B shows CH25H
expression in SiCON and siCH25H knockdowns respectively in red and blue fluorescence
visualizing nuclei. Panelsplit between CH25H expression, DAPI stain and merge of the
two. Scale bars show 16M. Images taken at x20 magnification. Panel C shows
guantification of siCH25H knockdown mean gray value following stain, normalized to
the scrambled. Error bars represeé®EM of 2 independent repeats.
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Appendix Figure A3 Validation of CYP27A1 antibody accuradyepG2 cells were
transfected with siCYP27A1 and CYP27A1 protein visualized using a CYP27A1 antibody.
Immunofluorescence was normalizeabainst control HepG2 cells transfected with
siCON and stained for CYP27A1. Panel A shows representative stain of untreated HepG2
cells with CYP27A1 at x63 magnification. Scale bars shadw.%anel B shows CYP27A1
expression in sSiICON and siCYP27A1 kneakslorespectively in orange and blue
fluorescence visualizing nuclei. Panel is split between CYP27A1 expression, DAPI stain
and merge of the two. Scale bars show ABD Images taken at x20 magnification. Panel

C shows quantification of siCYP27A1 knockdoweamngray value following stain,
normalized to the scrambled. Error bars represent SEM of 2 independent repeats.
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AppendixFigure A4 Optimisation of Pglycoprotein antibody Sections of four different
breast tumours (BT1, 3, 5 and 6) were stainedigualize expression of Pgp using IHC
with three different concentrations of antibody (1:1500, 1:2000 & 1:2500). Rows A
represent the four different tumours, while greater antibody concentrations shown
from left to right. Scale bar represents 1.
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Appendix Figure A5 Antibody optimization of CYP46AMouse brain sections were
stained to visualize expression of CYP46A1 with no retrieval. Breast tumour (BT8) was
then stained with different antibody concentrations (1:100, 1:200 and 1:400) mo
retrieval. A further three breast tumours (BT11, 10 and 1) were then stained with
different antibody concentrations (1:100 and 1:200) with a casein block. Row A
represents the liver, Row B shows BT1 axid €hows tumours BT11, 10 and 1 from left

to right with greater antibody concentrations shown descending. Scale bar represents
100mm.
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AppendixFigure A6 Antibody optimization of CH25Hntestine sections were stained

to visualize expression of CH25H with citrate bufédrieval. Breast tumour (BT5) was
then stained with different antibody concentrations (1:100, 1:200 and 1:300) with
citrate buffer. Row C and D show BT5 repeat stain with no antigen retrieval alongside a
further two breast tumours (BT7 and BT10) at digfetrantibody concentrations (1:100

and 1:200) with a casein block. Scale bar representsh00
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AppendixFigure A7 Antibody optimization of CYP27ALiver sections were stained
to visualize expression of CYP27A1 with either citrate buffer retrievad oetrieval

tested. Breast tumour (BT1) was then stained with different antibody concentrations
(1:100, 1:200 and 1:400) with citrate buffer retrieval. A further three breast tumours

(BT24) were then stained with different antibody concentrations (1:Hp@ 1:200)
with a casein block. Row A represents the liver, Row B shows BT1astdvs
tumours BT from left to right with greater antibody concentrations shown
descending. Scale bar represents a0
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Appendix Figure A.8 Increased expression op Rytriple negative tumours associates
with early event. RNA was isolated from 41 #Rgative tumours (28 TNBC and 13
HER2+). Gene expressiotABfCBvas quantified with gPCR. (A) Representative images
of breast tumour stains containing cancer cells the¢ considered either; not stained,
weakly stained, moderately stained, or strongly stained. Scale bars repregant 2B)
Expression of Pgp assessed between Event and No Event patientsViéimey test
performed to assess significance. (C) ROC cwed to determine cut offs used in
KaplanMeier analysis. (D) Kapldvieier analysis of Pgp low {¢tore <110.3)/ Pgp high
(H-score >110.3). Lagnk test was performed to test for significance. Shaded areas
represent 95% CIl and patients at risk of suffermgevent are shown beneath each
KaplanMeier curve.
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Appendix Figure A ABCBlexpression in ERegative tumours associates with
reduced diseasdree survival. RNA was isolated from 41 Bgative tumours (28 TNBC
and 13 HER2+). Gene expressioABCBIvas quantified with gPCR. (A) Expression of
ABCBlassessed between patients that suffered an event and patients that did not.
Mann-Whitney test performed to agss significance. (B) ROC curve used to determine

cut offs used in Kaplakleier analysis. (C) Kaplteier analysis oABCBT 2 ¢

Okk/ ¢

<0.067)ABCBK A 3 K 0k k / ¢-rafktest was peofabmefl & f8st for significance.
Shaded areas represent 95% CI gadients at risk of suffering an event are shown
beneath each KaplaWeier curve. RNA isolation and mRNA quantification performed

by Samantha A. Hutchinson.
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Appendix Figure AQ TNBC and HER2+ oxysterol content correlations wBCB1
MRNA. Correldion analysis between tumour concentration of 240HC, 250HC and
260HC andABCBIMRNA expression relative to HPRT. Cohort split between patients
that have or have not suffered an event in TNBC and HER2+ tumours. Lines indicate
linear regression, correlatior® | £ Odzf G SR dzaAy3 { LISl YIyQa
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Appendix Figure A.11 Determination of Kaplieier curve cut offs for
immunohistochemical quantification.(A) variance of CYP46A1, CH25H and CYP27A1
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Appendix Figure A4 Determination of KaplaAVieier curve cut offs for LGAS
guantification. (A) variance of both CYP27A1 and CYP46Al between patients that
suffered an event and patients that did not, n=43. Mahthitney test was performed
to test for significance. (B) ROC curves used to determine cut offs for Kdplan
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Appendix Figure AATNBC and HER2+ patient survival in incidence of high and low
oxysterols. KaplanMeier analysis of 240HC (TNBC: low ng/g = <103.5, high ng/g =
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Appendix Figure B.Lorrelation expression patterns of TNBC carspercific cancer
associated fibroblast marker in BLCL tumours. Correlations betweenCRNB@arkers.
Dendrograms represent subgrouping of genes within the heatmap. (A) Validation cohort

of MRNASeq data fron123 tumours from TCGA. (B) Experimental cohort of mERaih



data from 299 tumours from METABRIC. Analysis performed anentegad generated

by Olivia Bunton, Elton Vasconcelos and LeedsOmics.
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Appendix Figure B.2 Overlap of patients between TNBC and Bukiroups.
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Appendix Figure B.3 TNB#£Ssociated fibroblast marker genes correlate with canonical
LXR marker genes in BLCL tumoutorrelations between TNBCAF markers, LXR
target genes and control genes. Dendrogramgresent subgrouping of genes within
the heatmap(A) Validation cohort of mMRN8eq data from 123 tumours from TCGA. (B)
Experimental cohort of mRN8eq data from 299 tumours from METABRIC. Analysis
performed and heamaps generated by Olivia Bunton, Hltd/asconcelos and
LeedsOmics.
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Appendix Figure B.4 Comparison of oxysterol production in CAF and WBAI53

cells. MDA-MB-453 and CAF cells were cultured individually and assessed for expression
of CYP46A1, CH25H and CYP27A1 and compared uSihgethod normalised to HPRT
expression. Data presented are the mean and SEM from three to five biological
replicates of two technical replicates-Vvlalues generated using twailed t-tests. (B)
Intracellular concentrations of oxysterols within CAF #MidA-MB-453 cells measured
using LEMS/MS P-vales generated using o#ailed ttests. (C) Oxysterol
concentrations in media conditioned by CAFs and MIBM53s measured using LC
MS/MS. Pvalues generated using twiailed t-tests.
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Appendix Figure B.5 Change in absorbance at 560 nm for CAF and-MWE468
conditioned media over time.
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Appendix Figure B.6 Determination of Kaplteier curve cut offs for stromal
immunohistochemical quantification(A) Expression of CYP46A1, CH25HCG 2 7A1
in patients that suffered an event and patients that did not. Maihitney test

performed to assess significance. (B) ROC curve used to determine cut offs used in

KaplanMeier analysis
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Appendix Figure B.Expression of oxysterol producing enmgs, CYP46A1, CH25H and
CYP27ALl in the stroma correlate with epithelial CH25H expression in TG@@lation
between the stromal expression of CYP27A1, CH25H and CYP46A1 and the expression
2F OFLy2yAOFf [ -w GFNBSG 3S8bkwaslperiorméd Ay
to assess correlations.
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Appendix Figure B.8 Range of stromal proportions in TNBC tumo@somal

proportions assessed between in TNBC patients presented as a percentage of total
tumour.

Appendix Figure B.9 Determination of Kaplteier curve cut offs for stromal
proportions. (A) Stromal proportions assessed between patients that suffered an event
and patients that did not. ManfwVhitney test performed to assess significance. (B) ROC
curve used to determine cut offs used in KapMaier analysis.
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