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SUMMARY

Prostate cancer (PCa) is the most frequently diagnosed male cancer in
Australia and a leading cause of cancer-related death. Androgen receptor (AR), a
ligand-activated transcription factor, regulates growth and progression of PCa.
Increased AR activity is associated with PCa development and progression to lethal
castration resistant PCa (CRPC). Prostate tumours are highly reliant on lipids for
growth, and one of the proposed mechanisms by which AR drives PCa progression
is by regulating lipid uptake and metabolism. However, the molecular mechanisms
underlying AR-regulated lipid metabolism are unclear. A better understanding of
this interplay between AR signalling and lipids could identify new biomarkers and
therapeutic targets, which could improve outcomes associated with this common
disease. Therefore, this study aimed to elucidate mechanisms by which AR
regulates lipid metabolic processes, particularly those associated with tumour

growth and disease progression.

By integrating cistromic and transcriptomic data, we identified Acyl-CoA
Synthetase Medium Chain Family Members 1 and 3 (ACSM1 and ACSM3) as
putative new AR-regulated genes in PCa. These factors are purported to activate
fatty acids for their utilisation in energy production via mitochondrial beta-oxidation.
Regulation of ACSM1 and ACSM3 by AR was validated using androgen and anti-
androgen treatments and confirming direct binding of AR to proximal cis-regulatory
elements of the genes by chromatin immunoprecipitation (ChiP). ACSM1 and
ACSMS3 were found to be upregulated in prostate tumours compared to non-
malignant prostate tissues and expressed more highly in PCa than other cancer

types. We subsequently applied metabolomics, lipidomics and functional assays to



decipher the roles of ACSM1 and ACSM3 in PCa cells. Knockdown of ACSM1 and
ACSMa3 in PCa cells resulted in growth arrest and ATP depletion, supporting a key
role for both factors in energy production from fatty acids. Furthermore, lipidomic
analysis of cells showed that poly-unsaturated fatty acids accumulate in response
to loss of ACSM1 and ACSM3. Metabolomics revealed that cells adapt to loss of
ACSM1 and ACSM3 by switching to a glycolytic phenotype. The metabolic
dysregulation induced by knockdown of ACSM1 and ACSM3 caused mitochondrial
oxidative stress and subsequent lipid peroxidation, eventually resulting in cell death.
Accumulation of mitochondrial reactive oxygen species was abrogated by
ferrostatin-1 (an iron chelator), suggesting that cell death was due to an iron-
dependent form of apoptosis termed ferroptosis. Supporting this concept, over-
expression of ACSM1 and ACSM3 elicited resistance to the ferroptosis inducers

Erastin and ML210.

Our study has revealed a novel mechanism by which AR regulates lipid
metabolism in PCa cells. Importantly, the critical role of ACSM1 and ACSM3 as key
regulators of growth and protectors against ferroptosis emphasises their potential

as novel therapeutic targets.

Key words: Prostate cancer, Androgen receptor, Lipid metabolism



ACKNOWLEDGEMENT

The work in this thesis could not have been completed without the support of
a numbers of people and | would like to take this opportunity to formally
acknowledge their assistance. These people have been generous enough to

provide their time, help, expertise, understanding and patience throughout my PhD.

First and foremost, | am indebted to my supervisor, Associate Prof. Luke Selth
for his insight, continuous support during my PhD studies, patience, motivation, and
immense knowledge. His guidance helped me during my research and writing of
this thesis. | could not have imagined having a better supervisor for my PhD study.
It has been a privilege to work with you during these years. Besides Dr Selth, my
sincere appreciation also goes to Prof. Lisa Butler and Wayne Tilley, my co-

supervisors, for their insightful comments, encouragement and endless support.

My sincere appreciation goes to Prof. Wayne Tilley and Prof.. Theresa E.
Hickey, who provided me with access to the Dame Roma Mitchell Cancer Research
Laboratories (DRMCRL) and other research facilities. Without your support it would
not be possible to conduct this research. To the wonderful people at DRMCRL,
especially Scott Townley, Adrienne Hanson, Marie Pickering, Zoya Kikhtyak,
Geraldine Laven-Law, Dr. Elizabeth S A Kuczek, Dr. Jean Winter and Dr. Amy
Dwyer: | couldn’t have asked for a better group of people to work with and I'm
forever grateful for your endless support and encouragement throughout my study.
A big thank you to my friends Rayzel, Leila, Mohammadreza, Ebtihal, and Danielle:

| have greatly enjoyed your company working both inside and outside the lab for



the past few years. | would also like to acknowledge Dr. Steve Paltoglou and Dr.

Iza Denis for sharing their expertise and ideas on ChIP, IP and PLA techniques.

Special thanks to the members of prostate cancer research group at SAHMRI,
Dr. Zeyad D. Nassar, Chui Yan Mah (Shanice), Dr. Nicole Moore, Joanna Gillis,
Natalie Ryan and Madi Helm for their technical and intellectual support. | have had
many scientific discussions with Dr. Lake-Ee Quek, Dr. Andrew J. Hoy, Prof. Johan
Swinnen and Prof. Richard Iggo, which significantly strengthened my project and
this thesis. | would like to thank all of you for always making time to discuss my
project and for your wise words over the years. Furthermore, | would like to
acknowledge Dr. Ge Liu (Research Officer, Child Nutrition Research Centre,

SAHMRI) for his time and expertise in lipidomic analysis.

| gratefully acknowledge Adelaide Scholarship International (ASI) for funding
my PhD scholarship and the Freemasons Foundation Centre for Men’s Health
(FFCMH) for the Supplementary Scholarship. | would especially thank Prof. Gary
A. Wittert (Director of FFCMH) for his endless support, love, encouragement, and
guidance and Ms Margaret Mc Gee (executive officer, FFCMH), who kept me

organised and for her optimistic attitude and good-natured support.

| am extremely grateful to my respected teacher Dr. Prabin Gyawali for his
efforts, support, love, encouragement and guidance throughout my career in
science. His dynamism, vision, sincerity and motivation have deeply inspired me.
Without his encouragement and guidance, | would have never thought about my

PhD. Thank you for your wonderful love, patience, empathy, and fabulous support

Vi



during my tough times. | am really touched with homely family environment
provided by Mrs Nirja Adhikari, Paritosh Gyawali, Neelisha Gyawali and Sujan

Niroula during my time in Adelaide for my PhD. Thank you always for being there.

Finally, my family who deserve more thanks than | can give them. Thank you
to my dad and mum, Mr. Ram Lal Shrestha and Ms Tika maya Shrestha, for your
unwavering love and support in absolutely everything | do and giving me strength
to chase my dreams. Thank you to my brother Mr Ram Kumar Shrestha, and sister-
in-law, Sunita Shrestha, for supporting me spiritually throughout the PhD and my
life in general. Your unwavering support and confidence in me has helped me
through the rough spots and made me realise that it has all been worthwhile. A

huge bundle of love to my nephew, Mr. Riyan Shrestha.

On a personal note, to my wife, Ruja Tuladhar for her patience and tolerance
over last few years. She has stood by me through all my travails, my absences, my
fits of piqgue and impatience. | could not be able to finish this work without your

support.

Finally, my thanks go to all the people who have supported me to complete

the research work directly or indirectly.

Raj Kumar Shrestha

November 2020

VII



TABLE OF CONTENTS

DECLARATION .ttt e e et e e e e et e e e e e et e e e e e aaa e e e eennnns I
DEDICATION ...ttt e e e e e e e e e e e e e e e e eennans Il
SUMMARY e 1l
ACKNOWLEDGEMENT ...t e e e e e eees \%
CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW..........ccooiiiiiiiiienn. 1
Chapter 1: General INtrodUCTION ........ccooeeeieieeeeeeeeeee e 2
1.1 Anatomy and Physiology of Prostate Gland.................ccccccviiiiiiiiieieeeeenns 2
1.1.1 Morphology of prostate gland ............ccccooerriiiiiiiiii e, 2
1.1.2 Function of prostate gland .............ccoooiiiiiiiiiiiic e 6
1.1.3 Regulation of prostate gland.............cooooiiiiiiii 6
1.1.4 Androgen and the androgen reCeptor.........cooeveveeeieeeeeeeeeeeeeeeeeeeeee e 9
1.1.5 Effect of androgen deprivation .............cooooeieiiiiiii 12
1.2 PrOSEALE CANCEI .. ..o 14
1.2.1 INCIAENCE ...ttt e e e e e 14
1.2.2 DIiagnosiS Of PCa.......uuuiiiiiiciiiiieiie e 14
1.2.3 Gleason grading SYSIEM ......ccoooiiiiiiie i 16
1.2.4 RISK StratifiCation...........coooiiiiiieeeeee e 20
1.2.5 Treatment of prostate CanCer..........ccooeeiiiiii e, 20
1.2.6 Mechanisms of resistance to ADT ... 28

1.3  Normal prostate metaboliSM ............uuiiiiiiiiii e 33



1.4 AR and its influence on lipid metabolism in PCa...........ccccvviiiiiiininnnnn, 38

1.4.1 Androgen stimulates lipid synthesis in PCa...........ccccceeeeiiie, 39
1.4.2 Androgen and lipid uptake .............cooiiiiiiiiiiiiicc e 42
1.4.3 B-oxidation and prostate CANCEN ..........cccevvviiriiiiiiieeeeeeeeeiiien e e e eeeeaens 43

1.5  Hypothesis and aimsS: ... 49
CHAPTER 2: MATERIALS AND METHODS ..., 50
2 Materials and Methods ..o 51
2.1 MALEIIAIS ... 51
2.2 METNOAS ... 59
2.2.1 Cell CURUIE ... 59
2.2.2 Preparation of Steroid StOCKS .........ccooeeiiiiiiiiiiiii e 60
2.2.3 Preparation of Enzalutamide StoCK .............ccoevvviiiiiiiiiiiiiiiiiiiiiiiiiiiene, 60
2.2.4 Trypan blue exclusion test of cell viability ..., 61
2.2.5 Cell line transfeCtion ...........ccovviiiiiiiiiiiiiiiieeeeee e 61
G T © 1 - U g T o I ol U |1 (1 (= 62
2.3.1 Organoid transfection .............oouuiiiiii e 63
2.3.2 Organoid viability using Cell Titer-Glo..........cccovvvviiiiiiiiiiiiiiiiiiiiiiiiiieee 64

2.4 WeStern DIOtHNG .......uuuuiiiiiiiiiiiiiiiii 66
2.4.1 Preparation of cell lySates: ... 66
2.4.2 Cellular FraCtionation............ccovviiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeee e 66
2.4.3 Bradford ASSAY ......cccoeuuiiiiiiiie e 67



2.4.4 Western transfer and ImmunobIOL..........coveii e, 68

2.5 Quantitative polymerase chain reaction (RT-gPCR) ........ccoovvviiviiiiieenenn. 71
2.5.1 RNAISOIALION ...coiiiiiiiiiiiie et 71
2.5.2 DNASE treatMeNt..........ooiiiiiiiiiiiiiiii e 71
2.5.3 Reverse TranSCrPLION. ........covviiiiiiie e ee e e e e e e e e e eeaeees 72

2.6 IMMUNONISTOCNEMISIIY .....uiiiiiiiiiiiiiiiii e 73
2.6.1 Preparation Of SECHONS ........ccoviiiiiiiiiiiiiiiiiiieeeeeeeeeeeee e 73
2.6.2 Haematoxyllin and Eosin (H&E) staining .........cccovvvvvviiiiiiiiiiiiiiiiiiinnnnn. 73
2.6.3 IMMUNONIStOCHEMISIIY .....ccceiiiice e 74

2.7 Androgen Receptor Chromatin Immuno-precipitation coupled with

Quantitative Polymerase Chain Reaction (AR ChIP-PCR) .........cccovvviiiiiiieeennn. 78

2.7.1 ChIP Primer design and validation..............ccccceeiiiiieiieiiiiiiiiie e 78
2.8 Proximity-ligation assay— Fluorescence Detection..............ccccuuvvvvennnnnnnns 84

2.8.1 PrinCiple Of PLA @SSAY:.....cciiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeee ettt 84
2.9 Malondialdehyde (MDA) @SSAY .........uuuruummmmmmmmnnmiiiiiiiiiiiiiiiininnainnennnnnaeeaee 86
2.10 3D Spheroid Growth ASSAY ..........uuuuuurumumimriiiiiiiiiiiiiieiieiieeenn.s 87
2.11 Colony formation @SSAY ........cccceeeeeiiiiiiiiiiiiie e 87
2.12 Seahorse Extracellular FIux ANalysSiS..............ueuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieennns 88
0 B T o = L I - LT N 88
2.14  Lipoylation Profile ........... e e 89
2.15 Mitochondrial ROS Measurement..............uuuueeimmimmiimimiiiiiiiiiiiiiiiiiiiiiinennns 89
2.16 Seahorse Extracellular FIux ANalySiS ..o 89



217 GlUtathiON@ @SSAY .....ccoiieiiiiiiiiie e 90

218  LIPIAOMICS GSSAY ... uuuuuuuuuunnniiiiiiiiiiiiiiiiiiiibss bbb esnnnennenees 91
2.18.1 GCMS analysis of the sample ..........ccoovvmiiiiiiii e, 91
2.18.2 LipidOMICS @NAlYSIS ....cceeeeiieeiiiiiiie e 93

219 MetabOolOMICS.......uiiiiiiiiie e 95

2.20 Lipid Peroxidation Analysis by IMaging..........cccvvvvvviiiiiiiniiieeeiiiiiee e 96

2.21 Lentiviral transduction Of CellS...............uuuuiiiiiiiiiiiiiiiis 97

2.22  ANIMAl EXPEIMENTS ....uuiiiiiiiiiiiiiiiiiiiiieeie bbb aeneaee 98

2.23  StatiStiCal @NAlYSIS.......uuuuuuuriiiiiiiiiiiiiiiiiiiiiiie e 98

CHAPTER 3. IDENTIFICATION OF NOVEL AR-REGULATED LIPID METABOLIC

GENES IN PROSTATE CANCER ..o 99

3 Identification of novel AR regulated lipid metabolic genes in prostate cancer

100
3.1 Anatomy and Physiology of Prostate Gland.............cccccceevieeeevrieeiiinnnnnn. 100
3.2 MEENOAS ..o 101
3.2.1 Selection of Candidate geNES.......ccceeeeeiiiiiiiiiiii e 101
3.3 RESUI. . 106
3.4 DISCUSSION ...eiiiiiiiiiiiiinieiietiise et 130

CHAPTER 4: ACSM1 AND ACSM3 REGULATE FATTY ACID OXIDATION IN
PROSTATE CANCER TO PROMOTE GROWTH AND PROTECT AGAINST

FERROPTOSIS (PUBLICATION) ...uuttiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiiiiiiiiiiisississsisnsinnne 143

Xl



4 ACSM1 AND ACSM3 REGULATE FATTY ACID OXIDATION IN PROSTATE
CANCER TO PROMOTE GROWTH AND PROTECT AGAINST FERROPTOSIS

144
4.1 Statement of AUthOrship ..o, 145

4.2 ACSM1 and ACSM3 regulate fatty acid oxidation in prostate cancer to

promote growth and protect against ferroptosiS..........ccccvvvevvviiiiiieeeeeeeeeiiinn, 149
4.3 ABST RACT e eeaaa 151
4.4 INTRODUCTION ..ottt ettt e e e e e e e e eeaees 152
45 RESULTS Lt aaa s 154
46  DISCUSSION.. ...t aaa s 175
4.7 MATERIALS AND METHODS ... oo 181
4.8 DECLARATION OF INTERESTS ....iiiiiiiiiiiiiiiiiii e 193
4.9 SUPPLEMENTARY FIGURES .......oiiiiiiiiiiiieii e 193
4.10 REFERENCE LIST .ottt eeeaees 196

CHAPTER 5: INTERPLAY BETWEEN AR AND SREBP-1 TO REGULATE

LIPIDOME IN PROSTATE CANCER ..o 208

5 Interplay between AR and SREBP-1 to regulate lipidome in prostate cancer

209

5.1 INIFOTUCTION ...t 209
5.1.1 SREBP gene and protein StruCtUre..........cooeevvvviiieeeiiie e 210
5.1.2 A proteolytic cascade for the activation of SREBPSs................ccoouun.... 211
5.1.3 DNA binding sites 0f SREBPS .......ccccooiiiiiiiiiiiiicee e e e 214

Xl



5.2 Targeting SREBPS IN CANCEN .....cooiiiiiiiiiiiiiiieee e 215

5.3 Interplay between AR and SREBP-1 to regulate lipid metabolism in PCa

217
5.4 METHODS ... .o 219
5.4.1 WeStern blottiNg:........oiieeeeeieiieiiie e e e e e e eannes 219
5.4.2 Prostate cancer cellular fractionation...............cccvveeveeeeeniniicciiiieeeeenn 219
5.4.3 Quantitative polymerase chain reaction (RT-gPCR).........cccccvvvvvvenenn. 221
5.4.4 Proximity-ligation assay— Fluorescence Detection..................ccceeeeeee 223
5.4.5 Computational analySes ...t 223
5.0 RESULTS e e 225
5.5.1 SREBP-1 expression is variable in PCa cell lines................ccceeeeeene 225
5.5.2 DHT treatment induces SREBP-1 expression and activation. ........... 229

5.5.3 Evaluating the role of SREBP-1 in regulating AR and lipid metabolic

gENES IN PrOSLAIE CANCET......ciiiiiiiiiiiiiiiiieeeeee ettt 232

5.5.4 Evidence for cooperation between AR and SREBP1 in clinical prostate

(0721 g [07<] R 235

5.5.5 SREBP-1 and AR share binding sites proximal to the TSS of lipid

metabolic gene and possibly regulates their transcription ........................... 236
5.5.6 Co-localisation of AR and SREBP-1..........ccccccvvviiiiiiiiiiiiiiiiieiiieeeeee 240

5.8 DISCUSSION: ... euiitiiiiiiiiiieiiit bttt 242
CHAPTER 6: DISCUSSION......cuiiiiiiiiiie ettt eeeai e e eees 249
G B Yol ¥ L1 (o] o TR 250



6.1 Novel AR-regulated genes involved in lipid metabolism ....................... 250

6.2 ACSM1 and ACSM3 are key regulators of lipid metabolism and

FEITOPLOSIS IN PCa ... 251
6.3 Interplay between AR and SREBP-1in PCa.........cccccuviiiiiiiiiiiiiiiiininnnn. 254
B.4  CONCIUSION: ...t e e 255
A A o] ¢ 1= [0 1o T SRS 259

7.1 Human DECRL1 is an androgen-repressed survival factor that regulates

PUFA oxidation to protect prostate tumor cells from ferroptosis...................... 259
7.2 Map of inducible SMARTvector supplied by Dharmacon...................... 294

7.3 Map of plasmid used for preparation ACSM1/3 over expressing vectors

295

7.4  Sequence of gblock used for the preparation of overexpressing vectors

296
7.4.1 ACSM1 gBlock sequence (tDRML17)..........cvieiiiiieiiiiiiiiieee e, 296
7.4.2 ACSM3 gBlock sequence (tDRM18)............cceeeiiieeiiiiiiiiiiiiic e, 297
7.5 Amino acid mapping ACSM1 versus ACSM2A ..........uuuvvimmmiminmiiininninnnne 298
7.6 Amino acid mapping ACSM3 versus ACSM2A ..........uuuvvumiimmimminnninninnnns 299

7.7  Function of the candidate genes involved in Lipid metabolic processes.

300

8 BIBLIOGRAPHY ... 310

XV



XV



CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW




Chapter 1: General Introduction

1.1 Anatomy and Physiology of Prostate Gland

The prostate gland is a male sex organ which surrounds the urethra of males
at the base of the bladder and is responsible for the production and secretion of
seminal fluid, which enhances the motility and fertility of sperm (Kumar & Majumder,
1995a). The muscular portion of the gland is involved in control and release of the
urine as well as forceful expulsion of semen through the urethra during ejaculation.
The prostate gland is located posterior to the lower portion of the symphysis pubis,
anterior to the rectum, and inferior to the neck of the urinary bladder and superior
to the external urethral sphincter. Classically described as “walnut-shaped,” the
prostate gland is conical in shape and surrounds the proximal urethra as it exits

from the bladder (Bhavsar & Verma, 2014).

1.1.1 Morphology of prostate gland

The prostate is the largest accessory gland in the male reproductive system
and can be divided into 4 zones and 4 lobes (Figure 1.1) (McNeal, 1988). The
anatomy of the prostate gland is described by lobe classification whereas the zonal
classification is more commonly used to locate the pathological condition. The
central zone, composed of the tall columnar cells surrounding the ejaculatory duct,
comprises of 25% of total prostate volume and is the densest stromal area of the
total prostate (McNeal, 1988; Muhammad, Khalid, Nadia, & Muhammad, 1970;
Srodon & Epstein, 2002). The Transitional zone (TZ) surrounds the proximal part of

urethra and is the origin for almost 20% of prostatic cancer. Benign prostatic
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enlargement originates in this area. The peripheral zone (PZ) makes up to 70% of
the prostate and is composed of loose stromal regions, moderate gland complexity
and broadly spaced smooth muscle bundles. The central zone, makes up to 25%
of total prostate glandular tissues and is histologically distinct from the peripheral
zone (McNeal, 1988; Muhammad et al.,, 1970; Srodon & Epstein, 2002). The
ejaculatory ducts are located in the central zone and fuses with the urethra in the
same region (McNeal, 1988). The lobe system divides the prostate into anterior,
posterior, lateral and median lobes (Figure 1.2, Figure 1.3).

Bladder

Seminal
vesicle

Periurethral
gland zone

Central zone
Periurethral -~

gland zone Transitional

zone
—— Fibromuscular
zone

Ejaculatory —

duct

Peripheral
zone

Figure 1.1: Schematic of prostate zones

Reproduced, with permission, from Chughtai, B. et al. (2016)(Chughtai et al., 2016)

Lateral lobes

Urethra

Ejaculatory
duct

Posterior lobe
Sagittal section Transverse section

Figure 1.2: Schematic of prostate lobes



Source: (https://anatomyqa.com/prostate-gland-anatomy/)

ot Median lobe
s Ejaculatory duct
Anterior lobe (anterior PR
fibromuscular stroma) - Verumontanum
o f': Posterior lobe

Figure 1.3: Schematic of prostate lobes [Adopted from (Coakley. et al. 2016

(Coakley & Hricak, 2000))


https://anatomyqa.com/prostate-gland-anatomy/

Table 1.1: Table summarizing the histologic composition and embryologic origins
of the various zones of the prostate gland. Reproduced, with permission from

Bhavsar. et al (2014) (Bhavsar & Verma, 2014).

Peripheral
Central zone Transition zone
zone
(C2) (T2)
(PZ)
Volume of normal
25 5 70
prostate (%)
Urogenital
Embryologic origin Wolffian duct Urogenital sinus
sinus
Simple, small
Complex, large Simple, small
Epithelium rounded
polygonal glands rounded glands
glands
Stroma Compact Compact Loose
Origin of prostatic
adenocarcinoma 5 25 70
(%)
Benign prostatic
— 100 —
hyperplasia (%)




1.1.2 Function of prostate gland

The main function of the prostate gland is to produce an alkaline seminal
fluid that constitutes approximately one-third of the total volume of semen. Sperm
are produced in testicles and stored in a jelly like matrix in the seminal vesicles.
During ejaculation process the coordinate contraction of smooth muscles of the
prostate gland, the seminal vesicles, the bulbourethral gland and the vas deferens
help to expel semen and mix their respective contents (Kumar & Majumder, 1995b).
The female vaginal tract is acidic therefore the alkalinity of the prostatic fluid
neutralizes the pH and prolongs the survival of sperm. Additionally, the prostatic
fluid is rich in prostate specific antigen (PSA), citrate, zinc, fructose and cholesterol,
which both liquefies the gelatinous ejaculate and also and nourishes the sperm,
allowing them to stay viable and move freely to fertilize an ovum (Kumar &

Majumder, 1995b).

1.1.3 Regulation of prostate gland

The growth and development of normal prostate and PCa is highly
dependent of androgen, the production of which is regulated by hypothalamic-
pituitary axis. Gonadotropin- releasing hormone (GnRH) released from
hypothalamus acts on pituitary gland and releases luteinizing hormone (LH), which
thereafter induces the secretion of testosterone from the Leydig cells of the testis
(Verze, Cai, & Lorenzetti, 2016). In addition, corticotropin-releasing hormone (CRH)

released from hypothalamus induces secretion of adrenocorticotropic hormone



(ACTH) from the pituitary gland. ACTH act on adrenal glands and produces

testosterone and other forms of androgens e.g. adrenostenediol.

The majority (~95%) of circulating testosterone is produced by Leydig cells
in the testis and remaining 5% originates from adrenal glands (Green, Mostaghel,
& Nelson, 2012; Krieg, Weisser, & Tunn, 1995). Only 3% of circulating testosterone
is unbound and physiologically active; most of it is inactive, bound to sex-hormone
binding globulin (SHBG) and albumin in the blood circulation which is required for
the systemic transportation. In the prostate microenvironment, testosterone is
converted to dihydroxytestosterone (DHT) by the enzyme 5a-reductase
(Chandrasekar, Yang, Gao, & Evans, 2015; Green et al., 2012). Under
physiological conditions, both testosterone and DHT can bind to and activate its
cognate steroid receptor, the androgen receptor (AR) and DHT has a significantly
greater affinity for AR (Lonergan & Tindall, 2011; Wright, Thomas, Douglas, Lazier,
& Rittmaster, 1996; Z. X. Zhou, Lane, Kemppainen, French, & Wilson, 1995). Thus
androgen can exert their actions via the AR in a DNA binding-dependent manner to
regulate target gene transcriptions to regulate diverse range of biological actions
including important roles in the development, maintenance and function of the
prostate gland (Roy et al., 1999) (Figure 1.4). Thus, it is often prescribed to
exogenous administered testosterone, known as testosterone replacement therapy

to reverse symptoms of low testosterone (Bassil, Alkaade, & Morley, 2009).
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1.1.4 Androgen and the androgen receptor

AR, encoded by the AR gene located on chromosome X (Xql1l-12), is a
ligand-activated transcription factor and member of steroid hormone nuclear
receptor family. The AR is 110kDa protein, made up of approximately 919 amino
acids encoded by 2757 nucleotides on eight exons (Gottlieb, Beitel, Nadarajah,
Paliouras, & Trifiro, 2012; Lubahn et al., 1988; Tilley, Marcelli, Wilson, & McPhaul,
1989; van Laar, Bolt-de Vries, Voorhorst-Ogink, & Brinkmann, 1989). Wild-type full-
length AR has 4 regions consisting of N-terminal ligand binding domain (NTD)
encoded by exon 1, a DNA binding domain (DBD) encoded by exons 2—3, a hinge
region encoded by exon 4 and a C-terminal ligand binding domain (CTD) encoded

by exons 5-6 (Brinkmann et al., 1992; Jenster et al., 1991).

The function of AR is modulated after binding of agonists or antagonists to
the CTD. When not bound to a ligand, AR forms a cytoplasmic complex with heat-
shock proteins (HSPs) and other proteins in a conformation that prevents AR from
binding to DNA (Brinkmann et al., 1999), rendering it inactive. Binding of
testosterone/DHT to AR is followed by dissociation of HSPs in the cytoplasm,
simultaneously accompanied by a conformational change of AR resulting in its
dimerization and translocation to the nucleus. Androgen bound AR complex binds
to the specific DNA sequence called AR response elements (ARES) in the
regulatory (promoter / enhancer) regions of AR target genes(Brinkmann et al.,
1999) (Figure 1.5) In addition, co-activators (e.g. ARA70) and corepressors proteins
also bind with the chromatin bound AR complex, facilitating or preventing, its
interaction with the general transcription machinery respectively. Consequently, AR
binding to DNA can either stimulate or, less commonly, inhibit target gene

expression (Bonora et al., 2015; Heinlein & Chang, 2002). Some of the canonical
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AR target genes include PSA (also known as KLK3 (kallikrein-related peptidase 3)),
KLK2 (kallikrein-related peptidase 3), NKX3.1 (NK3 homebox), FKBP5, ELL2
(Elongation factor, RNA polymerase Il, 2), SOCS2 (Suppressor of cytokine
signaling 2), PTPRM (Protein Tyrosine Phosphatase p) (Amler et al., 2000; S. E.
DePrimo et al., 2002; H. Heemers et al., 2004; Nelson et al., 2002; Segawa et al.,
2002; Waghray et al., 2001; Xu et al., 2001). Thus, androgen regulates prostate
physiology, and exerts their effects through the AR.

Androgen/AR mediate key physiological processes in the prostate tissue
compartments such as differentiation, secretory function, metabolism, morphology,
proliferation, and survival. Androgen regulated genes are involved in cell-cycle
regulation and androgen ablation therapy in PCa resulted in induction of cell-cycle
arrest (Heinlein & Chang, 2004). After Hodges and Huggins first demonstrated that
PCa was dependent on androgen hormones in 1941 (Huggins & Hodges, 1941),
numbers of studies have revealed the elegant intercommunication between AR and
the cell cycle machinery to govern receptor-dependent cellular proliferation, and
that perturbations in this process occur frequently in human disease (Schiewer,
Augello, & Knudsen, 2012). The role of AR and AR target genes in the regulation
cell-cycle progression is further validated when androgen deprivation therapy (ADT)
and/or AR silencing slows down the growth of androgen dependent cells primarily
due to a block of the G1/S cell-cycle transition through AR-dependent regulation of
cyclin D1, p21 and p27. Thus, AR promotes cell proliferation through regulation of
the cell cycle G1/S transition only in the presence of androgen in both normal and

tumour condition (Comstock & Knudsen, 2007).

10



Blood circulation , -~~~ ~"~"~"~"~"~"~"~"~-~-~-~-—-—-—-=-—-—-—=-= ~

® © ,’ @®® Sa-Reductase @ v ) .
0o®—T— % ® @@ o W AR
@ ® g ©
® @® Testosterone DHT “

Testosterone

I
I

I

: / Nucleus

' o8 6

| s \
: Regulation of
| l o o AR gene expressmn
: \IWmvmvﬂmMW4WﬂmMWMhm /
I

I

I

\ ARE
N PSA Growth J

e o = o = o S

Survival
\ ~ =~
. Prostate cancercell ™ — —
-~

Figure 1.5 : Mechanisms of androgen receptor signalling in prostate cells.

Abbreviations: T, testosterone; D, Dihydrotestosterone; AR, Androgen receptor;

ARE, androgen-responsive element; PSA, prostate-specific antigen.

AR expression and its signalling promotes growth and maturation of the
prostate and the prostate normally doubles in size during puberty. After puberty AR
signalling maintains homeostasis of the prostatic epithelium, promoting
differentiation and maintaining a balance between proliferation and apoptosis,
thereby preventing overgrowth of the prostate (Banerjee, Banerjee, Brown, & Zirkin,
2018; Mirosevich et al., 1999). AR is expressed in both stromal and epithelial cells
in the prostate and this expression tends to change during PCa progression (M.
Singh et al., 2014). The stromal cells start to lose AR expression as soon as it
progress to early stage of PCa (M. Singh et al., 2014). The stromal cells do not
appear to require AR for survival but the release of paracrine factors mediated by

AR activity in stromal cells is necessary for the differentiation, growth, survival and
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function of epithelial cells (Donjacour & Cunha, 1993; Prins & Birch, 1993).
Androgens also act directly via epithelial AR, targeting genes that include those
promoting survival of the secretory epithelia, seminal fluid proteins, factors involved
in epithelial differentiation and metabolic pathway components (Balk, 2014). AR
being the primary driver of primary and metastatic PCa. The AR-regulated
transcriptional program switches from regulating cell differentiation and
homeostatsis in the normal prostate to promoting cell proliferation and survival in

PCa, resulting in continuous growth (Y. Zhou, Bolton, & Jones, 2015).

1.1.5 Effect of androgen deprivation

Androgen, acting through the AR, are required for prostate development and
function (Roy et al., 1998, 1999). Therefore, androgen withdrawal largely impacts
on the function of prostate gland. The loss of secretory function and decrease in
cell proliferation leading to the rapid reduction in glandular size which is caused by
widespread apoptosis among the epithelial cells (Medh & Thompson, 2000). For a
long time, it was anticipated that the castration-induced cells death was mediated
by reduced AR signalling in the epithelial cells. However, recent studies suggested
that it is due to the AR in stroma that regulates the major effect observed in epithelial
cells (Kurita et al., 2001; Leach et al., 2015). Further, androgen withdrawn also
affects new blood vessels that the cancer cells develop to support their growth
leading to the major reduction in blood flow and by apoptosis of the endothelial cells
(Lissbrant, Lissbrant, Damber, & Bergh, 2001; Wikstrom, Lissbrant, Stattin, Egevad,
& Bergh, 2002). Thus, castration—induced prostate involution is a cumulative effect.

Thus, ADT is the primary treatment option in primary and metastatic PCa as it
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supresses prostate tumour growth by reducing levels of circulating androgens
and/or directly blocking the action of the AR with antagonists. ADT is also used as
an adjunct to radiotherapy in some cases of high-risk and locally advanced disease,
where it improves disease-free and overall survival (Kauffmann & Liauw 2017).

Refer to sections 1.2.5 for more information about ADT.
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1.2 Prostate cancer:

1.2.1 Incidence

PCa is the second most common cancer amongst males in Western
populations and predominantly affects older men, with a median age at diagnosis
of 66 years (Flaig et al., 2017). Tumours that are localised to the prostate are often
slow growing and non-progressive; many such tumours do not require treatment,
or can be effectively treated with surgery or radiation therapy (Dahabreh et al.,
2012). However, approximately 20% of PCa patients develop advanced metastatic
disease, which kills more than 3,300 men each year in Australia. Currently, more

than 120,000 males are living with PCa in Australia.

1.2.2 Diagnosis of PCa

Early PCa is often asymptomatic; consequently, early PCa diagnosis is
based on abnormal blood prostate specific antigen (PSA) levels followed by a trans-
rectal ultrasound guided biopsy, digital rectal examination (DRE), or both. Blood
PSA is one of the most widely used tumour markers for PCa screening, which
correlates strongly with the risk of harbouring disease (Stephan, Rittenhouse, Hu,
Cammann, & Jung, 2014) (Figure 1.6). DRE is another important physical
examination method to screen abnormalities in the prostate gland, which examines
the presence of nodules, or hard tissue consistency (Ojewola, Jeje, Tijani, Ogunjimi,
& Anunobi, 2013). DRE or PSA results that are indicative of PCa are confirmed by
histopathological examination of tissue by biopsy, the definitive diagnostic tool for

PCa (Heidenreich, 2011; N. Mottet et al., 2011). Occasionally, PCa is diagnosed

14



during screening for other symptomatic genito-urinary conditions like epididymitis,
orchitis, prostatitis or benign prostatic hyperplasia (BPH) (L. Cheng, Montironi,
Bostwick, Lopez-Beltran, & Berney, 2012; Chou et al., 2011; Heidenreich et al.,

2011).

ProstatF gland Blood lvessel

4 vl
Normal

Cells in the prostate are healthy
and organised in a tight pattern.
Only a small amount of PSA
leaks out of the prostate gad get
into the blood stream

Acini Glands

With prostate cancer

/
3 ]

1

1

Now the cells are disorganised
and the layers between the
prostate and blood Vvessels
become disrupted as a result
more PSA can leak into the
blood vessel.

Figure 1.6 : Schematic of PSA secretion into the blood vessel. PSA as
diagnostic/prognostic marker of prostate cancer. Development of PCa disrupts the
prostate tissue structure and organization leading to leakage of secreted PSA into
the nearby blood vessels. PSA as diagnostic/prognostic marker of prostate cancer.
Development of PCa disrupts the prostate tissue structure and organization leading
to leakage of secreted PSA into the nearby blood vessels. As a result, serum PSA
level increases, which is why serum PSA level is used as diagnostic/prognostic

marker for PCa.

Source https://www.theprostatecentre.com/prostate-information/the-psa-test/
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1.2.3 Gleason grading system

The Gleason grading system (Gleason score) is used to diagnose disease
and determine prognostic outcomes using samples collected at prostate biopsy
(Pierorazio, Walsh, Partin, & Epstein, 2013). The Gleason scoring system involves
assessment of histological properties of PCa cells under a light microscope where
scores are assigned based on 5 distinct patterns/grades. The scoring system
(ranging from 2-10) is used to grade the prostate tissue and is currently the best
measure of a particular tumour’s probability of metastasising (R. B. Shah, 2009).
An overall scoring comprising the most prevalent pattern and the second most
prevalent pattern (primary + secondary Gleason grade) are added to generate a
Gleason score (R. B. Shah, 2009; Shore, 2014). A schematic of the Gleason grades
is shown in Figure 1.7. Low-grade (Gleason score 6 and 7 (3+4)), or low-risk, PCa
usually grows slowly and is less likely to spread. Higher grade PCa (Gleason score
7 (4+3) and above) are more likely to grow quickly and spread to other body parts
including bone, lymph node and visceral organs and are associated with higher
rates of cancer specific mortality. This scoring system is useful for assessment of
overall tumour behaviour (aggressiveness), which helps in staging of PCa and

appropriate treatment selection (Gleason & Mellinger, 2017).
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Figure 1.7: Histological patterns of PCa cells representing Gleason grades

from 1 -5 (Gleason 1966).

Prostate tumour grading and scoring system developed by Donald Gleason and is
a surrogate for tumour aggressiveness (modified figure) (Sathianathen, Konety,

Crook, Saad, & Lawrentschuk, 2018).

In addition to the Gleason scoring system, PCa can be classified according
to the spread of the disease by the Tumour, Node and Metastases (TNM)
classification system, which was first adopted in 1975 by the Joint Committee for
Cancer (AJCC). Multiple revisions to this system have occurred over time, with the
most recent in 2010. The TNM classification is associated with survival and
prognosis of the patient (Shore, 2014) and is the most widely used method for

cancer reporting and staging, thereby facilitating treatment decision making.
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Table 1.2: TNM classification of PCa (Mottet et al. 2017)(Nicolas Mottet et al.,
2017); G indicated grade; M, metastasis; N, Node; PSA, Prostate—specific

antigen; T, tumour.

T - Primary Tumour
TX Primary tumour cannot be assessed
TO Mo evidence of primary tumour
T Clinically inapparent tumour that is not palpable
Tia  Tumeour incidental histological finding in 5% or less of tissue resected
Tib  Tumeour incidental histological finding in more than 5% of tissue resected
Tic  Tumour identified by needle biopsy (e.g. because of elevated prostate-specific antigen (PSA) level)
T2 Tumour that is palpable and confined within the prostate
T2a  Tumour involves one half of one lobe or less
T2b  Tumour involves more than half of one lobe, but not both lobes
T2c  Tumour involves both lobes
T3 Tumour extends through the prostatic capsule’
T3a  Extracapsular extension (unilateral or bilateral) including microscopic bladder neck involvernent
T3b  Tumour invades seminal vesicle(s)
T4 Tumour is fixed or invades adjacent structures other than seminal vesicles: external sphincter, rectum,
levator muscles, and/or pelvic wall
N - Regional Lymph Nodes
NX  Regional lymph nodes cannot be assessed
NO Mo regional lymph node metastasis
N1 Regional lymph node metastasis
M - Distant Metastasis
MO Mo distant metastasis
1 Distant metastasis
Mia MNon-regional lymph node(s)
M1b Bone(s)
Mic Other site(s)

Prostate

The tumour or cancer cannot be The cancer can be felt but it has The cancer has spread outside The cancer has spread into
felt by the doctor during not spread outside of the of the prostate into nearby nearby organs such as the
examination prostate tissues bladder

Figure 1.8: The tumor—nodes—metastasis (TNM) system recognizes four
stages of local tumour growth: T1 (incidental); T2 (confined within the prostate);
T3 (extending through the prostatic capsule); and T4 (invading neighbouring

organs). Source: https://www.prostate.org.au/awareness/for-recently-diagnosed-

men-and-their-families/partners-and-carers/diagnosis/grading-and-staging-of-

prostate-cancer/
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Table 1.3: Anatomical staging/prognostic groups of PCa (Shore et al 2014).

Group T N M PSA Gleason
| PSA <10 Gleason <6
PSA<10  Gleason=6
PSA X Gleason X
A PSA<20 . Gleason7 .
_PSA=10<20  Gleason <6
~ PSA =10<20  Gleason <6
PSA<20  Gleason7
PSA<20 Gleason <7
PSA X Gleason X
I8 AnyPSA Any Gleason
PA220 Any Gleason
Any PSA " Gleason =8
1] Any PSA Any Gleason
v _Any PSA ~_Any Gleason
“AnyPSA Ay Gleason
Any PSA Any Gleason

M indicated metastasis; N, Node; PSA, Prostate —specific antigen; T, tumor. The
staging of the PCa when either PSA or Gleason is not available, grouping should

be determined by T stage and/or either PSA or Gleason as available.
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1.2.4 Risk stratification

The confirmed cases of PCa are stratified at diagnosis into groups based on
their risk of disease progression. The D’amico risk stratification system is commonly
used to access risk of biochemical recurrence over a 5 year period following
treatment in PCa (Rodrigues et al., 2012). The classifier used pre-treatment serum
PSA, Gleason score/grade and number and extent of cancer involvement in the
biopsy cores /TMA stage to assign the patients into either low, intermediate or high
risk groups. In some cases, genomic profile of tumour, imaging studies are used to
assess for the extra-prostatic extension or distant metastasis of the cancer
depending upon the initial clinical staging.

Importantly, the initial management of newly diagnosed PCa needs to
incorporate a consideration of prolonged natural history of the disease and the risk

for progression to disseminated, potentially fatal disease.

1.2.5 Treatment of prostate cancer

Currently, there are various therapeutic approaches for treating PCa.
Choosing the optimal treatment regime for PCa patients depend on their age,
general health and disease stage. Treatment approaches include the following: 1)
watchful waiting/active surveillance for stage |; 2) Radical prostatectomy and/or
radiation therapy (external beam or brachytherapy) for stage Il; 3) Radiation with
androgen deprivation therapy (ADT) for stage Ill; and 4) ADT for stage IV
(Heidenreich, 2011; Mottet et al., 2011). Newer treatments are being constantly
developed, and improvements are continuously being made in terms of how current
and emerging treatments are applied (Figure 1.9).
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Figure 1.9: Timeline with the key milestones in historical development of

treatment of PCa (Drudge-Coates, 2010). Created with BioRender.com

1.2.5.1 Treatment of localized and locally advanced PCa

Treatment and management decisions for localized and advanced PCa are
based on disease risk stratification. Low-risk cancers are often slow growing,
clinically insignificant and may not require active intervention (O’Donnell & Parker,
2008). Side effects of invasive treatment such as surgery/radiation therapy can
have a more severe impact on quality of life than the cancer itself, particularly in an
older patients with low-grade disease. In such cases, active surveillance for signs
of PCa progression (through PSA testing, DRE, serial biopsies and radiological
examination) is regarded as the best option to avoid active intervention in patients
with tumours that are not likely to affect quality or length of life (Morash et al., 2015).

For intermediate grade/stage disease that is confined to the primary tumour site,
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radical prostatectomy or radiation therapy are the standard treatments with curative
intention (Hasegan, 2014; Pisansky, 2005). For higher risk group patients, radical
prostatectomy in combination with radiation therapy improves overall survival (Jang

et al., 2018).

1.2.5.2 Systemic treatment of metastatic prostate cancer

Despite of high post-treatment survival rates, a significant proportion of
cases (27-53%) develop biochemical recurrence (BCR) after primary curative
therapy, either due to local disease recurrence or metastasis (Artibani, Porcaro, De
Marco, Cerruto, & Siracusano, 2018; Van den Broeck et al., 2020). A subset of men
with BCR are characterized by high metastatic potential and require early
aggressive clinical intervention whereas others will have local recurrence and may
be curable with salvage treatment. Overall, 10-20% of men with PCa develop
metastatic disease after treatment and approximately 5% of men also have
metastatic disease when they are diagnosed (National Cancer Control Indicators,

2019; Merseburger, Bellmunt, Jenkins, Parker, & Fitzpatrick, 2013).

1.2.5.2.1 Treatment of castration sensitive PCa

Hormonal manipulation to decrease the circulating androgen levels,
commonly referred as ADT, reduces circulating testosterone level by 90-95% and
is the primary treatment strategy for metastatic PCa (Norris et al., 2017) (Figure
1.10). ADT causes cancer regression and a decrease in serum PSA in the vast
majority of PCa patients. ADT can be achieved either by surgical (orchitectomy;

removal of testicles) or chemical castration. Orchiectomy was regarded as most
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effective ADT but had physical, emotional and psychological side-effects in men.
Thus, orchiectomies have now been replaced in favour of luteinizing hormone
releasing hormone (LHRH) agonists and antagonists. LHRH agonists bind to their
receptors in the pituitary and increase lutenizing hormone (LH) and follicule
stimulating hormone (FSH), which stimulates testosterone production in the testes
and the adrenal gland; as such, LHRH agonists are also known as gonadotrophin-
releasing hormone (GnRH) analogues. Constant LHRH stimulation with GnRH
analogues eventually results in significantly reduced production of LH/FSH as a
result of a feedback mechanism, leading to decrease circulating testosterone levels
(Labrie et al., 1980; Labrie et al., 2005). LHRH agonists can be detrimental to some
men due to the initial rise in circulating testosterone level, or ‘flare’, upon exposure.
Some of the side effects of ‘flare’ phenomenon includes erectile dysfunction, hot
flashes, urinary retention, ureteral obstruction, anaemia and muscle wasting,
(Thompson, 2001). In these patients, LHRH antagonists, which competitively bind
to LHRH receptors and prevent the release of LH / FSH, are a safer therapeutic
approach (Gordon & Hodgen, 1992).

Beside surgical and chemical castration, anti-androgen also known as AR
antagonists are used for the treatment of advance PCa. Anti-androgens are a class
of steroidal or non-steroidal molecules that inhibit AR signalling by competitively
preventing binding of endogenous androgens to the AR (Chen, Clegg, & Scher,
2009). Anti-androgens are often used in combination with ADT to improve treatment
efficacy (Yang et al., 2019). Commonly used anti-androgens are Bicalutamide,

Nilutamide and Flutamide.
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Figure 1.10: Current agents (red) that target androgen signalling axis in PCa
(AR, androgen receptor; DHT, dihydrotestosterone; GnRH, gonadotropin-releasing
hormone; LHRH, luteinizing-hormone —releasing hormone; T=testosterone)(Raj,
Selth, Day, & Tilley, 2015). Apalutamide is used in patients with castrate-resistant
prostate cancer (CRPC), who present with rising PSA levels, despite appropriate
ADT (Alkhudair, 2019). Currently, a new generation of anti-androgen drugs are
available and further new drugs are under clinical study to test their effectiveness

in patient with CRPC.
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Initial responses to ADT and first generation anti-androgens are usually very
good, however all patients eventually relapse (most after approximately 18-24
months) and develop an incurable and lethal form of the disease called castrate-
resistant PCa (CRPC) (Butler, Centenera, & Swinnen, 2016; Pienta & Bradley,
2006; Scher, Buchanan, Gerald, Butler, & Tilley, 2004; S. Sun et al., 2010). While
several oncogenic pathways can contribute to castration-resistance, AR remains

the most important driver in this disease context (Figure 1.11) (Norris et al., 2017).
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Figure 1.11: Disease progression and treatment option in PCa.

[Image concept-(Kohli & Tindall. Myoclin Proc 2010; 85:77-86]
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Treatment of CRPC

The continued role of AR in CRPC led to the development of so-called
second generation anti-androgens (Tran et al., 2009), which are more potent than
the first-generation agents. Second-generation anti-androgens include
Enzalutamide, Darolutamide and Apalutamide (Antonarakis, 2013; Rathkopf et al.,
2017), all of which significantly improve overall survival and progression free
survival in men with CRPC (Chong, Oh, & Liaw, 2018; Linder, van der Poel,

Bergman, Zwart, & Prekovic, 2018).

Chemotherapy, radiopharmaceuticals, and immunotherapy are other
additional treatment modalities for CRPC and mCRPC. Docetaxel and cabazitaxel
are both taxane chemotherapies that are improve overall survival in men with CRPC
(Powers et al., 2020). Radium-223 dichloride is a calcium mimetic that emits
cytotoxic alpha radiation, which is incorporated in stroma formed by bone
metastases during treatment and is associated with improved outcomes for men
with bone metastatic disease (Parker et al., 2013). Sipuleucel-T is a dendritic cell

vaccine is used to treat asymptomatic or minimally symptomatic CRPC.
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Table 1.4. Agents currently available in Australia for the treatment of PCa.
Reproduced, with permission from Reeves and Corcoran et al. (Reeves &

Corcoran, 2020).

Agent Mechanism of action Adverse effects
Chemotherapy
Docetaxel Myelosuppression, neuropathy,
: Taxane chemotherapy | fatigue, nausea/vomiting/diarrhoea,
Cabazitaxel peripheral oedema

Androgen signalling-targeted inhibitor

Hypertension, hypokaelaemia, fluid

CYP17A1 inhibitor retention, cardiac disorders, liver
Abiraterone (prevents androgen function test abnormalities (low-dose
synthesis) prednisolone is co-administered to

reduce mineralocorticoid excess)

Fatigue, seizures, back pain,
arthralgia,

peripheral oedema, headache,
hypertension

Hypertension, rash, gastrointestinal
Apalutamide upset, fatigue, hypothyroidism,
fracture, falls, QT prolongation

Enzalutamide
AR

inhibitor
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1.2.6 Mechanisms of resistance to ADT

1.2.6.1 Reactivation of AR signalling

The mechanisms for the development of CRPC has been extensively studied
in the last few decades (Chandrasekar et al., 2015). It is understood that androgen
dependent PCa cells undergo specific genetic and epigenetic changes to adapt to
the androgen depleted microenvironment (Ahmed & Li, 2013; Zong & Goldstein,
2013). Persistent AR signalling in CRPC is frequently due to AR gene amplification,
which occurs at low frequency (~1%) in primary tumours but at high frequency (45-
54%) in CRPC (Abida et al., 2019; Cancer Genome Atlas Research, 2015; Charlie
D Chen et al., 2004; Catherine S Grasso et al., 2012; Koivisto et al., 1997; Dan
Robinson et al., 2015; Taplin et al., 1995; Visakorpi et al., 1995). Increased AR
expression promotes resistance to ADT by sensitizing cells to low levels of serum
androgen (Visakorpi et al., 1995) and various studies have linked the
overexpression of AR with the development of CRPC (C. D. Chen et al., 2004;
Holzbeierlein et al., 2004; Stanbrough et al., 2006). The incidence of AR gene
amplification is between 20 and 33% in CRPC patients (Hu, Denmeade, & Luo,

2010).

Additionally, various point mutations have been identified in the AR gene
itself (Sack et al., 2001; Suzuki et al., 1996), which occur in a proportion of CRPC
tumour cells, are also important in resistance to ADT (Steinkamp et al., 2009). The
rate of AR mutations accounts for 5-30% of post-treatment tumours but infrequently
in primary PCa prior to treatment (Coutinho, Day, Tilley, & Selth, 2016). CRPC-
associated AR mutations mostly occur within the ligand binding domain of the AR

where they promote promiscuous binding and activation by alternative ligands such
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as estrogens, progesterone or anti-estrogens (Eisermann, Wang, Jing, Pascal, &

Wang, 2013; Lallous et al., 2016).

Gain-of-function mutations enabling the AR to recover activity in the
hypoandrogen environment which have been associated with the progression to
CRPC (Feldman & Feldman, 2001), this include mutations, deletions and
inversions at the ligand binding site leading to ligand-independent activation
(Nyquist et al., 2013), and gene amplifications. Other mechanisms that maintain AR
activity in the castrate environment include active AR variants (ARVs). These AR-
Vs are alternately spliced isoforms of the AR mRNA that encode the N-terminal
transactivating domain (NTD) and DNA-binding domain (DBD) but lack the C-
terminal ligand binding domain (Dehm & Tindall, 2011; Y. Qu et al., 2015).
Approximately 20 AR-Vs have been identified in cell lines and clinical specimens,
of which several are constitutively active and can signal in the absence of androgen

(Jernberg, Bergh, & Wikstrém, 2017; Kallio et al., 2018).

Another strategy adopted by PCa in response to ADT is increased
intratumoral production of androgen production via upregulation of several
steroidogenic enzymes including cytochrome P (CYP) 17A1, fatty acid synthase
(FASN), hydroxysteroid dehydrogenase (HSD) 3B1, HSD17B3, CYP19Al,
SRD5A1, and UGT2B17 in CRPC (Montgomery et al., 2008). These enzymes
enhance the conversion of intratumoral androgen precursors into androgens to
activate AR (Chandrasekar et al., 2015; Locke et al., 2008). Cholesterol is a major
precursor for androgens and its levels influence PCa progression (Armandari,
Hamid, Verhaegh, & Schalken, 2014), Thus, lipid metabolism is associated with the
progression of CRPC. Drugs targeting intratumoral and adrenal androgen
biosynthesis (e.g. abiraterone acetate) effectively suppress CRPC growth and are

29



used in this clinical context (W. Kim et al., 2014; Leibowitz-Amit et al., 2014;

Mostaghel, 2014; Zobniw, Causebrook, & Fong, 2014).

1.2.6.2 “AR indifferent” prostate cancer

A subpopulation (20-25%) of patient display independent mechanism of anti-
androgen resistance and progress to an “AR indifferent” state in which AR
expression may or may not be not be retained (Eric G Bluemn et al., 2017). The
major “AR indifferent” prostate cancer subtypes is neuroendocrine prostate cancer
(NEPC) (L. Ellis & Loda, 2018). NEPC develops as a transdifferentiation from
prostate adenocarcinoma, in response to ADT and/or treatment with inhibitors
targeting AR signalling pathways (Lipianskaya et al., 2014). During NEPC
development, cells lose their granular structure and demonstrate small cell
neuroendocrine-like morphology, positive for typical neuroendocrine markers such
as neurospecific enolase (NSE), synaptophysin (SYP), and chromogranin A
(AHGA) but may to may not affect AR and AR-regulated gene expression (Ather,
Abbas, Faruqui, Israr, & Pervez, 2008). NEPC that arose after failure of second
generation AR signalling inhibitors (i.e. Abiraterone, Enzalutamide) is referred to as
treatment emergent NEPC which is very aggressive and causes death of patient
within 2 years of diagnosis (Davies, Beltran, & Zoubeidi, 2018). Recently, clinical
and genomic profiling data suggest that NEPC may also originate de novo from
small population of prostatic neuroendocrine cells but this is very rare (~1%)
(Epstein et al., 2014; Grigore, Ben-Jacob, & Farach-Carson, 2015; Santoni et al.,

2014).

Emerging evidence suggests treatment emergent NEPC is the consequence

of an adoptive response to ADT via lineage/cellular plasticity and activation of

30



alternative pathways, thereby sustaining tumor growth independently from AR
(Aggarwal, Zhang, Small, & Armstrong, 2014; L. Ellis & Loda, 2018; Le Magnen,
Shen, & Abate-Shen, 2018; Watson, Arora, & Sawyers, 2015). Since AR signalling
is required for epithelial cell differentiation during prostate development, inhibition
of AR-driven pathway likely initiates developmental reprogramming of prostate
adenocarcinoma to neuroendocrine tumours through a transdifferentiation
mechanism. Thus, ADT has been shown to contribute to the emergence of NEPC
via upregulation of AR-repressed genes that can promote transdifferentiation
(Komiya et al., 2013). For example, SOX2 is directly repressed by the AR, promotes
lineage plasticity in NEPC (Mu et al.,, 2017). BRN2, which is also a neural
transcription factor repressed by AR that is upregulated by the AR antagonist
Enzalutamide (Bishop et al., 2017). BRN2 is required for treatment emergent NEPC
and acts partly by regulating SOX2 (Bishop et al., 2017). Furthermore, multiple
genetic and epigenetic and transcriptional events likely facilitate plasticity and
transdifferentiation in treatment emergent NEPC. Loss of tumour suppressors
PTEN, RB1 and TP53 and amplification of MYCN and AURKA are some of the
common genetic events (Mosquera et al., 2013; H.-L. Tan et al., 2014) which enable
lineage switching (Ku et al., 2017). Several cell-cycle genes (i.e. UBE2C, cyclin D1,
Src family kinase-FYN, and polo-like kinase PLK1) have also been shown to be
frequently amplified and/or overexpressed in NEPC, thus supporting their role in
driving uncontrolled NEPC growth and proliferation (Grobholz et al., 2005;
Gururajan et al., 2015; Pernicova et al., 2014). Amplification of MYCN has been
shown to drive progression to NEPC by activation of an EZH2 mediated

transcriptional program (Dardenne et al.,, 2016). EZH2 is a histone
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methyltransferase that regulates cell pluripotency by altering gene expression via

methylation of histone H3 lysine 27 (H3K27) (Dardenne et al., 2016).

Recently, profiling of metastatic CRPCs revealed another subtype or AR
indifferent PCa, called double negative PCa (DNPC). DNPC subtype is negative for
both AR and NEPC markers which has been proposed to be a transition state to
NEPC (Eric G Bluemn et al., 2017; W. Wang & Epstein, 2008). DNPC arises in
patients after treatment with more effective AR antagonists such as enzalutamide
and abiraterone and the In vitro work showed that these DNPCs rely on FGF and
MAPK activity for growth and targeting which allows these tumours to bypass the
requirement for AR signalling (Eric G Bluemn et al., 2017; E. G. Bluemn et al.,
2017). Although novel molecular targeting therapy against EZH2 and AURKA are
currently under development, the treatment option for the AR-indifferent PCa are

limited to chemotherapy (Akamatsu, Inoue, Ogawa, & Gleave, 2018).
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1.3 Normal prostate metabolism

The major function of the normal prostate gland is to produce prostatic fluid
which contains high concentration of zinc, citrate and PSA (enzyme responsible for
liquefying semen). The capacity of producing and secreting an enormous quantity
of citrate is the unique feature of the prostate gland, which is almost 240-1300 fold
higher than that of plasma citrate levels (Leslie C. Costello & Franklin, 1991; L. C.
Costello & Franklin, 2000; Kavanagh, 1985). The normal prostate tissues are further
characterized by the ability to uptake and accumulate large concentrations of zinc
(L. C. Costello, Feng, Milon, Tan, & Franklin, 2004; L.C. Costello & Franklin, 1998).
The reason behind high concentrations of citrate production is high concentrations
of zinc (~0.8-1.5 mM) which disrupts TCA cycle by inhibiting mitochondrial (m-)
aconitase, a key enzyme of TCA that converts citrate to isocitrate (L. C. Costello,
Franklin, Feng, Tan, & Bagasra, 2005) resulting in the accumulation and secretion
of citrate in the prostate gland. Thus, citrate is mainly an end product of metabolism
which is secreted as a major component of prostatic fluid as a result of a truncated
TCA cycle (Figure 1.12). By contrast, in “typical” cells, citrate is an essential
intermediate of TCA cycle which could either be utilized to produce ATP through
mitochondrial oxidation or shuttled out of mitochondria into cytoplasm where it is
cleaved by enzyme citrate lyase (ACYL) to produce acetyl CoA for fatty acid
synthesis. The complete oxidation of citrate yields 12 mol of ATP/mol of citrate and
24 mole of ATP/mole of glucose. By accumulating citrate, normal prostate epithelial
cells appear to halt the TCA cycle and therefore act very different to the majority of
cells in the body in the production of ATP. Although, the function of citrate as a
component of prostatic fluid is virtually unknown, its likely to contribute the seminal
fluid buffering capacity, chelation of calcium, zinc and other cations, and as an
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energy source to maintain sperm viability and/or for capacitation processes
(ARVER, 1982; Ford & Harrison, 1984; Hicks, Martinez-Manautou, Pedron, &
Rosado, 1972; Hori, Masuda, Kobayashi, & Kawakami, 2017; Medrano et al., 2006;

Searcy & Simms, 1967; Tomlins et al., 1998).

There are few studies that have focused on role of AR in normal prostate cell
metabolism (L. C. Costello, Liu, & Franklin, 1996; L.C. Costello, Y. Liu, J. Zou, &
R.B. Franklin, 2000) and were focused on citrate metabolism and fatty acid
synthesis. Studies conducted with rat ventral prostate (VP) epithelial cells and an
in-vivo castration study demonstrated m-aconitase as a regulatory and regulated
enzyme in prostate epithelium and hence, citrate oxidation (Leslie C. Costello, Liu,
& Franklin, 1995). Androgens were found to induce pyruvate oxidation by increasing
in the expression of pyruvate dehydrogenase E1 component subunit alpha
(PDHE1a) resulting in an increase in acetyl-CoA.(L. C. Costello, Y. Liu, J. Zou, &
R. B. Franklin, 2000). In addition, androgens were also reported to regulate amino
acid metabolism by regulating the genes responsible for aspartate uptake and
transamination [e.g. aspartate transporter (EAAC1) and aspartate
aminotransferase (MAAT) genes] (L. C. Costello, Akuffo, & Franklin, 1988; L. C.
Costello et al., 2000; R.B. Franklin, Brandly, & Costello, 1982). Also, the evidence
of increased expression of MAAT and PDHE 1a in PC3 cells expressing AR (Juang,
Costello, & Franklin, 1995), and in isolated pig prostate epithelial cells (Qian,
Franklin, & Costello, 1993) with DHT treatment and increased PDHE 1a expression
in rat ventral prostate epithelial cells(L.C. Costello et al., 2000) with DHT treatment
are some of the examples of androgen related modulation of genes expression and

hence normal prostate metabolism.
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Few studies have tried to relate androgen and lipid metabolic processes in
normal prostate. It is documented that androgens play an essential role in regulating
the expression of key enzymes involved in lipid metabolism in prostate (Butler et
al., 2016). Castration of the rat or monkey results in repression of lipogenic enzymes
including ATP citrate lyase (ACLY), acetyl-CoA-carboxylase (ACC), and fatty acid
synthase (FASN) and decreased total prostatic lipid content. On the other hand,
androgen administration after castration restored these lipogenic enzyme activities
and lipid levels to baseline (Arunakaran, Aruldhas, & Govindarajulu, 1987;
Arunakaran, Aruldhas, & Govindarajulu, 1990; Arunakaran, Balasubramanian,
Srinivasan, Aruldhas, & Govindarajulu, 1992; H. Heemers et al., 2003; Nyden &
Williams-Ashman, 1953) supporting the involvement of androgen in normal prostate

lipid metabolic process.
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1.4. Androgen and lipid metabolism in prostate cancer

Metabolic alterations in citrate production are characteristically associated
with neoplastic transformation of human prostate epithelial cells (Leslie C. Costello
& Franklin, 1991). During malignant transformation, the decrease in the expression
of zinc transporters (ZIPs) (Desouki, Geradts, Milon, Franklin, & Costello, 2007;
Renty B. Franklin et al., 2005) decreases the high level of zinc and hence, m-
aconitase is no longer inhibited, thus citrate is further oxidized via TCA cycle
resulting in the metabolic transformation of citrate producing cells into citrate
utilizing cells (L. C. Costello et al., 2005). Thus, PCa cells are more oxidative
compared to normal prostate cells and hence, reactivate the TCA cycle to oxidize
citrate for energy production. In addition, instead of glucose, fatty acids become the
dominant bioenergetic substrate for energy generation through the TCA cycle (Mah
et al., 2019). Alternatively, citrate may be used for lipid biosynthesis through
androgen-mediated activation of lipogenic enzymes which includes increased de
novo lipogenesis, lipid uptake and lipid catabolism (J. A. Menendez & R. Lupu,
2007). Experimental studies have reported that the exposure of androgen
dependent PCa cell lines to natural or synthetic androgens leads to a marked
accumulation of lipid droplets in the cytoplasm, largely via increased synthesis of
fatty acids and cholesterol (Johannes V Swinnen, Esquenet, Goossens, Heyns, &
Verhoeven, 1997; J. V. Swinnen, Ulrix, Heyns, & Verhoeven, 1997). Highly
proliferative cancer cells often have a higher demand for lipids and exhibit an
abnormally active lipogenesis (Beloribi-Djefaflia, Vasseur, & Guillaumond, 2016).
Since, lipid supplies energy, synthesize the cellular membrane and provide
signaling molecules (Accioly et al., 2008; Dang, Chen, & Hsieh, 2019; DeBerardinis

et al., 2007; Yue, Li, Lee, Lee, Shao, Song, Cheng, Masterson, Liu, Ratliff, et al.,
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2014), lipids represent a diverse array of molecules having more and more
important roles in PCa. Significant efforts have been made to study cellular
metabolism of PCa in order to better understand the role of androgen/AR in lipid

metabolic process.

1.4 AR and its influence on lipid metabolism in PCa

The development of the male urogenital tract, including the prostate,
depends on an activated androgen receptor. Similarly, growth of the majority of PCa
is androgen-dependent (Chodak et al., 1992; Ruizeveld de Winter et al., 1994; Sadi,
Walsh, & Barrack, 1991). AR target genes contain in the regulatory regions one or
more androgen response elements. AR being a transcription factor, it can regulate
transcription by binding to promoter and/or enhancher regions of different genes
including genes involved in lipid metabolism. In a study done by Massie et al, AR
was identified as a core regulator of anabolic transcriptional network regulating sets
of genes expression impelling cellular process in PCa. Lipid metabolic pathway was
described as a major downstream target of AR signaling (Massie et al., 2011).
Emerging evidence shows that AR cistrome undergoes extensive reprogramming
during prostate epithelial transformation in man and this drives the normal prostate
epithelium towards transformation (Pomerantz et al., 2015). Furthermore, a recent
study showed that AR binding sites have a dramatically increased rate of mutations
that is greater than any other transcription factors specific to only PCa. Non-coding
AR binding sites are frequently mutated in PCa and can impact enhancer activities
leading to the huge increase in transcriptional activities of AR (Morova et al., 2020).

Furthermore, Han et al have associated increased AR splice variants (AR-Vs)
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expression and increased lipid metabolism in PCa with therapeutic resistance
suggesting AR-Vs mediated reactivation of AR signaling and lipid biosynthesis may

potentially drive CRPC progression (Han et al., 2017).

1.4.1 Androgen stimulates lipid synthesis in PCa

Emerging evidences shows that increased fatty acid synthesis is an early
hallmark of the prostate tumorogenesis (Johannes V Swinnen et al., 1997; Zadra,
Photopoulos, & Loda, 2013). Multiple observations link upregulation of several key
lipogenic enzymes in PCa development and progression (Suburu & Chen, 2012; X.
Wu, Daniels, Lee, & Monaco, 2014; Zadra et al., 2013). The increased expression
of the several key lipogenic enzymes including fatty acid synthase (FASN), acetyl-
CoA carboxylase (ACC), and ATP citrate lyase (ACLY) indicates active lipogenesis
in tumour cells (K. B. Singh & Singh, 2017). Normal cells utilize dietary lipids
predominantly whereas the cancer cells fulfill the majority of their fatty acid
requirement through de novo fatty acid synthesis (Deep & Schlaepfer, 2016;
Gutierrez-Pajares, Ben Hassen, Chevalier, & Frank, 2016). De novo lipogenesis
refers to the biochemical process of synthesizing fatty acids from acetyl CoA
(acetyl-CoA, generated from citrate or acetate). Acetyl CoA, the building block of de
novo lipogenesis is primarily converted to malonyl-CoA, which is catalyzed by the
enzyme ACC and is the rate limiting step in fatty acid synthesis (Luo et al., 2017).
FASN then couples acetyl-CoA and malonyl-CoA to convert long chain saturated
fatty acids (mainly palmitic acid, C16:0) which can be further converted to
monounsaturated fatty acid species by stearoyl-CoA desaturase (SCD) by

introducing a cis-double bond to the acyl chain.

39



Long and very long chain fatty acids as well as polyunsaturated fatty acids
play an important role in biological activities in PCa. De novo synthesized fatty acids
and or dietary fatty acids are elongated to synthesize (saturated/ poly unsaturated)
long chain and very long chain fatty acids by elongases (ELOVLs, a class of
enzymes with seven different family members having specificities for chain length

and saturation level) (Butler et al., 2016).

Fatty acid synthetic enzymes function together with ELOVLs on the same
pathway involving fatty acid metabolism. ELOVLs are over expressed in PCa and
a recent study by Keniji et al showed drastic attenuation of PCa cell growth with
knockdown of ELOVL7 (Tamura et al., 2009) which further strengthens its important
role in PCa growth and progression. In addition, PCa cells promote saturated fatty
acids and mono-unsaturated fatty acids—rich in phospholipids that partition into
detergent-resistant lipid rafts to markedly alter signal transduction cascades,
vesicular trafficking and cell migration (Staubach & Hanisch, 2011; Johannes V.

Swinnen et al., 2003).

The synthesized fatty acids are then esterified to phospholipids and are
incorporated into the lipid membrane by the proliferating tumor (L. Liu et al., 2015;
X. Wu et al., 2014). Rysman et al. reported the protective function of the de novo
lipogenesis from lipid peroxidation and subsequent cell death due to endogenous
and exogenous stress like reactive oxygen species and chemotherapy drugs
(Willemarck et al., 2010). Supporting this biology, some reports claim that genetic
or pharmacologic inhibition of key fatty acid synthesis enzymes, including FASN,
ACC, and ACLY, produce anticancer effects in xenografted and cultured PCa cell

models (Beckers et al., 2007; Brusselmans, De Schrijver, Verhoeven, & Swinnen,
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2005; Hatzivassiliou et al., 2005; Kridel, Axelrod, Rozenkrantz, & Smith, 2004).
Inhibition of key enzymes disturbs the phospholipid composition of cellular
membrane and impacted on PCa progression. A recent study done by Scott and
colleagues has shown that inhibiting ACC1 activity by using the small molecule
TOFA reduces the formation of invadopodia and prevents invasion by the cancer
cells (Scott et al., 2012). Other studies have reported that lipid-lowering drug (e.g.
statins) have been associated with a reduced incidence of PCa, and in particular
advanced/aggressive tumours (Lehman, Lorenzo, Hernandez, & Wang, 2012;
Lustman, Nakar, Cohen, & Vinker, 2014). In addition, increase in the biochemical
recurrence free survival rate among statin users was reported in a large prospective
study (P. Tan et al., 2016). Similarly, patients with lower levels of circulating lipids
are less likely to have a high-grade tumor (Mondul, Clipp, Helzlsouer, & Platz,
2010), whereas higher total cholesterol levels are positively associated with risk of
PCa development (Kitahara et al., 2011). Moreover, recent reports have
demonstrated the evidence of more aggressive disease at diagnosis and a higher
rate of recurrence following surgery in obese men (Balaban, Lee, Schreuder, & Hoy,
2015; R. A. Taylor, Lo, Ascui, & Watt, 2015). High fat diet can induce lipid
accumulation in the prostate tumor which can promote metastasis in a Pten-null
mouse model of PCa (M. Chen et al., 2018). Taken together, these findings support

an essential role of lipid metabolism in the development and progression of PCa.

In parallel with lipogenesis, lipolysis has also been shown to be elevated in
multiple human cancers (Yue, Li, Lee, Lee, Shao, Song, Cheng, Masterson, Liu, &
Ratliff, 2014). Androgens have been found to have essential role in lipid
biosynthesis by stimulating the expression of genes encoding several enzymes
involved in lipid synthesis, binding, uptake, metabolism and transportation (Barfeld,
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Itkonen, Urbanucci, & Mills, 2014; Massie et al., 2011; J. Swinnen, P. P. Van
Veldhoven, M. Esquenet, W. Heyns, & G. Verhoeven, 1996; J. V. Swinnen et al.,
1997), including ACC, FASN, SCD, and ELOVLs (Butler et al., 2016; Massie et al.,
2011; Nelson et al., 2002; Ngan et al., 2009; J. V. Swinnen, P. P. Van Veldhoven,

M. Esquenet, W. Heyns, & G. Verhoeven, 1996).

1.4.2 Androgen and lipid uptake

Exogeneous lipid can be derived from dietary lipoproteins in the circulation,
which are hydrolyzed by lipoprotein lipase (LPL) to free fatty acids, or be released
by lipolysis from stores in local adipose tissue depots that comprises a major
component of the tumor microenvironment (Ribeiro et al., 2012). The increase in
the activities of LPL (Kuemmerle et al., 2011) and amplification of genes encoding
carnitine palmitoytransferase 1A (CPT1A), the rate limiting enzyme for the transport
of fatty acids in the mitochondria supports the active lipid uptake in PCa (Robinson
et al., 2015; Valentino et al., 2017). Besides, the prostate is gland is surrounded by
peri-prostatic adipose tissue which can supply ample amounts of fatty acids (Z. D.
Nassar et al., 2018; Watt et al., 2019) required for proliferation and invasion of PCa
(Tousignant et al., 2019; Watt et al., 2019). In line with this finding, a recent study
has demonstrated association of PCa cell migration with obesity. PCa cells co-
cultured with peri-prostatic derived adipocytes from obese mice showed enhanced
migratory properties compared with lean mice (Laurent et al., 2016) suggesting that
obesity induced secretory pattern of mature adipocytes plays an important role in

such migration.

AR signaling is generally considered to regulate lipolysis in the adipose
tissue (O’Reilly, House, & Tomlinson, 2014) and increase cellular uptake of
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exogenous lipids by PCa cell (Butler et al., 2016; Nieman, Romero, Van Houten, &
Lengyel, 2013). A recent study in cultured patient-derived prostate tumor explants,
PCa cells and spheroids has reported that exogeneous lipids are the major
contributor of lipid biosynthesis and 3-oxidation in PCa (Balaban et al., 2019). It is
also reported that AR-mediated induction of several lipid transporters in PCa cells
significantly increases cellular lipid uptake in AR-positive PCa cells (Tousignant et
al., 2019). Some of the examples that support androgen mediated lipid uptake are
i) expression of transport protein FABPpm in androgen-responsive PCa cells
(Pinthus et al., 2007) ii) increases in the expression of CD36 (transporter of
exogenous fatty acid into the cells) with DHT in PCa cells and abrogated by
antiandrogen (Enzalutamide) treatment (Tousignant et al., 2019). In addition, the
expression of those lipid transporters have been associated with PCa progression.
Watt and colleagues further demonstrated that blockade of CD36 reduces fatty acid
uptake, results in reduction of cancer-mediated lipogenesis and accumulation of
oncogenic lipid molecules required for signaling, finally reducing growth and
progression of PCa cells (LNCaP, PC3) and PDX derived from organoids (Watt et

al., 2019).

1.4.3 B-oxidation and prostate cancer

PCa cells differ from many other benign and normal cells, in that they
predominantly utilize fatty acids as energetic rather than glucose via beta-oxidation
(L. Liu et al., 2015; Y Liu, Zuckier, & Ghesani, 2010; X. Wu et al., 2014) . As the
energy demands within rapidly dividing cancer cells are much higher than that for

normal cells, PCa cells utilize fatty acids for ATP/ energy generation via 3-oxidation.
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Overexpression of CPT1 (rate limiting enzyme for mitochiondrial fatty acid
oxidation) in several cancers including PCa (Y. Liu, 2006; Q. Qu, Zeng, Liu, Wang,
& Deng, 2016; Schlaepfer et al., 2014) strengthen this phenomenon. In addition,
the intense overexpression of peroxisomal enzyme, a-methylacyl-CoA racemase
(AMACR) required for oxidation of branched chain fatty acids in PCa suggests that
fatty acid is a source of energy in PCa (Lloyd et al., 2013). Inhibition of fatty acid
oxidation targeting CPT1 by Etomoxir (irreversible chemical inhibitor) in PCa cells
(LNCaP and VCaP) suppressed the androgen mediated PCa cell growth
(Tennakoon et al., 2014). A recent study claims that the inhibition of mitochondrial
fatty acid oxidation causes toxic lipid accumulation leading to ER stress and
apoptosis/death of PCa cells (Schlaepfer et al., 2014). Thus, several lines of
compiling evidences show a crucial role of fatty acid oxidation in PCa cell survival
and driving oncogenic pathways associated with tumor progression and

metastasis(Park et al., 2016).
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Figure 1.13: A simplified diagram showing major altered lipid metabolic

pathway (yellow) in PCa. Created with BioRender.com

Not only is androgen signalling indispensable to prostate development and
function, it's a key driver for PCa initiation and progression. Increased AR activity is
associated with PCa development and progression to castration resistant prostate
cancer. There are compelling evidences that androgen regulates the major lipid
metabolism in PCa which play vital role in PCa growth and progression. Despite
these successes, very few AR target genes have been identified and characterized.
We believe that the aspect of AR function in lipid metabolic process is complex and
very little is currently known about how AR regulates the lipid metabolic process in
PCa. Therefore, this project will try to identify AR target lipid metabolic genes
through cistromic, transcriptomic and metabolomics approach in order to
understand the molecular mechanisms by which the AR regulates lipid metabolism
in PCa. We hypothesised that identifying AR-regulated genes and associated
signalling pathways, would be crucial to understanding its role in PCa metastasis

and progression.

As ADT therapy fails to treat metastatic PCa at this stage, the identification
and characterization of androgen-responsive lipid metabolic genes can potentially
lead to the discovery of novel biomarkers and approaches for PCa diagnosis and
treatment. Therefore, identification and characterization of androgen-responsive
genes can potentially lead to the discovery of novel biomarkers for PCa diagnosis
and approaches for better treatment options. Thus, the broad aim of the project is
to understand the underlying molecular mechanism by which AR regulates the lipid

metabolism.
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Another class of transcription factor, SREBPs, are masters regulator of lipid
homeostasis by controlling the expression of a range of enzymes required for
endogenous cholesterol, fatty acid, triacylglycerol and phospholipid synthesis (H.
V. Heemers, Verhoeven, & Swinnen, 2006). AR stimulates lipid metabolism
indirectly through activating SREBP (Johannes V Swinnen et al., 1997). A recent
study has reported extensive reprogramming of AR cistrome during PCa
transformation leading to the gain of large number of AR binding sites in prostate
tumour tissue as compared to non-malignant tissues influencing differential
expression of large number of gene in PCa tissue (Pomerantz et al., 2015). The
reprogramming of AR cistrome has been recapitulated in PCa cell lines (LNCaP
and VCaP cell) after activation of AR with R1881 (Massie et al., 2011; Pomerantz
et al., 2015). Massie et al integrated detailed genomic data with metabolomic
profiling and identified an anabolic transcriptional network regulating set of genes
expression that regulates the cellular processes in PCa cells (Massie et al., 2011).
Upregulation of lipid biosynthetic pathways (e.g., FASN and ACACA); glycolytic
pathway (e.g., GLUT1, HK1/2 and PFKFB2); cell-cycle regulators (e.g., CDC2 and
CDC25A); and master regulators of these metabolic processes (e.g., MTOR and
CAMKK?2) were identified as major transcriptional changes (Massie et al., 2011)
identifying AR as core regulator and lipid metabolic pathway as major downstream
target of AR signalling (Massie et al.,, 2011). In addition, recent study have
demonstrated that androgen induces mTOR relocalization to the nucleus to drive
androgen mediated metabolic reprogramming in PCa cells (Audet-Walsh et al.,
2017). Meanwhile, SREBP-1 is the downstream effector of AR/mTOR signalling
axis that maintains the balance between citrate consumption for ATP production

from mitochondria and substrate for FASN in the cytoplasm (Audet-Walsh et al.,
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2018), this suggests the expression of lipid metabolic genes might not be controlled
by a classical direct mechanism of androgen action, i.e. mediated by direct
interaction of the AR with AREs in the affected genes, but rather through an indirect

mechanism involving a common intermediary factor (Figure 1.15).
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Figure 1.15: Lipid metabolism regulated by AR through SREBP (Butler et al

2016)

Most of the previous studies have reported increased activities of both
transcription factors AR and SREBP-1 with increased common downstream targets.
Therefore, it is very essential to elucidate the role of AR, SREBP-1 and their
interplay to promote growth and progression of the PCa. Lipid metabolism may be
regulated in a complex manner by mutual interaction of SREBP-1 and AR to exert
their own functions more efficiently. Genome-wide analysis, in vitro, and in vivo
studies have demonstrated the multiple function of SREBPs in mediating various
cellular processes but very little knowledge exists regarding the molecular

mechanism of AR and SREBP-1 interplay and regulation of lipid metabolomic genes
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and the identification of the commonalities could possibly identify a novel target that

could be more effective in a drug-resistant context in the treatment of PCa.

Nevertheless, AR signalling is also believed to regulate lipid metabolism via
interplay with various other transcription factors besides SREBPSs, including
peroxisome proliferator-activated receptor gamma (PPARYy) and signal transducer
and activator of transcription-3 (STAT3). Furthermore, increased AR activity has
been associated with the activities of these transcriptional factors, but in most
cases, the mechanisms underlying the interplay are not clear (Audet-Walsh et al.,
2018). Thus androgen may co-ordinately stimulate the expression of battery of lipid

metabolic genes.
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1.5 Hypothesis and aims:

The specific aims of this project were as follow
Aim 1: Identify novel AR-regulated genes involved in regulating the lipidome.

Aim 2: Evaluate the consequences of AR-mediated regulation of lipid-related

genes on PCa growth and progression

Aim 3: Elucidate how transcription factors SREBP-1 cooperate AR function to

regulate genes involved in lipid metabolism
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CHAPTER 2: MATERIALS AND METHODS
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2 Materials and methods

2.1 Materials

Table 2.1: Common chemicals and reagents

Reagent Supplier Catalogue #
1kb gene ladder 17AAG Thermo Fisher National SMO0313
Cancer Inst. Cole Parmer
100 bp DNA ladder New England Biolabs N3231S
Agarose, analytical grade Sigma Aldrich A6013
Bradford assay reagent BioRad 500-0006
BSA (bovine serum albumin) Sigma Aldrich A9647
Chloroform Sigma Aldrich C2432
Cover slips HD Scientific Supplies | -----------
Criterion precast gel (4-12%) BioRad 567-1084
DMSO (dimethyl sulfoxide) BDG Laboratory Supplies | D2650
DynaBeads Invitrogen 112.03D
Eosin Australian Biostain P/L AEPA
Ethanol, general use Chem Supply EA061
Ethanol, molecular grade Sigma Aldrich E7023
FBS (fetal bovine serum) Sigma Aldrich 12003C
Formaldehyde Chem Supply FAO010
Haematoxylin Australian Biostain P/L AHLMA
Inactivation buffer (supplied _
with Turbo free) Ambion Inc. AM1907
iScirpt cDNA synthesis kit BioRad 170-8891
iIQ SYBR Green Supermix BioRad 170-8885
Lipofectamine 2000 Invitrogen 11668-019
Matrigel Corning Scientific BD 354234
Methanol Chem Supply MAO004
Nitrocellulose membrane (0.4 BioRad 1620115
Hm)
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Nuclear free water Ambion Inc. AM9937
PBS (phosphate buffered ' .

saline) Sigma Aldrich D8537
Ponceau S Sigma Aldrich P3504
Propidium lodide Sigma Aldrich P4864
QIAquick Plasmid Midiprep Kit | QIAGEN 12143
QIAquick Plasmid Miniprep Kit | QIAGEN 27106
Restriction Digest enzymnes _

and buffer New England Biolabs | -----------
RPMI 1640 liquid media Sigma Aldrich R8758
SDS (sodium dodecyl _ _

sulphate) Sigma Aldrich 75746
SiRNA ACSM1- 1 Ambion s12458
SIRNA ACSM1- 2 Ambion s$12459
SiRNA ACSM1- 3 Ambion s12460
SiRNA ACSM3- 1 Ambion s41984
SIRNA ACSM3- 2 Ambion 41985
SiRNA ACSM3- 3 Ambion s41986
SiRNA AR Ambion 16858
Skim milk powder ColesBrand |-
Triton-X 100 Sigma Aldrich T8787
TRIZOL Reagent Sigma Aldrich T9424
Trypsin EDTA solution Sigma Aldrich T4049
Tween 20 Sigma Aldrich P7949
Lipofectamine RNAiIMax Thermo Fisher Scientific 13778150
Optimem Thermo Fisher Scientific 31985070
Lipoic acid Sigma Aldrich

Oleic acid Sigma Aldrich

Octanoic acid Sigma Aldrich 24892539
Lauric acid Sigma Aldrich 24901204
Decanoic acid Sigma Aldrich
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Ferrostatin-1 Sigma Aldrich Cat#:SML0583
Deferoxamine Sigma Aldrich Cat#: D9533
NAC Sigma Aldrich

Trolox Sapphire Bioscience; Redfern, NSW, AUS
Erastin Sigma Aldrich Cat#: E7781
ML210 Tocris Bioscience Cat#: 6429
FIN56 Tocris Bioscience Cat#: 6280
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Table 2.2: mRNA Primers

Primer Sequence Use

AR_exonl_2 F CCACTTGTGTCAAAAGCGAAAT gRT-PCR
AR _exonl 2 R ATAGTCAATGGGCAAAACATGG | gRT-PCR
ACACA_MmRNA_F—-setl | TTCACTCCACCTTGTCAGCGGA gRT-PCR
ACACA_mRNA_R —-set1l | GTCAGAGAAGCAGCCCATCACT gRT-PCR
ACACA_MmRNA_F —set2 | TCCACTTGGCTGAGCGATTG gRT-PCR
ACACA _mRNA R —set2 | CAAGTCAGCAAACTGCACGG gqRT-PCR
ACSM1_mRNA_F CTGCTCTACGAGAACTATGGGC gRT-PCR
ACSM1_mRNA_R CTGTGTTAGGTGGCAGGATGCT gRT-PCR
ACSM1_mRNA_F —set 2 | CCAGGAAGTAGGAAATTACG gRT-PCR
ACSM1_mRNA_R —set2 | GGGTATTTCAACAATGTCTG gRT-PCR
ACSM2A_mRNA_F CAGAAGGAGACATTGGCATCAGG | gRT-PCR
ACSM2A_mRNA_R AGTCTCCTCGAATGTTGGCTGC gRT-PCR
ACSM2B_mRNA_F CAGAAGGAGACATTGGCATCAGG | gRT-PCR
ACSM2B_mRNA_R AGTCTCCTCGAATGTTGGCTGC gRT-PCR
ACSM3_mRNA _F CTGGGCAAAGTCTGCATGGAGT gRT-PCR
ACSM3_mRNA_R AGTTGGTGCTGAACAGAAGACTG | gqRT-PCR
ACSM3_mRNA_F —set 2 | GGACAGACTGAAACGGTGCT gRT-PCR
ACSM3_mRNA R —set 2 | GCCAAATGGTCGGTTGGGTA gRT-PCR
ACSM4_mRNA_F GTTCACCCTCTGCGGAAGGTAT gRT-PCR
ACSM4_mRNA_R GCCAGGAAGAAAACACACTGCC | gRT-PCR
ACSM5_mRNA _F CCATCTTTCGGCTGCTTGTGCA gRT-PCR
ACSM5_mRNA_R CAGTCTGGTGTTTCCACTTCTCC | gRT-PCR
FASN_mRNA_F TCTCCGACTCTGGCAGCTT gRT-PCR
FASN_mRNA_R GCTCCAGCCTCGCTCTC gRT-PCR
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GADPH_R GGCATGGACTGTGGTCATGAG gRT-PCR
GAPDH_F TGCACCACCAACTGCTTAGC gRT-PCR
HMGCR_mRNA_F GACGTGAACCTATGCTGGTCAG | gRT-PCR
HMGCR_mRNA_R GGTATCTGTTTCAGCCACTAAGG | gRT-PCR
HMGCS1_mRNA_F AAGTCACACAAGATGCTACACCG | gRT-PCR
HMGCS1_mRNA_R TCAGCGAAGACATCTGGTGCCA | gRT-PCR
KLK3_F CAGAGGAGTTCTTGACCCCAA gRT-PCR
KLK3_R ACAGCATGAACTTGGTCACCTT gRT-PCR
LDLR_mRNA_F GAATCTACTGGTCTGACCTGTCC | gRT-PCR
LDLR_mRNA_R GGTCCAGTAGATGTTGCTGTGG | gRT-PCR
SCD_mRNA_F CCTGGTTTCACTTGGAGCTGTG gRT-PCR
SCD_mRNA_R TGTGGTGAAGTTGATGTGCCAGC | gRT-PCR
Table 2.3: ChIP Primers

Primer Sequence Use
ACACA_Peak_1_ChIP_F ACCAGTCCTGGGTAGGAACA ChIP PCR
ACACA Peak_1 ChIP_R ACACTGGAGGAGAGCTGTTG ChIP PCR
ACACA_Peak_2_ChIP_F GGCCAAGAGGTCTGGGAAAT ChIP PCR
ACACA_Peak_2_ChIP_R GCTGAGGCCAATAAAACCGC ChIP PCR
ACACA_Peak_3_ChIP_F CCCCTTCCTCGTGTTTGATA ChIP PCR
ACACA_Peak_3_ChIP_R AGAGCTGTATGCCTGGAGGA ChiP PCR
ACACA_Peak_4 ChIP_F CCCTCAGCAAAGGAGTACCA ChIP PCR
ACACA_Peak_4 ChIP_R GAGCTTCTTCCCTTCCCCTA ChIP PCR
ACACA _Peak 5 _ChIP_F TCAGAGCCCTTCCTGAGTGA ChiP PCR
ACACA_Peak 5 ChIP_R GTCTATCACTGGGGTTCAAGACA | ChIP PCR
ACSM1/3 Peak 1 _ChIP_F | TGGTAGAGCAACTCGCCTTT ChIP PCR
ACSM1/3 Peak_1 ChIP_R | TATGATTGGCCCAGCTTAGG ChiP PCR
ACSM1/3_Peak 2_ChIP_F | AACAACACGGGCTCAAATTC ChIP PCR
ACSM1/3 Peak 2_ChIP_R | TACTTGTCCGTGCTGAATGC ChIP PCR
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ACSM1/3_Peak_4_ChIP_F | CAGCCTCACGAAAGCCAGAAA | ChIP PCR
ACSM1/3_Peak_4_ChIP_R | TTAGCCCTGGGAAGAACTTGTG | ChIP PCR
ACSM1/3_Peak 5 ChIP_F | AGGCTCACCAACTGTGGACT ChIP PCR
ACSM1/3_Peak 5 ChIP_R | AACTGGTTTTGGCAGGTTTG ChIP PCR
FASN_2_ChIP_F GCTGCTCGTACCTGGTGAG ChIP PCR
FASN_2_ChIP_R GATGGCCGCGGTTTAAATA ChIP PCR
FASN_ChIP_F GAGAGCGGAGGATGAGGAG ChIP PCR
FASN_ChIP_R TAGAGGGAGCCAGAGAGACG ChIP PCR
FASN_PCa_ChIP_F TGGACTGTAACGTTCCCTGC ChIP PCR
FASN_Pca_ChIP_R ACCCAGGGCTTTCGTTCATT ChIP PCR
HMGCR_ChIP_F CTCTCCCGCGCTAGTAACTG ChIP PCR
HMGCR_ChIP_R ACTAGGGCCTGCCTATTGGT ChIP PCR
HMGCS1_2_ChIP_F TAGTCAAGGACACCGCCTCT ChIP PCR
HMGCS1_2_ChIP_R TATAAAGCTGGTGGCGAAGG ChIP PCR
HMGCS1_ChIP_F AGAGGCGGGGACAAAGTCT ChIP PCR
HMGCS1_ChIP_R CCCGCATCTCCTCTCACTTA ChIP PCR
KLK3_ChIP(Prom)_F GCCTGGATCTGAGAGAGATATCATC | ChIP PCR
KLK3_ChIP(Prom)_R ACACCTTTTTTTTTCTGGATTGTTG | ChIP PCR
LDLR_P1_ChIP_F ATGCGTTTCCAATTTTGAGG ChIP PCR
LDLR_P1_ChIP_R ACCTCACTGCAAGAGGAGGA ChlP PCR
LDLR_P2_ChIP_F CCGGGACCCTCTCTTCTAAC ChlP PCR
LDLR_P2_ChIP_R GACTGCACCCAACTCAGGAT ChIP PCR
LDLR_PCa_ChIP_F CGATGTCACATCGGCCGTTCG | ChIP PCR
LDLR_PCa_ChIP_R CACGACCTGCTGTGTCCTAGCT | ChIP PCR
NC2_F GTGAGTGCCCAGTTAGAGCATCTA | ChIP PCR
NC2_R GGAACCAGTGGGTCTTGAAGTG ChIP PCR
SCD_ChIP_F TGGAAGAGAAGCTGAGAAGG ChlP PCR
SCD_ChIP_R TTCTGTAAACTCCGGCTCGT ChIP PCR

56



Table 2.4: Antibodies

Primary antibody Secondary | Catalogue No. Company

AR (ChIP grade) Rabbit ER179, Ab108341 | Abcam

AR Rabbit N20, SC-816 Santa Cruz Bio.
ACSM1 Rabbit SAB1301678 Sigma-Aldrich
ACSM3 Mouse sc-377173 (G8) Santa Cruz
Actin; beta Mouse AC-15, Ab6376 Abcam
Anti-lipoic acid Rabbit ab58724 Abcam
a-Tubulin Mouse 05-829 Millipore

DLAT Mouse 12362S Cell Signalling Tech
DLST Rabbit 11954S Cell Signalling Tech
GAPDH Mouse MAB374, Millipore

GPX4 Rabbit ab41787 Abcam

Lipoic acid Abcam Rabbit Abcam

MDA Rabbit ab6463 Abcam
SREBP-1 Rabbit H160, sc8984 Santa Cruz
SREBP-1 Mouse E4, sc17755 Santa Cruz
SREBP-1 Mouse 2A4, sc13551 Santa Cruz
SREBP-1 (ChIP grade) | Mouse 2A4, sc13551 Santa Cruz
Secondary antibody Source Catalogue No. Company
Immunoglobulins,

biotinylated: Anti-Mouse Goat =0433 PAKO
Immunoglobulins, Goat £0432 DAKO

biotinylated: Anti-Rabbit
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Table 2.5: Reagents for metabolomics experiment

Reagents Supplier Product code
Methanol (LC Grade for metabolomics) Thermo FSBA456-
Optima, 1L, CAS No. 67-56-1 Fisher 1/Each
Chloroform GR for analysis Merck 1024421000
Water for chromatography LiChrosolv® - 11 | Merck 1153331000
Nunclon Multidishes - 6 well plate, Poly-D- _

. Sigma Z720798-20EA
lysine coated
MES Sodium Salt Sigma M3885-25G
(1S)-(+)-10-Camphorsulfonic acid Sigma C2107-5G
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2.2 Methods

2.2.1 Cell culture

2.2.1.1 Maintaining and Passaging Cells

The human PCa cells lines LNCaP, 22Rv1, VCaP, were obtained from American
Type Culture Collection (ATCC). Cell Bank Australia performed verification of all
cells lines in 2010 and 2016 via short-tandem repeat profiling. LNCaP, 22Rv1, V16D
and MR49F cells were maintained in RPMI-1640 containing 10% FBS; the media
for growth of MR49F cells was additionally supplemented with 20uM enzalutamide.
VCaP cells were maintained in Dulbecco’s Modified Eagles’s medium (DMEM)
containing 10% FBS, 1% sodium pyruvate, 1% MEM non-essential amino acids,

and 0.1 nM 5a-dihydrotestosterone (DHT).

To prepare cells for storage in liquid nitrogen, fully confluent T75 flasks were
collected using trypsin followed by centrifugation at 450 rcf for 5 minutes. Cell
pellets were resuspended in 1.5 mL of cells line specific media and 1.5 mL of
freezing mix (40% DMSO, 40% FBS, 20% culture) media on ice. One mL of cell:
freeze mix suspension was added to each cryovial, labelled approximately and
placed in isopropanol filled Mr. Frosty freezing container at -80°C. Once cells were

adequately frozen they were transferred to liquid nitrogen for long term storage.

Human PCa cell lines obtained from liquid nitrogen stores were thawed quickly by
gentle agitation in a 37°C water bath then missed with 9mL cell line specific culture
medium. Cells were centrifuged at 450 rcf for 5 minutes and pellets were

resuspended in 10 mL cell line specific culture media and placed directly into a T25
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flask overnight at 37°C with 5% CO2. Cells were passaged to a T75 flask the

following day and were then passaged a second time prior to use in experiments.

2.2.1.2 Charcoal Stripping of Foetal Calf Serum

50 mL of dextran coated charcoal (DCC) per 50 mL falcon tube was centrifuged at
3200 rcf for 30 minutes and supernatant was discarded. 50 mL of FCS was added
to each charcoal pellet and tubes were incubated for 2 h with rotation at room
temperature (r.t) to adsorb steroids from the FBS. Tubes were then centrifuged at
3200 rcf for 30 minutes and the supernatants were transferred to fresh 50 mL tubes
with charcoal pellets prepared as above. The incubation and centrifugation steps
were repeated and the supernatants were combined, filter sterilised and stored at -

20°C.

2.2.2 Preparation of Steroid Stocks

DHT stocks (102 M) were prepared in 100% EtOH and stored at -20°C in glass
vials. DHT was diluted further in specific culture medium as required for use in

experiments.

2.2.3 Preparation of Enzalutamide stock

Enz stocks (50mM) were prepared in 100% DMSO and stored at -20°C in glass
vials. ENZ was diluted further in specific culture medium as required for use in

experiments.
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2.2.4 Trypan blue exclusion test of cell viability

Cell viability is calculated as the number of viable cells divided by the total number
of cells within the grids on the haemocytometer. If cells take up trypan blue they are
considered non-viable. First, using a haemocytometer, the cells density of the cell
line suspension was determined. Second, 20uL of trypan blue stock solution was
added to 20 pL of cell suspension and loaded on a haemocytometer to examine the
cells under microscope, immediately. Finally, the number of blue stained cells and

the total number of cells are counted into the following formula.

%viable cells= [1.0-(Number of blue cells + Number of total cells)] X 100

2.2.5 Cell line transfection

The human ACSM1 and ACSM3 Silencer® Select Pre-designed small interfering
RNAs (siRNAs) and control siRNA were purchased from by Ambion® by Life
Technologies. Three siRNA were tested for ACSM1 and ACSM3 and the most two
effective were selected for our experimentation: SIACSM1-1 (s41984), siACSM1-2
(s41985), SIACSM3 (s12459) and siIACSM3 (s12460). The siRNAs at a
concentration of 10nM were reverse transfected using Lipofectamine RNAIMAX
transfection reagent (Invitrogen) according to the manufacturer’s protocol. ACSM1

and ACSM3 downregulation was confirmed on mRNA and protein levels.
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2.3 Organoid culture

2.2.4.1 Reviving, maintaining, passaging and freezing of organoids

The organoid cell lines 201.1 Dura representing prostate adenocarcinoma was
obtained from the Melbourne Urology Research Alliance (MURAL) and are
described in (Lawrence et al. 2018). Organoid cell line was generated from patient
derived xenografts (PDX) of CRPC metastases from rapid autopsy specimens. The
201.1 Dura line was derived from metastases in the dura matter (Lawrence et al.

2018).

201.1 Dura cells were seeded in growth factor reduced, phenol red-free, LDEV-free
Matrigel (Corning). 201.1 organoids were cultured in advanced DMEM/F-12 media
(Gibco) containing 0.1ml Primocin (Invivogen), 2 mM Glutamax (Sigma), 10mM
HEPES (Sigma), 1nM DHT (Sigma), 1.25mM N-acetylcysteine (Sigma), 5nM NRG1
HeregulinB-1 (Peprotech), 500 nM A83-01, 10 mM nicotinamide (Sigma), 10uM
SB202190 (Sigma), 2% B27 (Thermo), 10ng/ml FGF10 (Peprotech), 5Sng/ml FGF2
(Peprotech), 1uM prostaglandin E2 (Tocris), 10% noggin conditioned media and
10% R-spondin conditioned media. 10pM Y-27632 dihydrochloride (Selleck
Chemicals) was added to culture medium during organoid establishment and

following passage.

For revival, frozen vials were thawed in a 37°C water bath. Cell suspension was
centrifuged at 1200rpm for 4 minutes, pellet was washed with organoid culture
media. Pellets were resuspended in growth factor reduced Matrigel (Corning) at a
concentration of 100,000-50,000 cells per 30ul of Matrigel in 24 well plates. Plates

were inverted at 37°C for 15 minutes to allow Matrigel to solidify, then overlaid with

62



500mL of human organoid culture medium containing 10uM Y27632. Media was

replaced every 3-4 days.

At the time of passage, organoids were washed in PBS, 250pl of TrypLE (GIBCO)
was added and Matrigel broken up by pipetting. Plates were incubated at 37°C for
5 minutes. Once the Matrigel was digested, the cells were transferred to 1.5ml

Eppendorf tubes and centrifuged to form a pellet, washed and reseeded in Matrigel.

For freezing organoids, cells were digested out of Matrigel as described above and
pelleted. Pellets were resuspended in freezing media (90% human organoid culture
medium containing 10uM Y27632, 10% DMSO). 1ml of suspension was added to
each labelled cryo-vial, and placed in an isopropanol filled freezing container at -

80°C. Cells were transferred to liquid nitrogen once frozen.

2.3.1 Organoid transfection

Organoid transfections were carried out as described (Broutier et al. 2016).
Organoid cells were digested out of Matrigel discs as described above, counted and
resuspended to an appropriate concentration in 450ul of organoid culture media.
The transfection mix was prepared by adding 25ul of Opti-MEM per tube to two
1.5ml microcentrifuge tubes for each transfection condition. 6.25ul of siRNA at
20mM (for a final concentration of 250nM) was added to one of the tubes and 1.5pl
of RNAIMAX reagent to the other tube and incubated at room temperature (RT) for
5 minutes. The contents of the two tubes were mixed together and incubated at RT
for a further 5-15 minutes. 50pl of the transfection mixture was added to 450ul of

single cell suspension and centrifuged in a pre-warmed centrifuge at 32°C, 600g for
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1h. Cells were then incubated in a tissue culture incubator at 37°C for 4h. Cells
were collected in a 1.5ml centrifuge tube and centrifuged at 1200rpm for 5 minutes
at RT. Pellet was resuspended in 90ul Matrigel and seeded out in 30ul Matrigel
discs. Plates were inverted at 37°C for 15 minutes to allow Matrigel to solidify, then

overlaid with 500mL of human organoid culture medium.

Organoid forming efficiency was assessed as described previously (Lawrence et al.
2018). At seven days post transfection, 25 sets of images were taken per treatment.
Images were taken at different depths in order to get all the organoids for each field
of view. Number of organoids per ym? was determined by manually counting
number of organoids from each field of view and dividing by area. Images of the
Matrigel disc were taken at 2x magnification with scale bar and diameter was
estimated using measure function in ImageJ. Average number of organoids per
Mm2 was multiplied by area of disc to estimate average number of organoids per
disc. Organoid forming efficiency was calculated as average number of organoids

divided by number of cells originally seeded.

2.3.2 Organoid viability using Cell Titer-Glo

Organoid cells were transfected as described above. Briefly, organoid were
collected and 50,000 cells were resuspended in 450ul of organoid culture media
and 50yl of transfection mix containing RNAIMAX with 50, 100, 250 and 500nM
SIACSM1/3 or siControl. Cells were centrifuged in a pre-warmed centrifuge at 32°C,
600g for 1h. After centrifuging, cells were incubated in a tissue culture incubator at
37°C for 2-4 hrs and then collected in 1.5ml centrifuge tubes by centrifugation at
300 g for 5 minutes at room temperature. Cell pellets were resuspended in 5 pl
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Matrigel and seeded out in 10yl matrigel discs in 96-well plates. Plates were
inverted and incubated at 37°C for 15 minutes to allow Matrigel to solidify, then

overlaid with 100uL of organoid culture medium.

Organoid viability was assessed at 7 days post-transfection using the Cell Titer-
Glo® Luminescent Cell Viability Assay kit (Promega). Media was removed from
wells and 70pl fresh media was added to each well. 80pl of Cell Titer-Glo reagent
was added to each well and contents of the well were mixed by pipetting up and
down several times. Plate was wrapped in foil and contents were then mixed on an
orbital shaker for 5 minutes. The plate was incubated at room temperature for 25

minutes. Luminescence was measured using a BMG Lumistar Optima luminometer.
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2.4 \Western blotting

2.4.1 Preparation of cell lysates:

Cells were washed with 1x PBS and removed from culture plates by scraping in 100
ML RIPA lysis buffer per well of a 6-well plate. Cell lysates were centrifuged for 10
minutes at 10000 rcf at 4°C and supernatant containing protein was collected and

stored at -80°C.

2.4.2 Cellular Fractionation

Cells were plated in 10 cm plates [1x10° cells per plate] in cell-line specific medium
overnight at 37°C and 5% CO2 prior to undergoing the indicated treatment. Cells
were collected using trypsin and an equal number of cells were collected from each
sample. One half of the cells was resuspended in 100 uL lysis buffer 1 (LB1: 50 mM
Hepes-KOH pH7.5,140 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% NP-40. 0.25%
TX-100) containing protease inhibitor cocktail (Sigma) and kept for whole cell lysate.
The other half of each sample was processed through a series of lysis/centrifugation
steps to separate cytoplasmic and nuclear fractions. First, cells were resuspended
in 100 L of LB1 containing protease inhibitor cocktail (Sigma) and centrifuged at
9300 rcf for 10 s. The supernatant from this step was kept as the cytoplasmic
fraction. Remaining pellets were washed in 1 mL of LB2 (10 mM Tris-HCI pH 8.0,
200 mM NacCl, 1 mM EDTA, 0.5 mM EGTA) containing protease inhibitor cocktail
(Sigma), centrifuged and resulting supernatant was discarded. The nuclear pellets
were resuspended in 100 yL LB3 (10mM Tris-HCI pH8.0, 100mM NaCl, 1mM
EDTA, 0.5mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine) containing

protease inhibitor cocktail (Sigma Aldrich). Both nuclear and whole cell fractions
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were sonicated on high (Diagenode Life Research Bioruptor Millenium 3 XD10) 10
times for 30 s with 1 minute rest on ice between sets to extract nuclear proteins.
Samples were centrifuged at 15700 rcf for 10 minutes and protein supernatant was

collected then frozen for later analysis by 4-15% criterion gel and western blot.

2.4.3 Bradford Assay

Total protein concentration of cell lysates was determined via Bradford assay.
Microtiter plates were set up as follows in clear, untreated, flat bottomed 96 well
microtiter plates with lids (Cole Parmer, Cat no: KH-01728-01). “S” indicates
standard and subscript numbers indicate pyl of 1 mg/mL BSA added to each
standard well and (A-H) letters indicate samples in duplicate sample wells to which
1 ul of sample was added per well. 20% Bradford reagent was added to every well
to a total volume of 200 ul. The plate was mixed and incubated at RT for 5 minutes

before being read at 595 nm on a PolarStar microplate reader.

2.2.4.3. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-

PAGE)

BioRad precast SDS-PAGE gels were run using 20 ug of total protein per well
unless indicated otherwise. Protein lysates were mixed 5:1 with 6x load dye and
heated at 95°C for 5 minutes prior to gel loading. The SDS-PAGE running apparatus
was filled with 1x SDS-running buffer (BioRad). To examine fibronectin expression,
protein lysates were run on 4-15% gradient gels at constant voltage (80 V) for 15
minutes followed by 150 V for 2h. To detect all other proteins, lysates were run on

10% or 4 — 12% gels at constant voltage (120 V) for 90 minutes.
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2.4.4 Western transfer and Immunoblot

Proteins were transferred from SDS-PAGE gel to nitrocellulose membrane using a
BioRad transfer apparatus (miniPROTEAN®Tetra Cell or Criterion™ Cell) filled with
1x Transfer Buffer. Transfer of proteins from SDS-PAGE gel to nitrocellulose
membrane was run using a BioRad Criterion™ Blotter at constant amperage (400
mA) for 60 minutes. Nitrocellulose membranes were then blocked for 60 minutes or
overnight at 4°C on a rocking tray using 3% skim milk powder or 3% Bovine Serum
Albumin (BSA) dissolved in 1x TBST. Membranes were probed using primary and
HRP-conjugated secondary antibodies as indicated in table 2.4. HRP-conjugates
were detected using ECL solution and imaged on a BioRad Chemidoc MP imaging
system and processed using Image Lab Software. Densitometry analysis of the

protein expression was normalized with loading control and compared.
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Table 2.6: Western blot buffers

Buffer Name

Buffer Components

Loading Buffer (6x) for western blot

0.27M Tris base
10.3% SDS

35% Glycerol

6% PB-mercaptoethanol

0.05% bromophenol blue

RIPA (Radioimmunoprecipitation assay)

Buffer

10 mM Tris base

150 mM NacCl

1 mMEDTA

1% Triton X-100

Volume to 500 mL with water

pH 7.4

Running Buffer (10x)

77.5 g Tris base
360 g Glycine
25 g SDS

Volume to 2.5 L with water

TBS (Tris-buffered saline) (10x)

151.5 g Tris base
219 g NaCl
Volume to 2.5 L with water

pH 7.4

TBST (Tris-buffered saline, 0.1% Tween 20)

(1x)

2.5 mL Tween20

250 mL 10x TBS

Volume to 2.5 L with water
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Transfer Buffer (10x)

77.5 g Tris base
360 g Glycine

Volume to 2.5 L with water

Ponceau S Stain

2 g Ponceau S
30 g Trichloracetic Acid
30 g Sulfosalycylic Acid

Volume to 100 mL with water

Tris-HCI, pH 6.5, 7.5, 8.1

121.1 g Tris

Volume to 800 mL with water
pH to desired level with
concentrated HCI

Volume to 1 L with water
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2.5 Quantitative polymerase chain reaction (RT-gPCR)

2.5.1 RNA isolation

PCa cell lines are plated in 6-well plates at 1X10° cells per well in 2 mL of growth
medium as specified in section 2.2.1.1. and incubated at 37°C and 5% CO: for 24
hrs to adhere to culture plates. The cells were treated with different drugs/steroids
and transfection of siRNA to knockdown different genes as per the experimental

plan.

Cells were washed with 1x PBS and collected using 1.0 mL Trizol per well.
Chloroform isolation and isopropanol precipitation were used to extract RNA from
cell lysates. Trizol samples were mixed with 200 ul of chloroform and shaken
vigorously for 15 s then left to incubate for 3 minutes at RT. Samples were then
centrifuged at 12000 rcf at 4°C for 15 minutes and the clear aqueous layer was
collected, taking care not to disrupt the interphase layer (which contains DNA). The
aqueous layer was mixed with 500 pl isopropanol, mixed and incubated for 10
minutes at RT. RNA was pelleted by centrifugation at 12000 rcf at 4°C for 10
minutes, washed in 75% EtOH and resuspended and dissolved in RT-PCR grade
water. RNA concentrations were determined by spectrophotometry using a Thermo

Scientific NanoDrop 2000.

2.5.2 DNase treatment

RNA samples were DNase treated using TURBO DNA-free™ DNase Treatment
kits (Ambion cat#AM1907). RNA (1 to 2 pg) was diluted in RNase free water to a
total volume of 44 ul, gently mixed with 5 pl of 10xTurbo DNAse Buffer with 1 pl
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TURBO DNasefree and incubated at 37°C for 30 minutes. 5 ul of DNase inactivation
reagent was gently mixed into each sample and repeatedly mixed 2 to 3 times over
an incubation period of 5 minutes at RT. Inactivation reagent was removed by
centrifugation of samples at 10000 rcf for 1.5 minutes and subsequent collection of
supernatant being sure not to disrupt inactivation reagent. To ensure thorough
mixing, samples were incubated at 55°C for 10 minutes, flicking twice or thrice

during this time. RNA concentrations were determined using Nanodrop.

2.5.3 Reverse Transcription

Reverse transcription of RNA samples was performed following DNase treatment
using iScript™ Reverse Transcription kits. RNA (1000 ng) was prepared in a 1:5
mix with iScript master mix, including one control containing all products except
reverse transcriptase and a second control containing all products except RNA.
RNA-iScript samples were incubated at RT for 5 minutes, 42°C for 30 minutes and

85°C for 5 minutes. Resultant cDNA samples were diluted 1:5 and stored at -20°C.

2.2.5.4 Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-

PCR)

RNA expression was examined via gRT-PCR using a BioRad C1000 Thermal
Cycler and CFX384™ Real-Time System. RNA expression of target genes was
measured and expression was expressed relative to reference genes as indicated.
Samples were prepared by mixing 0.5 ul forward primer (5 pmol per ul), 0.5 pl
reverse primer (5 pmol per pl), 5 yl iQ SYBR Green Supermix, 2 ul RNase free

water, and 2 pyl cDNA. Three biological and three technical replicates were
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performed for all reactions. gRT-PCR reaction followed 3 minutes 95°C x1 followed
by 40x 15 sec 95°C, 15 sec 55°C, 30 sec 72°C and finally 1 minute 95°C x1, 1
minute 55°C x1 and 70x 10 sec 60°C. Data were analysed using CFX Manager

Software Version 3.0 (Bio-Rad Laboratories, Inc.).

2.6 Immunohistochemistry

2.6.1 Preparation of sections

Paraffin embedded human PCa sections (3 ym) were cut using a microtome and
collected on Superfrost Ultra-plus slides. Slides were placed on a heating block at
62°C for a minimum of 2 hrs prior to beginning the staining procedure. Slides were
de-waxed in three 5 minutes washes of 100% xylene. Xylene was cleared by
dipping slides 10 times each in 3 pots of 100% EtOH, then the slides were
rehydrated and stained for haematoxylin/eosin (H&E) or immunohistochemistry

using primary antibodies directed at specific proteins of interest.

2.6.2 Haematoxyllin and Eosin (H&E) staining

For H&E staining, slides were washed for 2 minutes in running tap water, stained
for 4 minutes in 1:2 Haematoxylin then rinsed in running tap water for 2 minutes or
until the water ran clear. Slides were differentiated with 0.3% acid alcohol by dipping
into the solution twice. Slides were again rinsed in running tap water for 3 minutes,
counterstained with Eosin for 1 minute and rinsed one final time in running tap water

until the water ran clear. Finally, slides were dehydrated and cleared in ethanol by
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dipping 10 times each in 3 separate pots followed by 3 times 5 minutes incubation
in Xylene and coverslips were sealed using DPX mounting media. Scanning of all
slides was completed using a Nanozoomer digital slide scanner (Hamamatsu).

Images were viewed with NDPview software.

2.6.3 Immunohistochemistry

Slides were washed twice for 3 minutes in PBS then endogenous peroxidase

activity was blocked with 0.3% H,O, for 5 minutes. Antigen retrieval was completed

in citrate buffer (0.525 g in 250 mL RO-water, pH 6.5) using a Biocare Medical
Decloaking Chamber V3.7.2.2 for 15 minutes at 95°C and 2.5 psi. Slides were then
blocked in 5% goat serum for 30 min at RT, and incubated with primary antibody as
indicated overnight at 4°C. Secondary biotinylated antibody was added to slides at
a dilution of 1:400 in blocking solution for 1 hr at RT followed by HRP-strepdavidin

at 1:500 for 1 hr at RT. Freshly mixed DAB: H,0, was added to slides for exactly 6

minutes. Slides were counterstained in fresh 1:5 haematoxylin for 1.5 minute. Slides
were dehydrated and cleared in ethanol by dipping 10 times each in 3 separate pots
followed by 3 times 5 minutes incubation in xylene. Coverslips were sealed using
DPX. Scanning of all slides was completed using a Nanozoomer digital slide
scanner (Hamamatsu). Images were viewed with NDP view software and quantified
using ALLRED score (Choudhury, Yagle, Swanson, Krohn, & Rajendran, 2010)

compared and correlated with different proteins.
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2.6.3.1 Scoring System

Semi-quantitative system that takes into consideration the proportion of positive
cells and staining intensity was performed following the ALLRED scoring system
guidelines. To obtain the final scores, individual scores of the percentage of positive
cancer cell nuclei (0-5) and the staining intensity (0—3) The proportion and intensity
were then summed to produce total scores of 0 to 8 (Choudhury et al., 2010; Collins,

Botero, & Schnitt, 2005).

Proportion
Score
(PS) 0 1 » 2 *3 » 4 » 5 »
> 0to Vi > Yoo to Vio stato s >Yito % >¥H o1

'"é‘:';ie'v Total Score (TS) = PS + IS
L _negative _weak Intermediate

Figure 2.1: Allred scoring system for androgen receptor/ACSM1/ACSM3

scoring
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Figure 2.2: ALLRED intensity score references (AR staining prostate

progression TMA)
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Intensity 1 Intensity 2 Intensity 3

Figure 2.3: ALLRED intensity score references (ACSM1 staining prostate

progression TMA)

Intensity 1 Intensity 2 Intensity 3

Figure 2.4. ALLRED intensity score references (ACSM3 staining prostate

progression TMA)
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2.7 Androgen Receptor Chromatin Immuno-precipitation coupled with

Quantitative Polymerase Chain Reaction (AR ChIP-PCR)

LNCaP cells were seeded at 3x10° cells/plate in 15cm plates in RPMI 1640 + 10%
FBS and allowed to grow for 3 days prior to fixation. The cells were treated with
10nM DHT for 4 hrs and cross-linked with formaldehyde. ChIP was then performed
as described previously (Paltoglou et al., 2017). For ChIP-gPCR, 2 ul of DNA was

used in 10 yl PCR reactions.

2.7.1 ChIP Primer design and validation

The Integrative Genomics Viewer (IGV) software was used to visualize the AR
binding sites (peaks). The peak co-ordinates of the identified AR binding peaks
were obtained from the dataset using IGV software. The DNA sequence of the peak
co-ordinates was obtained using UCSC online genome browser

[https://genome.ucsc.edu/ , Feb. 2009 (GRCh37/hg19) Assembly]. With reference

the DNA sequence of the peak coordinates the primers were designed using

Primer3Plus — Bioinformatics online tool (www.bioinformatics.nl/primer3plus) which

was further confirmed using NCBI Primer Blast online tool to make sure that the

primers are specific PCR template.
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Table 2.7: The buffers used for the ChIP protocol are as follow

a) Solution A

Final Concentration

Stock

concentration

Volume for 80ml

1% Formaldehyde 40% 2m|
50mM HEPES-KOH, pH 7.5 0.5M 8ml
100mM NacCl 5M 1.6ml
1ImM EDTA 0.5M 160pl
0.5mM EGTA 0.1M 400ul
water 67.84ml
TOTAL 80ml

b) Block solution

Final Concentration

Volume for 50ml

0.5% BSA

PBS

250mg

to 50ml
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c) LB1

Stock Volume for Volume
Final Concentration
concentration 100ml for 10ml
50mM HEPES-KOH, pH 7.5 0.5M 10ml 1ml
140mM NacCl 5M 2.8ml 280pl
10% glycerol 100% 10ml 1ml
1mM EDTA 0.5M 200pl 20pl
0.5% NP-40 100% 500l 50ul
0.25% Triton X-100 100% 250l 254l
water 76.25ml 7.63ml
TOTAL 100ml 10ml
d)LB2
Stock Volume for Volume
Final Concentration
concentration 100ml for 10ml
10mM Tris-HCI, pH 8.0 0.5M 2ml 200pl
200mM NaCl SM 4ml 400ul
1mM EDTA 0.5M 200pl 20ul
0.5mM EGTA 0.1M 500pl 50ul
water 93.3ml 9.33ml
TOTAL 100ml 10ml
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e) LB3

Stock Volume for Volume
Final Concentration

concentration 50ml for 10ml
10mM Tris-HCI, pH 8.0 0.5M 1ml 200pl
100mM NacCl 5M Iml 200pl
1mM EDTA 0.5M 100pl 20ul
0.5mM EGTA 0.1M 250l 50pl
0.1% Na-Deoxycholate 5% 1ml 200pl
0.5% N-laurylsarcosine 5% 5ml 1ml
water 41.65ml 8.3ml
TOTAL 50ml 10ml

f) RIPA buffer

Stock Volume for Volume
Final Concentration

concentration 100ml for 50ml
50mM HEPES-KOH, pH 7.5 0.5M 10mi 5ml
500mM LiCl 5M 10mi 5ml
1mM EDTA 0.5M 200pl 100pl
1% NP40 100% 1ml 500ul
0.7% Na-Deoxycholate 5% 14mi mi
water 64.8ml 32.4ml
TOTAL 100ml 50ml




g) TBS

Stock Volume for Volume
Final Concentration

concentration 50ml for 10ml
20mM Tris-HCI, pH 7.6 0.5M 2mi 400pl
150mM NacCl 5M 1.5ml 300ul
water 46.5ml 9.3ml
TOTAL 50ml 10ml

h) Elution Buffer

Final Concentration

Stock concentration

Volume for 10ml

50mM Tris-HCI, pH 8.0 0.5M 1ml
10mM EDTA 0.5M 200pl
1% SDS 10% 1ml
water 7.8ml
TOTAL 10ml
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2.8 Proximity-ligation assay— Fluorescence Detection

Proximity-ligation assay (PLA) was performed following the manufacturer's
instructions (Olink Bioscience). In brief, (~200,000) LNCaP cells were seeded in the
sterile coverslip placed in 6 well plate with 2 mL of media. After 48 h cells were
treated with DHT for 16 hrs and fixed with paraformaldehyde and permeabilized
using 0.1% TritonX at room temperature. The cells were stained with anti-AR
(Abcam, ER179) and anti-SREBP-1 ((Santa Cruz Biotechnology, sc2A4). PLA was
performed using Duolink® In Situ PLA Probe Anti-Mouse PLUS and using Duolink®
In Situ PLA® Probe Anti-Rabbit MINUS following the manufacturer's instructions

(Sigma, 92001 and 92005).

Imaging was performed using Olympus FV3000 Confocal Microscope (FLUOVIEW
FV3000 series) and analyzed by ImageJ software. Signal of 300 cells were

analyzed per experiment.

2.8.1 Principle of PLA assay:

Principle of the PLA assay. Firstly, the samples are incubated with two primary
antibodies which bind to the proteins of interest. Secondly, two secondary
antibodies conjugated with oligonucleotides (PLA probe PLUS and PLA probe
MINUS) are added to the reaction. Thirdly, the oligonucleotides in the Ligation
solution will hybridize to the two PLA probes and join to a closed circle by Ligase if
they are in close proximity. Fourthly, in the amplification step, the oligonucleotide
arm of one of the PLA probes acts as a primer for a rolling-circle amplification (RCA)

reaction with the ligated circle as the template, generating the concatemeric product
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with Polymerase. The fluorescently labelled oligonucleotides in the Amplification
solution will hybridize to the RCA product. The signal is visible as a distinct

fluorescent spot by fluorescence microscopy

Antibodies used for PLA:
e SREBP-1, Santa-Cruz sc2A4, Mouse, 1/400

e AR, LS-Bio B3326, Rabbit, 1/400

Detection

Amplification

>\__/ Ligation

PLA probe PLA probe

PLUS ’J Y/ \\ MINUS
Anti-Protein A /’J/(\ . Any Protan:d

(rabbit) eiss)

Figure 2.6: Diagrammatic representation of working principle of PLA assay
(Ristic et al. 2016 ).

Source: https://link.springer.com/protocol/10.1007/978-1-4939-3756-1 17
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Ligation Amplification

Figure 2.7: Diagrammatic representation of proposed interaction between AR

and SREBP-1 and detection of interaction through PLA.

2.9 Malondialdehyde (MDA) assay

Lipid peroxidation in tissue cultures was measured in cells that were grown to 70-
80% confluence on 100 mm tissue culture dishes containing complete DMEM: F12
medium. After treatment, cells were washed with ice-cold PBS, scraped into cold
PBS and centrifuged for 5 minutes at 15000 rpm to obtain cell pellets that were frozen
at -80°C. Pellets were then thawed and homogenized in 250ul 1% Sodium dodecyl
sulfate (SDS), and the homogenate was taken and 1ml 20% trichloroacetic acid
(TCA; Sigma, USA),2ml 0.8% TBA (ACROS, USA) and 250ul 1% phosphoric acid

were added.

The mixture was then boiled for 1 h, cooled on ice and then extracted with 1ml

butanol. The mixture was centrifuged at high speed for 15 minutes, and the
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absorbance of the upper phase was then measured at 530 nm with Jasco-V-530
spectrophotometer. Absorbance was converted to nmole/mg protein MDA using a
standard curve that was generated with 1, 1, 3, 3- tetra ethoxypropane (TEP; Sigma,

USA).

In addition to the chemical method of estimating MDA in the samples. MDA was also
detected using specific antibody in western blot after ACSM1/3 knockdown in PCa

cell lysate.

2.10 3D Spheroid Growth Assay

LNCaP cells were transfected with siRNA in 6-well plates for 48 hrs. Cells were
collected and prepared at a concentration of 7.5 x 10* cells/ml. Cell suspensions
(1500 cells in 20pl) were pipetted onto 96 well plate (Corning® Spheroid Microplates)
and incubated at 37°C for 5 days. Photos of the formed spheres were captured, and
the sphere volume was determined using ReViSP software (Piccinini, Tesei, Arienti,

& Bevilacqua, 2015).

2.11 Colony formation assay

ACSM1/3 knockdown in LNCaP cells (SIACSM1/3) or negative control cells
(siControl) were prepared in a single-cell suspension before being plated in 6-well
plates (500 cells/well). Cells were incubated for 2 weeks at 37°C and medium was

replenished every 3-4 days. After 3 weeks, cells were washed with PBS, fixed with

87



4% paraformaldehyde and stained with 1% crystal violet for 30 minutes. Colonies

were counted manually, and results were reported as number of colonies £ SEM.

2.12 Seahorse Extracellular Flux Analysis

Cells were plated on XF96 well cell culture microplates (Agilent) at equal densities in
substrate-limited medium (DMEM with 0.5mM glucose, 1.0mM glutamine, 0.5mM
carnitine and 1% FBS) and incubated overnight. One hour before the beginning of
OCR measurement, the cells were changed into FAO Assay Medium (111mM Nacl,
4. 7mM KCI, 2.0mM MgS04, 1.2mM Na2HPO4, 2.5mM glucose, 0.5mM carnitine and
5mM HEPES). After baseline OCR is stabilized in FAO Assay Medium, 200uM of
linoleic-acid (LA) or palmitic acid (PA) were added before initializing measurements.
Extracellular flux analysis was performed using the Seahorse XF Cell Mitochondrial
Stress Test kit (Seahorse Bioscience) according to the manufacturer’s protocol.
Extracellular flux experiments were performed on a Seahorse XF96 Analyzer and
results were analysed using Seahorse Wave software for XF analyzers. The OCR

values were normalized to cell numbers in each well.

2.13 Total ATP assay

LNCaP cells were transfected with SIACSM1 and siACSM3 for 72 hrs in 96 well
plate format. Total cellular ATP levels measurement were made according to

manufacturer’s instructions (Luminescent ATP Detection Assay Kit, ab113849) and
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normalized to the total cellular DNA content / cell number in each well determined

by CyQUANT™ Cell Proliferation Assay kit (ThermoFisher Scientific).

2.14 Lipoylation profile

Anti-DLAT and anti-DLST antibody were used to identify specific protein subunit of
a-ketoglutyrate dehydrogenease and pyruvate dehydrogenase respectively which
requires lipoylation for its activities. Anti-lipoic acid antibody was used to identify all
the proteins that are lipoylated. Lipoylated DLAT and DLST was accessed using

anti-lipoic acid antibody after knockdown of ACSM1/3.

2.15 Mitochondrial ROS Measurement

LNCaP cells were transfected with siRNA for 96 hrs in 6-well plates. Cells were
collected into fluorescence-activated cell sorting (FACS) tubes and stained with
2.5mM of MitoSOX™ Red stain (Thermo Fisher Scientific, VIC, Australia) for 30
minutes in a 37°C water bath. Cells were centrifuged at 1,500rpm for 5 minutes,
washed twice with 500ul of PBS, and resuspended in 500ul of pre-warmed PBS

before the samples are read on a BD FACSymphony™ flow cytometer.

2.16 Seahorse Extracellular Flux Analysis

Cells were plated on XF96 well cell culture microplates (Agilent) at equal densities
in substrate-limited medium (DMEM with 0.5mM glucose, 1.0mM glutamine, 0.5mM

carnitine and 1% FBS) and incubated overnight. One hr before the beginning of
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OCR measurement, the cells were changed into FAO Assay Medium (111mM NacCl,

4.7mM KClI, 2.0mM MgSO4, 1.2mM Na,HPO,, 2.5mM glucose, 0.5mM carnitine and

5mM HEPES). After baseline OCR is stabilized in FAO Assay Medium, 200uM of
palmitic acid (PA) was added before initializing measurements. Extracellular flux
analysis was performed using the Seahorse XF Cell Mitochondrial Stress Test kit
(Seahorse Bioscience) according to the manufacturer’s protocol. Extracellular flux
experiments were performed on a Seahorse XF96 Analyzer and results were
analysed using Seahorse Wave software for XF analyzers. The OCR values were

normalized to cell numbers in each well.

2.17 Glutathione assay

Cell density for day 3, 5 and 7 was optimized for the experiments. 4.0 X 10°, 1.5 X
10°and 0.8 X 10° of cells were seeded per well for day 3, 5 and 7 harvesting. The
6 well plates were coated with poly L-lysine before seeding cells. Cells were
transfected with 10nM of siRNA to knockdown ACSM1 / ACSM3 with Control. At
day 3, 5 and 7, cells were collected by scrapping and prepared for measurement of
glutathione (GSH+GSSG) using the Cayman Chemical Glutathione Assay Kit
(Cayman Chemical) according to the manufacturer’s protocol. The GSH and GSSG
concentration were calculated using a standard curve and normalized to the total
protein level in each sample. Three independent biological replicates were

performed for each condition.
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2.18 Lipidomics assay

2.18.1 GCMS analysis of the sample

Cells were plated in 6 well plate and transfected with siRNA to knockdown
ACSM1/ACSM3 with control and harvested on day 5, 6 and 7. On the day of harvest
the cell containing plates were removed from the incubator and placed on ice. 1.0
mL of media was collected from the each well in the pre-labelled clean 1.5 mL
Eppendorf vial and stored at -80°C. The remaining media was discarded and cells
were washed with cold PBS for 3 times. Cells were collected by scraping followed
by centrifugation at 450 rcf for 5 minutes. The cell pellets were frozen for long term
storage before extracting fatty acids/lipids for analysis.
Total fatty acid extraction and analysis was done in 3 different steps

e Extraction of fatty acids from the sample matrix

e Derivatization /methylation of the fatty acids

e GC-MS analysis
On the day of lipid extraction, the samples (cell pellet and media) were thawed at
room temperature and following protocol was followed to extract lipid from the

samples for analysis.
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Table 2.8: Protocol for fatty acid extraction for GC-MS analysis

Reagents: Cell pallet Media
Sample Cell pellet 1.0 mL
Normal saline 1.5mL 0.5mL
Isopropanol (IPA + 0.005%BHA) 2.0 mL -

Methanol - 2.0 mL

Resuspend cell suspension / media and brief vortex

Stand in room temperature for 10 minutes with brief vortex in between

Chloroform 4.0 mL 4.0mL

After addition of Chloroform, give brief vortex
Centrifuge at 1500 RPM for 10 minutes
Separate the lower phase into new tubes

Dry the content using nitrogen vapour

Sulphuric acid 2.0 mL 2.0 mL

For the methylation, sulphuric acid was added

Brief verted and incubated at for 2 hrs with brief vortex in between

Water 250 pL 250 pL

Heptene 0.6mL 0.6mL

Brief vortex

Collect the upper heptane layer in the next tube to inject in GCMS

The hepten layer was collected in 1.0 mL tubes and injected in the GCMS to detect
the peaks. The peaks were identified using standard peaks. The relative quantity of
the individual fatty acid was determined and compared with different treatment

groups.
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2.18.2 Lipidomics analysis

Cell density for day 4 and 6 was optimized for the experiments to harvest equal
numbers of cells from the each treatment in 6-well plate set up. As the knockdown
slows down cell growth of LNCaP cells, the seeding density of the cells in SIACSM1
and siACSM3 knockdown wells was higher than control group but the numbers of
the cells on day of harvest (cells counted using coulter counter) was approximately
equal. The different seeding density of the cells in the different treatment groups

are listed in the table below.
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Table 2.9: Seeding density for lipidomic analysis of the cells after

knockdown of ACSM1 and ACSM3 in LNCaP cells

Seeding density for different day cell harvest
Treatment
Day 4 Day6
SiNC 1.0 X 10° cells/well 8.0 X 10* cells/well
SIACSM1 1.5 X 10° cells/well 1.2 X 10° cells/well
SIACSM3 1.5 X 10° cells/well 1.2 X 10° cells/well

On the day of harvest the cell containing plates were removed from the incubator
and placed on ice. Media was removed and cells were washed with cold PBS or
physiological saline for 3 times. The cells scrapped and collected in 1.5 ml tubes by
centrifugation at 200009 for 5 minutes. The supernatant was removed and the cell
pellet were frozen at -80°C for storage. Finally the samples were shipped in dry for

analysis.
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2.19 Metabolomics

Table 2.11: Buffers for metabolomics

Buffer Preparation:
1. MeOH: H,0 (1:1)

Required per well: 0.6 mL (Calculate total amount required for the
experiment)

To prepare 20 mL

(10 mL of LC grade Methanol + 10 mL LC grade H,0)

Add internal standards C2107 (1S)-(+)-10-Camphorsulfoniuc acid

(Cf = 0.25uM), and M3885 MES sodium salt (Cf+5uM) to the
MeOH:H,0 solution

2. Internal Standards:

2.a. (15)-(+)-10-Camphorsulfoniuc acid (25mM STOCK)
MW = 232.30
Prepare 25mM STOCK using LC grade H,0
Weigh 0.5g + 86.25ml LC grade H,0

2.b. MES sodium salt (5mM)
MW =217.22
Prepare 5mM STOCK using LC grade H,0

Weigh 0.1g + 92ml LC grade H,0

Make serial dilution to get the final concentration.
3. NaCl Saline Buffer:

Required conc: 0.9% w/v NaCl in LC grade H20

4.5¢g in 500ml LC grade H,0

4. Chloroform LC Grade
Aliquot 50 ml and place at -80C overnight.

LNCaP cells were transfected with siRNA for 48 hrs in RPMI (phenol red free) with
10% FBS supplemented with 2.0mM glucose in 6-well plates. To harvest cells pellet

and media, the plates were placed in sufficient volumes of ice to cover the surface
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of the plate. Cells were washed twice with 5 ml cold NaCl saline and 300ul of ice
cold methanol:chloroform (MeOH:CHCI3) extraction solvent containing the internal
standards (0.5pul/samples) was added onto each well and scrapped to collect cells
into 15ml falcon tubes. Additional 300 uL MeOH:CHCI3 was added to rinse the well
to collect the remaining cells. 1.5 ml of chloroform was added in each tube, vortexed
and incubated on ice for 5 minutes. The tubes were centrifuged at 4°C for 5 minutes
at 16,100g and the top aqueous layer was then transferred into a fresh 1.5ml
Eppendorf tube and allowed to dry in a Speedvac. Dried samples were derivatised
with 20ul methoxyamine (30mg/ml in pyridine, Sigma Aldrich) and 20ul N,O-
Bis(trimethylsilyl) trifluoroacetamide (BSTFA) + 1% Trimethylchlorosilane (TMCS).
The derivatised samples were analysed using GC QQQ targeted metabolomics as

described in (Best et al., 2018).

2.20 Lipid Peroxidation Analysis by Imaging

For imaging, LNCaP cells following ACSM1 and ACSM3 knockdown were plated at
2.5 x 103 cells/well in a 8-well chamber slide. Cells were then washed with Hank’s
balanced salt solution (HBSS) and incubated with 5uM BODIPY-581/591 C11 stain
(Thermo Fisher Scientific). Cells were washed and fixed with 4 % paraformaldehyde
(PFA), and mounted with Prolong Gold anti-fade solution with DAPI (Thermo Fisher
Scientific). Cells were imaged at 60 X magnification using a Olympus FV3000
Confocal Microscope. Quantification of BODIPY-C11 stain was performed using

ImageJ analysis software.
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2.21 Lentiviral transduction of cells

SMARTVvector Inducible Lentiviral ShRNA vectors for ACSM1, ACSM3 and Non-
targeting shRNA Control (glycerol stock E. coli) were obtained from Dharmacon
(catalogue numbers V3SH11252-225482707 and V3SH11252-224860261). For
over-expression of ACSM1 and ACSM3 in PCa cells, linear dsDNA fragments
containing codon-optmised ACSM1 and ACSM3 cDNA sequences were cloned into
Gateway entry vector (pbDONR221) and then transferred into pJS64 destination
vector. The sequence of the inserts was verified by Sanger sequencing at AGRF.
Viral supernatants were prepared by transfection of HEK293T cells with the vector
plasmids and packaging plasmids (psPAX2 Addgene 12259 and pMD2.G Addgene
12260). The transfection was performed with polethylenimine (PEI MAX
Transfection Grade Linear Polyethylenimine  Hydrochloride, 24765-1,
Polysciences) as described previously (Das et al., 2017). After 48 hrs, supernatants
were filtered through 0.45 pm and 0.22 pm syringe filters and then concentrated
~100-fold using Vivaspin 100 kDa cut-off columns by centrifugation at 3000 g at
10°C for 6 hrs. Concentrated virus was stored at -80° C. For transduction,
luciferase-tagged LNCaP cells (for shRNA viruses) and untagged LNCaP cells (for
over-expression vectors) were seeded at 1.25 x 10° cells in 6 well plates and the
following day were transduced with concentrated lentivirus for a period of 3 days.
Puromycin (1.0 pg per mL) was added to select for transduced cells for an additional
3 days. Cells transduced with shRNA constructs were grown in 2ug pg per ml of

doxycycline to induce expression of sShRNAs.

97



2.22 Animal experiments

All animal procedures were were approved by the University of Adelaide Animal
Ethics Committee (approval number M-2019-037) and carried out in accordance
with the guidelines of the National Health and Medical Research Council of
Australia. LNCaP-NC and LNCaP-shACSM3 cell suspensions (1 x 108 cells in 10
pl PBS) were injected intraprostatically in 8-week old NOD/SCID male mice. Whole-
body imaging to monitor luciferase-expressing LNCaP cells was performed at day
3 of the injection and once weekly thereafter using an IVIS Spectrum in vivo Imaging
System (PerkinElmer). D-luciferin (potassium salt, PerkinElmer) was dissolved in
sterile deionized water (0.03 g/ml) and injected subcutaneously (3 mg/20 g of
mouse body weight) before imaging. Bioluminescence was reported as the sum of

detected photons per second from a constant region of interest.

2.23 Statistical analysis

All the experiments were performed at least three times. Results were statically
analysed using GraphPad Prism 7.02 software. Error bars represent the standard
error of the mean (SEM). Scatter plots were analysed using student’s t test which
were two-tailed and unpaired, with statistical significance accepted at p<0.05.
Detailed methods for statistical analysis are included in figure legends or in the

individual Chapter methods.
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CHAPTER 3. IDENTIFICATION OF NOVEL AR-

REGULATED LIPID METABOLIC GENES IN

PROSTATE CANCER
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3 Identification of novel AR regulated lipid metabolic genes in

prostate cancer

3.1 Anatomy and Physiology of Prostate Gland

Dysregulated lipid metabolism is a hallmark of PCa (Barfeld et al., 2014;
Rysman et al., 2010). An emerging concept is that AR plays a major role in lipid
metabolism by directly regulating genes that are involved in this process (Butler et
al., 2016). Direct regulation refers to a process whereby AR directly binds to cis-
regulatory elements that regulate the expression of a particular gene, as opposed
to indirect regulation in which the gene is regulated via downstream effects. The
specific cis-regulatory elements that AR binds to and regulates are referred to as
androgen response elements (ARES). It is often challenging to identify whether a
particular gene is directly regulated by AR because AREs are often found in gene
enhancers that are very distal, often greater than tens of kilobases, from the genes
that they regulate (D. Wu, Zhang, Shen, Nephew, & Wang, 2011). This is distinct
from other transcription factors, such as Sp1 (stimulatory protein 1), SREBP (sterol-
regulatory-elementbinding protein), NF-Y (nuclear factor-Y), and USF (upstream
stimulatory factor) that normally bind to gene promoters (M. R. Briggs, Kadonaga,

Bell, & Tjian, 1986; Dorotea, Koya, & Ha, 2020; Teran-Garcia et al., 2007)

In this chapter, | describe a relaFtively unbiased strategy to identify novel
direct AR-regulated genes involved in lipid metabolism. Further investigation into a

subset of these genes is described in the following chapter.
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3.2 Methods

3.2.1 Selection of Candidate genes

To identify novel downstream mediators by which AR regulates lipid
metabolism in PCa, we manually curated a list of 178 genes encoding enzymes
with a putative role in lipid metabolic processes. The gene list was created by
combining the Kyoto Encyclopedia of Genes and Genomes (KEGG) “lipid
metabolism” pathway (Kanehisa, Furumichi, Tanabe, Sato, & Morishima, 2017), the
REACTOME “Metabolism of lipids” pathway (Fabregat et al., 2017), the Gene

Ontology “lipid metabolic process” (www.geneontology.org) and manual addition of

select genes not present in those groups but with published putative roles in fatty
acid metabolism. The curated gene list was then subjected to a series of filtering
steps (Figure 3.1) to identify those regulated by AR and with a potential oncogenic
role in PCa. Our gene filtration pipeline encompasses 3 different criterion which are

discussed below.
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MMAA, MORC2, PCCB, PCTP. PARKAB2, PTGR2

Figure 3.1: Schematic illustration of filtering methods to select the candidate

genes for subsequent validation.
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3.2.1.1 Criterion 1. Androgenic regulation of mRNA expression.

The androgen-sensitive PCa cell line LNCaP is the most frequently used
model for identification of genes regulated by the AR signalling axis (Jin, Kim, & Yu,
2013) Thus, we selected two gene expression datasets in which LNCaP cells had
been treated with androgens: 1) GSE7868: expression profiling by cDNA
microarray after 0, 4 hrs and 16 hrs of treatment with DHT; 2) GSE22606:
expression profiling by microarray after 0 and 48 hrs of R1881 treatment. Students
t tests (for GSE22606) or ordinary one way ANOVA tests (for GSE7868) were used
to compare the differential gene expression between different treatment groups. We
included genes that had a significant change (in either or both) datasets and

discarded genes that showed an opposite pattern of regulation in the 2 datasets.

3.2.1.2 Criterion 2: Proximal AR-DNA binding

Androgenic gene regulation does not necessarily identify genes that are
directly regulated by AR. In some cases, AR regulates the expression of genes
through different transcription factors regulation which is an indirect effect of the
androgen treatment. Therefore, we used AR genome-wide DNA binding data to
identify genes with proximal AR binding sites. The data was generated by ChIP-
seq, a method that interrogates genome-wide physical binding between DNA and
a specific protein of interest. Specific DNA sites in direct physical interaction with
the protein of interest (transcription factors) can be isolated by chromatin
immunoprecipitation (ChlP), and identified by next-generation sequencing (ChIP-

seq). In this method, AR is immunoprecipitated with a specific antibody and co-
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precipitating DNA, with AR binding sites identified as areas with enriched DNA
sequences.

The dataset we used was Pomerantz et al dataset (GSE56288), which is
comprised of AR ChiIP-seq from 13 independent PCa tissue and 7 histologically
normal samples (where 6 tumours had matched normal samples) (Pomerantz et
al., 2015). We first generated a consensus peak set for the 13 tumours; more
specifically, a peak had to be present in all 13 tumours to be included in this set. To
do this, we used Diffbind (Ross-Innes et al.,, 2012) (dba.peakset command,

minOverlap=13).

To the best of our knowledge, there is no clear-cut demarcation of the
genomic window of AR binding to regulate its direct targets. Therefore, in this study
we considered genes to be candidate direct targets if an AR binding site was
detected within 100 kb of the transcriptional start site (TSS), a cutoff that has been
used in the past (Q. Wang, Carroll, & Brown, 2005; L. Wu et al., 2014). Using the
consensus Pomerantz peak set described above, we identified all genes that had
an AR binding site with 100 kb of the TSS. This was done using CisGenome

software (http://www.biostat.jhsph.edu/~hji/cisgenome/ (Ji et al., 2008)) (“Annotate

with Neighbouring genes” tool, maximum distance 100,000 bp). The Integrative
Genomics Viewer (IGV) (Robinson et al., 2011) software was used to visually
inspect AR binding peaks proximal to the TSS of candidate genes. Only genes with
AR peaks present in all the tumour tissues from Pomerantz et al were selected for

the next filtering step.
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We also used AR ChlIP-seq data from VCaP cells (GSE55064) (Asangani et
al., 2014) as another indicator of the relevance of these binding events. This AR
ChIP-seq data from VCaP cells consist of samples treated with vehicle and 10nM
DHT treatment after VCaP cells were grown in charcoal-stripped serum containing
media. The enrichment of the binding sites were confirmed with DHT treatment but

the VCaP data was not used to filter genes.

3.2.1.3 Criterion 3: Dysregulated expression in PCa.

We reasoned that AR-regulated genes with an important role in oncogenic
lipid metabolism would be dysregulated in PCa compared to the normal prostate.
Thus, we evaluated candidate direct AR target genes (i.e. genes that passed the
first 2 filtering steps) in 3 distinct clinical transcriptomic datasets cohorts: TCGA
("The Molecular Taxonomy of Primary Prostate Cancer,” 2015); MSKCC (D.
Robinson, E. M. Van Allen, et al., 2015b); and CPGEA (J. Li et al., 2020). The TCGA
dataset consists of RNA-seq data of lipid metabolism genes from prostate tumours
(n=52) and matched normal prostate tissues (n=52) lipid metabolic gene expression
in PCa. The MSKCC cohort consists of microarray expression data (Agilent 244K
aCGH) for normal (n=29) and primary prostate tumours (n=131) and metastatic
(n=19) PCa data. The CPGEA cohort consists of 208 patient-matched pairs of
primary tumours and matched healthy control tissues from Chinese patients.

For TCGA and MSKCC, the normalized gene expression data was obtained

from cBioportal (www.cbioportal.org). For CPGEA, normalized gene expression

data was obtained from http://bigd.big.ac.cn/gsa-human/. Differential gene

expression between tumour and normal tissues was determined using a paired ‘’

test in TCGA, MSKCC and CPGEA dataset. Genes that were significantly altered
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(in the same direction) in at least two of the three datasets were included, whereas
genes exhibiting an opposite pattern of regulation in any of the datasets were

excluded.

3.3 Result

Of the 178 genes with known or putative roles in lipid metabolism, 79 (44%,
n=79) were modulated by androgen treatment in LNCaP cells (Table 3.1) and 26 of
these had evidence of AR binding events proximal to their TSS (Table 3.2). Thus,
26/178 (14.6%) are putative direct targets of the AR transcription factor. Out of
these, 17 exhibited consistent dysregulation in cancer vs normal tissues shown in
Table 3.3. For these 17 genes, androgen regulation in LNCaP cells, AR binding and
expression in prostate cancer patient cohorts are shown in Figures 3.2 - 3.18.
Supplementary table S3.1 - S3.3 consist of results of data mining process and
Error! Reference source not found. consist of functions or proposed functions of

the final 17 genes.
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Table 3.1: List of genes involved in lipid metabolism that are modulated by

androgen in LNCaP cells

GSE7868 GSE22606

S.No. | Gene name Regulation and time points Regulation at 48 hrs

Reg ahrs tohrs Reg p value

(p value) (p value)

1 ABCC1 1 0.219 0.0012 1 0.0001
2 ABCD1 0 0.8329 0.4785 -1 0.0023
3 ACAAl1 1 0.9546 0.0047 1 0.0001
4 ACACA 1 0.0924 0.0001 1 0.0001
5 ACAD11 0 0.8323 0.3283 -1 0.0038
6 ACADM 0 0.4834 0.89 1 0.0005
7 ACADVL 0 0.9313 0.7249 1 0.0086
8 ACBD5 0 0.1727 0.1516 -1 0.0099
9 ACBD6 -1 0.7704 0.0226 -1 0.0005
10 ACLY 1 0.4369 0.0001 1 0.0001
11 ACOT1 0 0.9876 0.7639 1 0.0379
12 ACOT2 0 0.9876 0.7639 1 0.0379
13 ACOTY7 0 0.1541 0.6986 1 0.0008
14 ACOTS8 0 0.6136 0.9166 1 0.0018
15 ACOT9 0 0.5061 0.2002 1 0.0003
16 ACOX1 0 0.1827 0.1166 1 0.0197
17 ACOX3 1 0.0407 0.0392 1 0.0019
18 ACSL3 1 0.101 0.0007 1 0.0001
19 ACsSM1 0 0.5393 0.9684 1 0.0001
20 ACSM3 1 0.8656 0.05 1 0.017
21 ALDH3A2 0 0.1503 0.5892 1 0.0141
22 AMACR 1 0.5818 0.0132 1 0.0001
23 CPT2 0 0.8673 0.1489 1 0.0237
24 CROT 0 0.1298 0.1588 1 0.0001
25 CYP2C19 0 0.6474 0.6067 1 0.0041
26 CYP2C9 0 0.6857 0.3581 -1 0.0273
27 CYP2J2 0 0.8819 0.9879 -1 0.0214
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28 CYP2U1 1 0.0008 0.0779 1 0.0001
29 CYP4A22 0 0.9011 0.6213 1 0.0388
30 CYP4B1 1 0.0308 0.9587 0 0.6564
31 DBI 1 0.8726 0.0096 0 0.9999
32 DECR1 -1 0.7262 0.0302 -1 0.0003
33 ECHS1 0 0.8997 0.6245 -1 0.0163
34 ECI1 0 0.8983 0.9038 1 0.0001
35 ECI2 1 0.0695 0.0084 1 0.0001
36 ELOVL1 1 0.0444 0.0014 1 0.0001
37 ELOVL2 0 0.8907 0.2161 1 0.0238
38 ELOVL5 1 0.0672 0.0001 1 0.0001
39 ELOVL7 1 0.0348 0.0003 1 0.0001
40 EPHX2 1 0.9986 0.0485 1 0.0199
41 FAAH 0 0.6077 0.2284 1 0.2323
42 FADS1 0 0.7768 0.9594 1 0.0001
43 FADS2 0 0.0382 0.1064 1 0.0004
44 FAM213B 0 0.8756 0.566 -1 0.0101
45 FASN 1 0.9964 0.03 1 0.0002
46 HACD2 0 0.6324 0.3858 1 0.0001
a7 HACL1 -1 0.0025 0.0001 -1 0.0001
48 HADHB -1 0.0935 0.0107 -1 0.0001
49 HPGD 1 0.7768 0.9594 1 0.0001
50 HSD17B4 1 0.6417 0.0013 0 0.115
51 LTA4H -1 0.0082 0.0014 -1 0.0001
52 MAPKAPK?2 0 0.9303 0.378 1 0.0057
53 MCEE 0 0.3735 0.0554 1 0.0016
54 MID1IP1 0 0.1291 0.1738 -1 0.0068
55 MMAA 1 0.3774 0.001 1 0.0001
56 MORC2 0 0.9272 0.9988 -1 0.0022
57 MUT 0 0.4519 0.076 -1 0.0006
58 NUDT19 0 0.8311 0.4027 -1 0.0009
59 OLAH 0 0.6178 0.4035 1 0.0461
60 PCCB -1 0.2121 0.0116 -1 0.001
61 PCTP 0 0.8897 0.8224 1 0.0001
62 PHYH -1 0.9881 0.0582 -1 0.0002
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63 PON1 1 0.0487 0.098 0 0.7928
64 PON2 -1 0.1345 0.0041 -1 0.0002
65 PPARD 0 0.9976 0.6282 -1 0.0214
66 PPT11 - - - 1

67 PRKAB2 0 0.1907 0.8147 1 0.0004
68 PRKAG2 0 0.9642 0.9788 -1 0.0024
69 PTGES2 0 0.994 0.5381 -1 0.0084
70 PTGIS 1 0.449 0.0183 0 0.6553
71 PTGR1 1 0.1794 0.0226 0.6166
72 PTGR2 0 0.9963 0.8514 1 0.0003
73 RXRA 0 0.1045 0.313 -1 0.0001
74 SCD 0 0.5616 0.0583 1 0.0002
75 SLC22A5 1 0.5567 0.2404 1 0.0006
76 SLC25A17 -1 0.1641 0.0075 0 0.6694
77 SLC25A20 1 0.132 0.012 1 0.0001
78 SLC27A2 0.0156 0.1493 -1 0.0073
79 THEM4 0.9487 0.7405 -1 0.0007

Abbreviation: Reg, Regulation pattern; 1, Upregulation; -1 down regulation; 0, No

change.
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Table 3.2: List of genes that are androgen modulated and have AR binding

sites proximal to the TSS. Base pair, bp.

Gene name Distance from TSS (bp)
ABCC1 -29459
ACACA -22605
ACADVL 35292
ACBD6 -26064
ACOT2 91643
ACOX3 88713
ACSL3 -74582
ACSM1 -13004
ACSM3 -59730
CROT -982
DBI 477
ELOVLS -84792
ELOVL7 16842
FASN 36578
HACL1 -72082
HSD17B4 49389
MAPKAPK?2 -89291
MMAA 60695
MORC2 -87412
PCCB 93424
PCTP -20008
PHYH -99875
PRKAB2 48774
PTGR1 -6108
PTGR2 93399
SLC25A20 13013
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Table 3.3 The list of candidate genes fulfilling all 3 criteria.

Androgen | Tumour gene
Figure Gene Gene Name treatment expression
g symbol in LNCaP | compared to
cells normal

3.2 ACACA Acetyl-CoA carboxylase 1 1 1

33 ACOT? A(_:yl-coenzyme A thioesterase 2, 1 !
mitochondrial

3.4 ACSL3 Long-chain-fatty-acid--CoA ligase 3 1 1

35 ACSML Agyl-coenzyme A synthetase ACSM1, 1 1
mitochondrial

36 ACSM3 Agyl-coenzyme A synthetase ACSM3, 1 1
mitochondrial

3.7 ELOVLS Elgngatlon .of very long chain fatty 1 1
acids protein 5

38 ELOVLY Elgngatlon .of very long chain fatty 1 1
acids protein 7

3.9 FASN Fatty acid synthase 1 1

3.10 HACL1 2-hydroxyacyl-CoA lyase 1 ! 1

311 HSD17B4 Peroxisomal multifunctional enzyme 1 1
type 2

3.12 MAPKAPK?2 | MAP kinase-activated protein kinase 2 ! !

313 MMAA Mgthylmalqnlc aciduria type A protein, 1 1
mitochondrial

3.14 MORC2 ATPase MORC2 1 0

3.15 PCCB Pr.oplonyI-C?oA carboxylase beta chain, ! 1
mitochondrial

3.16 PCTP Phosphatidylcholine transfer protein 1 1
Protein Kinase AMP-Activated Non- 1 !

3.17 PRKAB2 Catalytic Subunit B2

3.18 PTGR2 Prostaglandin reductase 2 l 1

Abbreviation: 1, upregulated gene expression; |, downregulated gene expression

compared to vehicle/normal prostate.
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Figure 3.2: ACACA is a candidate direct AR target gene that is dysregulated

in prostate cancer. Expression of ACACA in response to: (A) Vehicle or R1881
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(5nM) treatment (B) DHT (1nM) in cells grown in charcoal-strippd serum; error bars
are SEM. Differential expression was evaluated using unpaired t tests (*, p < 0.05;
** p <0.01; *** p <0.001; *** p <0.0001). (C) ChIP-seq data showing AR DNA
binding near the ACACA gene in non-malignant and prostate tumour samples
((GSE56288, (Pomerantz et al., 2015)) and VCaP cells (GSE55064), (Asangani et
al.,, 2014)). The grey dotted box indicates AR binding peaks. D-F) ACACA
expression is elevated in primary prostate cancer (1° Cancer). The TCGA dataset
comprises 52 patient-matched non-malignant and cancer samples. Violin plots
show minimum and maximum (bottom and top lines, respectively) and mean (line
within the boxes) values. Paired (TCGA and CPGEA) or unpaired (MSKCC) t tests
were used to compare expression in non-malignant versus cancer tissues. RSEM,
a quantitative value produced by RNA-Seq by Expectation Maximization; FPKM,

fragments per kilobase of exon per million mapped reads.
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Figure 3.3: ACOT is a candidate direct AR target gene that is dysregulated in

prostate cancer.

Results in each panel are as described in Figure 3.2.
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Figure 3.4: ACSL3is a candidate direct AR target gene that is dysregulated in

prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.5: ACSML1 is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.6: ACSM3 is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.7: ELOVL5 is a candidate direct AR target gene that is dysregulated

in prostate cancer.

Results in each panel are as described in Figure 3.2.
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Figure 3.8: ELOVL7 is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.9: FASN is a candidate direct AR target gene that is dysregulated in

prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.10: HACL1 is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.

121



A HSD17B4 (GSE22606)

B HsD17B4 (GSET868)

12.8- 12000-
. g Py
E 12.7 . %mmn- %
=4 o
g 126 — -3 °
- 2 8000
% 12.5- ns 8 _;3_
Eoul ¢ —— E 6000{
2 ' . S
12.3 4000
&® & &
& o W @
&
C HSD17B4
4-541 Prostate, Non malignant1
o e - -~ ~ el b smimn e
0-54 Prostate, Non malignant2
o B s e i SN Vo Wyl ——— ™
N 0-51 1 Prostate, Tumour 1
J=ER .L_ Prostate, Tumour 2
e e e O | e g o ~ e
0-1s ' VCaP, Vehicle
Ao VL eeR
L o1 VCaP, DHT
R T e eed L s ar
Chr 5: 118,800 118,850
D HSD17B4 (TCGA) E  HSD17B4 (MSKCC) E HSD17B4 (CPGEA)
15000 . 12- 500+
= *x ok
.E 114 400
10000- o
E g 104 1 = 300+
7] 2
o b o
8 o ? L 200-
5000 =
S s 100 '
2 & -/
w7
0 T T T T T T D T T
"% & h 4
\({@ 6\0\) 4'\?"\ \t;-"Q 1,’“‘@ é@e @00
8 ~ @»@ ,§'\ \c;@ < N
& &
s) Qi g-;
@é

Figure 3.11: HSD17B4 is a candidate direct AR target gene that is

dysregulated in prostate cancer.

Figure 3.2.

Results in each panel are as described in
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Figure 3.12: MAPKAPK2 is a candidate direct AR target gene that is

dysregulated in PCa. Results in each panel are as described in Figure 3.2.
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Figure 3.13: MMAA is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.14: MORC2 is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.15: PCCB is a candidate direct AR target gene that is dysregulated
in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.16: PCTP is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.17: PRKAB2 is acandidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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Figure 3.18: PTGR2 is a candidate direct AR target gene that is dysregulated

in prostate cancer. Results in each panel are as described in Figure 3.2.
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3.4 Discussion

In this chapter, we applied a systematic approach to identify putative direct
AR target genes that may play a role in dysregulated lipid metabolism in PCa, which
identified 17 putative candidate genes. Some of those genes were previously
identified as direct AR target genes including ACACA (H. V. Heemers et al., 2006;
J. V. Swinnen et al., 1997), FASN (Migita et al., 2009; U. S. Shah et al., 2006; J. V.
Swinnen et al., 1997), ACSL3 (Han et al., 2017), ELOVL2, 5 (Z. Nassar et al.,
2019), and ELOVL7 (Z. Nassar et al., 2019; Tamura et al., 2009), supporting the

robustness of our strategy.

Other studies have also used systematic approaches to identify AR-
regulated genes with roles in metabolism. A similar systematic identification of AR-
regulated metabolic genes has been performed previously in the LNCaP and VCaP
(Massie et al., 2011) and VCS2 cell lines (Han et al., 2018). Our approach differed
from these other studies in a number of ways. First, we used a curated list of genes
predicted to encode factors involved in lipid metabolism, whereas other studies
were focussed more broadly on the entire protein-coding genome. Second, we
focussed on direct regulation by AR by exploiting newer tissue AR ChlP-seq data
from clinical prostate tumour and matched normal tissue (GSE56288) (Pomerantz
et al., 2015). The aforementioned studies also integrated androgen regulation and
AR ChlIP-seq data, but they both used AR ChIP-seq data from cell lines, which do
not accurately recapitulate the in vivo situation (Pomerantz et al., 2015). Finally, we
added another criterion, dysregulation in clinical prostate cancer, as another criteria
to identify potentially important genes. We believe that this latter criterion is very
important as it provides evidence for important pathobiolgical functions of the

genes.
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Our approach has a number of limitations. Firstly, we limited our evaluation
of androgen regulation to a single cell line. Although we did use two distinct
datasets, analysis of additional cell line models would have provided further
evidence of androgenic regulation of candidate genes. It is also worth noting that
the LNCaP cell line expresses an AR mutant (T878A) that is known to alter its
transcriptional activity (Jernberg et al.,, 2017; Prekovic et al., 2016; Zhao et al.,
2000); therefore, we cannot exclude the possibility that genes that passed (or did
not) our gene filtering process may not be regulated by wild-type AR. Another issue
with the LNCaP cell line is that it is a poor model of CRPC; it would be interesting
to repeat our gene filtering process using data from a cell line model of CRPC (e.g.
C4-2B;(Decker et al., 2012; Samuel E. DePrimo et al., 2002). Second, it is important
to note that the steady-state level of RNA, as measured by RNA-seq and
microarrays, does not always accurately mirror transcriptional activity of that gene.
Thus, evaluation of nascent transcripts using a technique such as global run-on
sequencing (GRO-seq) (Gardini, 2017) could have provided a better readout of

androgen-regulated genes.

Finally, we limited our analysis to a list of 178 genes purported to have a role
in lipid metabolism. This list was carefully curated from well-characterised
databases (KEGG, REACTOME, Gene Ontology resource) as well as interrogation
of the published literature. However, we cannot rule out the possibility that key
players in lipid metabolism were not on this list and therefore not discoverable in
our data mining pipeline. Although this is an unavoidable issue, we are confident
that the 17 candidate lipid metabolic genes identified in this chapter have important
roles in PCa growth and progression. Based on available functional information, the

17 genes are involved in lipid biosynthesis (ACACA, ACOT2, ACSL3, ELOVLS5,
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ELOVL7, FASN and MORC2), lipid oxidation/catabolism for the generation of
energy (ACSM1, ACSM3, HACL1, MMAA and PCCB), cellular response to
metabolic stress (MAPKAPK2, MORC2, PRKAB2 and PTGR2), intratumoral
steroidogenesis (HSD17B4) and maintain membrane integrity (PCTP), highlighting

the diversity by which AR can potentially influence lipid metabolism in PCa.

In summary, in this chapter we identified lipid metabolic genes that are
potentially AR-regulated and may influence PCa growth and progression. The
function of the majority of these genes in PCa is largely unknown; in the next

chapter, | will explore the role of ACSM1 and ACSM3 in more detalil.
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Supplementary table:

Table S3.1: List of lipid metabolic genes encoding factors with putative roles

in lipid metabolism (n=178)

GSE7868 GSE22606
Gene name | Regulation 0-4 0-16 | Regulation
p value
pattern (p value) | (p value) pattern

1 |ABCC1 1 0.219 0.0012 1 0.0001
2 |ABCD1 0 0.8329 0.4785 -1 0.0023
3 |ACAAl 1 0.9546 0.0047 1 0.0001
4 |ACAA2 0 0.90102 0.925 0 0.6312
5 |ACACA 1 0.0924 0.0001 1 0.0001
6 |ACACB 0 0.5369 0.9269 0 0.4444
7 |ACAD10 0 0.938 0.9916 0 0.1085
8 |ACAD11 0 0.8323 0.3283 -1 0.0038
9 |ACADL 0 0.9756 0.97 0 0.1085
10 |ACADM 0 0.4834 0.89 1 0.0005
11 |ACADS 0 0.3727 0.4506 0 0.7699
12 |ACADVL 0 0.9313 0.7249 1 0.0086
13 |ACBD4 0 0.9753 0.4001 0 0.2663
14 |ACBD5 0 0.1727 0.1516 -1 0.0099
15 |ACBD6 -1 0.7704 0.0226 -1 0.0005
16 |ACBD7 - - -
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17 |ACLY 1 0.4369 0.0001 0.0001
18 |ACOT1 0 0.9876 0.7639 0.0379
19 |ACOT11 0 0.4474 0.611 0.9639
20 |ACOT12 0 0.6205 0.9994 0.7312
21 |ACOT13 0 0.8084 0.9082 0.403
22 |ACOT2 0 0.9876 0.7639 0.0379
23 |ACOT4 0 0.3086 0.2043 0.7522
24 |ACOT6 0 0.939 0.8752 0.8254
25 |ACOT7 0 0.1541 0.6986 0.0008
26 |[ACOTS8 0 0.6136 0.9166 0.0018
27 |ACOT9 0 0.5061 0.2002 0.0003
28 |ACOX1 0 0.1827 0.1166 0.0197
29 |[ACOX2 0 0.9912 0.1264 0.3578
30 |[ACOX3 1 0.0407 0.0392 0.0019
31 |ACOXL 0 0.858 0.946 0.8482
32 |ACSBG1 0 0.3817 0.2353 0.4402
33 |ACSBG2 0 0.0634 0.9089 0.9617
34 |[ACSF2 0 0.9557 0.2463 0.5964
35 |ACSF3 0 0.9842 0.5913 0.3754
36 |[ACSL1 -1 0.1311 0.014 0.001
37 |ACSL3 1 0.101 0.0007 0.0001
38 |[ACSL4 0 0.8202 0.9881 0.864
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39 |ACSL5 0 0.8534 0.1519 0.5811
40 |ACSL6 0 0.3122 0.9987 0.1684
41 |ACSM1 0 0.5393 0.9684 0.0001
42 |ACSM3 1 0.8656 0.05 0.017
43 |ACSM6 -

44 |AKR1C3 0 0.9931 0.0544 0.2339
45 |ALDH3A?2 0 0.1503 0.5892 0.0141
46 |ALOX12 0 0.8239 0.9111 0.268
47 |ALOX12B 0 0.9312 0.9788 0.1962
48 |ALOX15 0 0.5954 0.8736 0.1118
49 |ALOX15B 0 0.1333 0.161 0.0978
50 |ALOX5 0 0.3538 0.99 0.5751
51 |ALOX5AP 0 0.5348 0.8689 0.4489
52 |ALOXE3 0 0.6098 0.6655 0.5796
53 |AMACR 1 0.5818 0.0132 0.0001
54 |AWAT1 0 0.9909 0.9406 0.3208
55 |CBR1 0 0.9938 0.9777 0.8622
56 |CBR4 0 0.8297 0.972 0.0108
57 |CPT1A 0 0.8235 0.9999 0.1514
58 |[CPT1B 0 0.9866 0.695 0.2701
59 |CPT2 0 0.8673 0.1489 0.0237
60 |CRAT -1 0.9939 0.0163 0.0031
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61 |CROT 0 0.1298 0.1588 1 0.0001
62 |CYP1A1l 0 0.7984 0.9433 0 0.9842
63 |[CYP1A2 0 0.642 0.964 0 0.3964
64 |CYP1B1 0 0.6936 0.1743 0 0.6268
65 |[CYP2C19 0 0.6474 0.6067 1 0.0041
66 [ CYP2C8 0 0.4388 0.6644 0 0.6755
67 |CYP2C9 0 0.6857 0.3581 -1 0.0273
68 |[CYP2J2 0 0.8819 0.9879 -1 0.0214
69 |CYP2U1 1 0.0008 0.0779 1 0.0001
70 |CYP4A11 0 0.9011 0.6213 0 0.7167
71 |CYP4A22 0 0.9011 0.6213 1 0.0388
72 |CYP4B1 1 0.0308 0.9587 0 0.6564
73 |CYP4F11 0 0.9618 0.2148 0 0.7316
74 |CYP4F2 0 0.9069 0.9974 0 0.839
75 |CYP4F22 0 0.9979 0.947 0 0.7439
76 |CYP4F3 0 0.0893 0.9784 0 0.7537
77 |CYP4F8 0 0.5721 0.7919 0 0.3974
78 |CYP8B1 0 0.4293 0.2948 0 0.1028
79 |DBI 1 0.8726 0.0096 0 0.9999
80 |DECR1 -1 0.7262 0.0302 -1 0.0003
81 |DECR2 0 0.6835 0.9194 0 0.0324
82 |DPEP1 0 0.8946 0.7912 0 0.5631
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83 |DPEP2 0.8444 0.9895 0 0.3259
84 |DPEP3 0.8168 0.4767 0 0.3454
85 |[ECHS1 0.8997 0.6245 -1 0.0163
86 |[ECI1 0.8983 0.9038 1 0.0001
87 |ECI2 0.0695 0.0084 1 0.0001
88 |[EHHADH 0.0729 0.0514 0 0.4086
89 |[ELOVL1 0.0444 0.0014 1 0.0001
90 |[ELOVL2 0.8907 0.2161 1 0.0238
91 |[ELOVL3 0.4301 0.3229 0 0.7258
92 |[ELOVL4 0.999 0.9489 0 0.9571
93 |[ELOVL5 0.0672 0.0001 1 0.0001
94 |ELOVLG6 0.9217 0.8028 0 0.4357
95 |[ELOVL7 0.0348 0.0003 1 0.0001
96 |[EPHX2 0.9986 0.0485 1 0.0199
97 |FAAH 0.6077 0.2284 1 0.2323
98 |[FAAH2 0.9978 0.886 0 0.7347
99 |FADS1 0.7768 0.9594 1 0.0001
100 |[FADS2 0.0382 0.1064 1 0.0004
101 [FAM213B 0.8756 0.566 -1 0.0101
102 |[FASN 0.9964 0.03 1 0.0002
103 |GGT1 0.282 0.5588 0 0.2253
104 |GGT5 0.3455 0.0735 0 0.4015

137



105 |GPX1 0 0.8789 0.4784 0 0.6951
106 |GPX2 0 0.6805 0.8159 0 0.5384
107 |GPX4 0 0.2642 0.1322 0 0.4237
108 [HACD1 0 0.7507 0.9693 0 0.4491
109 |HACD2 0 0.6324 0.3858 1 0.0001
110 [HACD3 0 0.5143 0.9207 0 0.1664
111 |HACD4 0 0.4339 0.2976 0 0.71
112 |HACL1 -1 0.0025 0.0001 -1 0.0001
113 [HADH 0 0.1909 0.5711 0 0.0059
114 |HADHA 0 0.1987 0.2471 0 0.0014
115 |HADHB -1 0.0935 0.0107 -1 0.0001
116 |HAO2 0 0.964 0.9842 0 0.3322
117 |HPGD 1 0.7768 0.9594 1 0.0001
118 [HPGDS 0 0.5097 0.9966 0 0.859
119 |HSD17B12 0 0.7808 0.9673 0 0.778
120 |[HSD17B3 0 0.991 0.9204 0 0.8389
121 |HSD17B4 1 0.6417 0.0013 0 0.115
122 |HSD17B8 0 0.9956 0.8721 0 0.4269
123 |LTA4H -1 0.0082 0.0014 -1 0.0001
124 |[LTCA4S 0 0.6048 0.397 0 0.4064
125 |MAPKAPK?2 0 0.9303 0.378 1 0.0057
126 IMCAT 0 0.9529 0.406 0 0.5124
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127 IMCEE 0 0.3735 0.0554 1 0.0016
128 |MECR 0 0.9515 0.5319 0 0.0695
129 |MID1IP1 0 0.1291 0.1738 -1 0.0068
130 |[MLYCD 0 0.9953 0.9749 0 0.6251
131 |MMAA 1 0.3774 0.001 1 0.0001
132 [MORC2 0 0.9272 0.9988 -1 0.0022
133 |MUT 0 0.4519 0.076 -1 0.0006
134 INDUFAB1 0 0.4556 0.0601 0 0.8686
135 |NUDT19 0 0.8311 0.4027 -1 0.0009
136 [NUDTY 0 0.3036 0.6263 0 0.2583
137 |OLAH 0 0.6178 0.4035 1 0.0461
138 |PCCA 0 0.1838 0.9781 0 0.7453
139 |PCCB -1 0.2121 0.0116 -1 0.001
140 |PCTP 0 0.8897 0.8224 1 0.0001
141 |PECR 0 0.6406 0.6595 0 0.0278
142 |PHYH -1 0.9881 0.0582 -1 0.0002
143 |PLA2G4A 0 0.7609 0.3292 0 0.9115
144 |PON1 1 0.0487 0.098 0 0.7928
145 |PON2 -1 0.1345 0.0041 -1 0.0002
146 |PON3 0 0.9181 0.7728 0 0.4512
147 |PPARD 0 0.9976 0.6282 -1 0.0214
148 |PPT11 - 1
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149 |PPT2 0 0.7582 0.977 0 0.1172
150 |PRKAA2 0 0.4986 0.5782 0 0.3634
151 |PRKAB2 0 0.1907 0.8147 1 0.0004
152 |PRKAG2 0 0.9642 0.9788 -1 0.0024
153 |PTGDS 0 0.1816 0.9885 0 0.3464
154 |PTGES 0 0.7706 0.271 0 0.1739
155 |PTGES2 0 0.994 0.5381 -1 0.0084
156 |PTGES3 0 0.4241 0.9479 0 0.0017
157 |PTGIS 1 0.449 0.0183 0 0.6553
158 |[PTGR1 1 0.1794 0.0226 0 0.6166
159 |PTGR2 0 0.9963 0.8514 1 0.0003
160 |[PTGS1 0 0.8929 0.917 0 0.3626
161 |[PTGS2 0 0.7237 0.8477 0 0.506
162 |RPP14 0 0.9386 0.9073 0 0.1458
163 |RXRA 0 0.1045 0.313 -1 0.0001
164 |SCD 0 0.5616 0.0583 1 0.0002
165 |SCD5 0 0.7611 0.1314 0 0.2729
166 |[SCP2 0 0.4666 0.7694 0 0.821
167 |SLC22A5 1 0.5567 0.2404 1 0.0006
168 |[SLC25A1 0 0.3942 0.8987 0 0.5028
169 |[SLC25A17 -1 0.1641 0.0075 0 0.6694
170 |SLC25A20 1 0.132 0.012 1 0.0001
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171 |SLC27A2 0.0156 0.1493 -1 0.0073
172 |SLC27A3 0.2189 0.0583 0 0.2456
173 |TBXAS1 0.9976 0.6282 0 0.2111
174 |TECR 0.241 0.1375 0 0.4215
175 |TECRL 0.9992 0.9935 0 0.9657
176 |THEM4 0.9487 0.7405 -1 0.0007
177 |THEMS 0.451 0.8413 0 0.7675
178 |THRSP 0.6853 0.1477 0 0.8006

Abbreviation: 1, upregulated; -1, down regulated and 0, no significant change in

gene expression
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Table S3.2: List of filtered genes that are dysregulated in prostate cancer (in

any of two datasets)

MSKCC TCGA CPGEA
Normal )
Primary

Gene Requlat VS Normal vs meaulat Requlat

egulation Vs egulation - egulation -
Symbol g Primary | Metastatic _ g P g P

pattern Metastatic pattern value pattern value

(p- (p-value)
(p-value)
value)

ACACA 1 0.0001 0.0001 0.2671 1 0.0001 1 0.0001
ACOT2 -1 0.0001 0.0001 0.3951 -1 0.0001 -1 0.0001
ACSL3 1 0.0015 0.9714 0.0221 1 0.0001 1 0.0001
ACSM1 1 0.0001 0.0004 0.9282 1 0.0001 1 0.0001
ACSM3 1 0.0003 0.4615 0.1432 1 0.001 1 0.0014
ELOVL5 1 0.0119 0.8293 0.0062 0 0.326 1 0.0001
ELOVL7 1 0.0001 0.1801 0.2279 1 0.0001 1 0.0001
FASN 1 0.0001 0.0001 0.2736 1 0.0001 1 0.0001
HACL1 0 0.8029 0.9615 0.673 1 0.0282 1 0.0001
HSD17B4 1 0.0074 0.522 0.43 1 0.0123 1 0.0001
MAPKAPK?2 0 0.6216 0.974 0.864 -1 0.0001 -1 0.0001
MMAA 1 0.0054 0.1668 0.8945 1 0.0169 1 0.0001
MORC2 1 0.9791 0.0043 0.0002 1 0.0001 1 0.0001
PCCB 0 0.45 0.0646 0.2063 1 0.0001 1 0.0001
PCTP 1 0.0001 0.0028 0.9999 0 0.1507 1 0.0001
PRKAB?2 -1 0.026 0.3488 0.4859 -1 0.0001 -1 0.0008
PTGR2 0 0.9921 0.685 0.5167 1 0.0001 1 0.0001

Abbreviation: 1, upregulated; -1, down regulated and 0, no significant change in

gene expression
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4 ACSM1 AND ACSM3 REGULATE FATTY ACID OXIDATION IN
PROSTATE CANCER TO PROMOTE GROWTH AND PROTECT

AGAINST FERROPTOSIS

This chapter includes a manuscript ready to submit for publication followed by
supplementary figures and tables. This chapter makes up a significant proportion

of the work completed as a part of my PhD.
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4.3 ABSTRACT

Prostate tumours are highly dependent on lipids for growth and survival. The
androgen receptor (AR) is a major mediator of dysregulated lipid metabolism in
prostate cancer, although the molecular mechanisms underlying this phenomenon
remain to be fully elucidated. Here, we identified Acyl-CoA Synthetase Medium
Chain Family Members 1 and 3 (ACSM1 and ACSM3), enzymes that play a critical
role in fatty acid activation, as factors that are directly regulated by AR in prostate
cancer. ACSM1 and ACSM3 are highly upregulated in prostate tumours compared
to non-malignant tissues and discriminate this cancer type in pan-cancer analyses.
Knockdown of ACSM1/3 in PCa cells resulted in growth inhibition (in vitro and in
vivo) and depletion of ATP, consistent with both factors having a major role in
energy production via fatty acid oxidation. Mass spectrometry-based lipidomics and
metabolomics revealed that loss of ACSM1/3 caused prostate cancer cells to
accumulate poly-unsaturated fatty acids and switch to a glycolytic phenotype.
These phenotypic changes led to mitochondrial oxidative stress and subsequent
lipid peroxidation, eventually resulting in cell death. Build-up of mitochondrial
reactive oxygen species was abrogated by an iron chelator, ferrostatin-1,
suggesting that cell death was due to an iron-dependent form of apoptosis termed
ferroptosis. Supporting this concept, over-expression of ACSM1 and ACSM3
elicited resistance to the ferroptosis inducers Erastin and ML210. Collectively, these
studies uncover a novel link between AR and lipid metabolism in prostate cancer
cells. Importantly, the critical role of ACSM1 and ACSM3 as key regulators of growth
and protectors against ferroptosis emphasises their potential as novel therapeutic

targets.
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4.4 INTRODUCTION

Cancer cells have different metabolic requirements compared to normal cells, as
they are highly proliferative and need to survive in a transformed microenvironment
characterised by hypoxia and limited nutrient supply. Altered lipid metabolism
represents one of the most common metabolic adaptations exhibited by cancer cells
(Peck and Schulze, 2019). For example, cancer cells exhibit increased de novo
synthesis and uptake of fatty acids (FAs), which are used for membrane biogenesis,
energy production (via B-oxidation) and storage, and protein modification (Butler et
al., 2020). Additionally, cancer cells actively stimulate mobilisation and release of
stored lipids from adipocytes in the tumour microenvironment, a process called

lipolysis (Laurent et al., 2016).

Prostate cancer (PCa) is characterised by and highly dependent on dysregulation
of lipid metabolic pathways (Zadra and Loda, 2018), a phenomenon that is heavily
influenced by the androgen receptor (AR) signalling axis (Butler et al., 2016). AR, a
ligand (androgen)-activated transcription factor, is the primary oncogenic driver of
PCa and the major therapeutic target in advanced and metastatic disease
(Coutinho et al., 2016). AR indirectly regulates the expression of factors with major
roles in lipid metabolism by enhancing the expression and activity of sterol
regulatory element binding proteins (SREBPs) (Butler et al., 2016), transcription
factors with a fundamental role in activating a lipogenic transcriptional program.
Additionally, AR also directly regulates the expression of genes encoding factors
involved in lipid synthesis, uptake and storage (Butler et al., 2016; Massie et al.,
2011), one key example being fatty acid synthase (FASN) (Chan et al., 2015).

Given the essential role of FAs/lipids in enhancing the growth of PCa and the
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emerging realisation of their widespread and intricate interplay with AR signalling,
there is increasing interest in therapeutic targeting of lipid metabolic pathways

(Watt et al., 2019; Zadra et al., 2019).

The first step in utilisation of FAs - either those synthesised de novo or taken up
from exogenous sources - is conversion to fatty acyl-CoA esters. This
thioesterification process is catalyzed by a large family of enzymes called acyl-
coenzyme A (acyl-CoA) synthetases (ACSs) and yields substrates for both -
oxidation and lipid synthesis (Coleman et al., 2002). The carbon chain length of FAs
varies from 2 to >30, which are processed by distinct sub-families of ACSs: short-
chain (C2-C4, ACCSs), medium-chain (C4-C12, ACSMs), long-chain (C12-C22,
ACSLs), bubblegum (C14-C24, ACSBG), and very long-chain (C18-C26,
annotated as solute carrier family 27A) (Soupene and Kuypers, 2008). Despite their
central roles in cellular lipid metabolism, the normal and pathophysiological

functions of many ACS enzymes, particularly the ACSMs, are poorly understood.

Here, we identify ACSM1 and ACSM3 as direct AR targets that are highly
upregulated in the malignant prostate. The application of functional assays coupled
with lipidomic and metabolomic experiments revealed that ACSM1/3 play crucial
roles in determining the PCa cell lipidome and metabolome, which enables them to
regulate oxidative stress and suppress ferroptotic cell death. Collectively, these
data provide fundamental new insights into PCa lipid metabolism and reveal fatty

acid activation by ACSM1/3 as a therapeutic vulnerability.
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4.5 RESULTS

ACSM1 and ACSM3 are AR target genes in prostate cancer

To identify novel downstream mediators by which AR regulates lipid metabolism in
PCa, we first compiled a list of 178 genes encoding factors with a putative role in
this process (Table S1). Subsequently, published data (Cancer Genome Atlas
Research, 2015; Heemers et al., 2011; Pomerantz et al., 2015; Taylor et al., 2010;
Wang et al., 2007) was interrogated to filter the gene set by 3 criteria (Figure 1A):
1) evidence of regulation by androgen treatment in models of PCa; 2) evidence of
proximal AR DNA binding proximal to transcriptional start sites (TSSs); and 3)
evidence of dysregulated expression in clinical PCa. This data mining effort
revealed 17 genes of interestt ACACA, ACOT2, ACSL3, ACSM1, ACSM3,
ELOVL5, ELOVL7, FASN, HACL1, HSD17B4, MAPKAPK2, MMAA, MORC2,
PCCB, PCTP, PRKAB2 and PTGR2 (Figure 1A; Table S1). The identification of
known androgen-regulated genes (e.g. ACACA (Massie et al.,, 2011), ACSL3
(Nelson et al., 2002) and FASN (Swinnen et al., 1997)) validated our approach. We
focussed our attention on ACSM1 and ACSM3 (Acyl-CoA Synthetase Medium
Chain Family Members 1 and 3), genes that encode enzymes reported to catalyse
activation of medium chain fatty acids, since their potential roles in PCa are entirely
unknown. AR-mediated upregulation of ACSM1 and ACSM3 was confirmed by
treatment of LNCaP and VCaP cells with the potent androgen DHT, an effect that
was reversed by co-treatment with the AR antagonist Enzalutamide (Figure 1B).
These findings were reinforced by treating LNCaP or VCaP cells with Enzalutamide
or an AR siRNA, which significantly reduced expression of ACSM1 and ACSM3

(Figures 1C-D). Activation or inhibition of AR also reduced protein levels of
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ACSM1/ACSM3 (Figure 1E). In support of the in vitro data, ACSM1 and ACSM3

expression decreased following ADT in patient tumours (Figure 1F).

As part of our gene filtering criteria, we had noted putative AR binding sites proximal
to the ACSM1 and ACSM3 TSSs in ChIP-seq data from prostate tumours and
patient-matched normal specimens (Figure 1G). At all of these sites, it was apparent
that AR binding was increased in malignant compared to non-malignant tissues.
These binding events were also induced by androgen treatment in AR ChIP-seq
data from the VCaP cell line model, highlighting their functional relevance (Figure
1G). We validated androgen-regulated AR binding at 5/6 of these loci by ChIP-
gPCR in LNCaP cells (Figure 1H). Collectively, these data suggest that AR directly

regulates the expression of ACSM1 and ACSM3.

155



A ; 178 genes encodingI B
actors with putative roles
in lipid metabolism LNCaP VCaP
30, @Veh Fokdkk 9.0 Kkkk
s ol
Androgenic modulation & -
of mRNA expression 2 24
=3 2.0 %
)
- 1.6
o
Dysregulated ‘_Eu 12
expression
in progtate cancer g 0.8 I I
o 04
Z 00 0.0
ACACA, ACOT2, ACSL3, ACSM1, ACSMS3, " ACSM1 ACSM3 KLK3 " ACSM1 ACSM3 KLK3
ELOVLS, ELOVL7, FASN, HACL1,
HSD17B4, MAPKAPK2, MMAA, MORC?2,
PCCB, PCTP, PRKAB2, PTGR2
C LNCaP VCaP D LNCaP VCaP
- 1.27 * *  kkkk Kkkk ok * = 129 gk kkk kkkk  kk  kkk kkkk
] 10 K=l
8 9 M siNC
E_OAB‘ E siIAR
3 :
o 0.6 e
3 2
= 0.4 =
g 0.2 g
z -4
0.0-
?.
E F GSE48403 H 120
siNC siAR 15 ACSM1 ACSM3 %100 M Veh
AR - A = * E 80 ol
— & 3 40
° h
- 1.01 c
ACSM1| wmn E g 30
ACSM3 E .S 20
— -
n05 c
T . )
GAPDH | cmmw e ) s 101 . 7 *
—18 LE *
00 e Pre.ADT - "2 3 4 5 6 KLKINC
G
+h——+——++ ACSM1 THUMPD1 ) ACSM3
1 2 34 5 6
"""" 1 Prostate, non-malignant 0-24
ana o 0-24
I e + T
{ 1ll vcaP, DHT O=a
] Ly
,,,,,,,,,,,,,,, ; ;
Chr 16: 20,720 20,760

Figure 1. ACSM1 and ACSM3 are AR target genes in prostate cancer. (A)
Schematic illustration of strategy to identify novel AR-regulated lipid metabolic

genes. (B-D) Expression of ACSM1 and ACSM3 in response to: (B) DHT or DHT +
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Enzalutamide (DHT+Enz) in cells grown in charcoal-strippd serum; (C)
Enzalutamide (Enz) in cells grown in full serum; and (D) siRNA-mediated
knockdown of AR (siAR). Gene expression was normalised to GAPDH; vehicle
(Veh) or negative control siRNA (siNC) were set to 1; error bars are SEM.
Differential expression was evaluated using unpaired t tests (*, p < 0.05; **, p <
0.01; *** p < 0.001; *** p < 0.0001). (E) ACSM1 and ACSMS3 protein levels in
response to SiAR treatments were measured by immunoblotting in LNCaP cells.
GAPDH was used as a loading control. (F) ACSM1 and ACSM3 mRNA expression
in prostate tumours pre- and post- androgen deprivation therapy (ADT; (Rajan et
al., 2014)). A Wilcoxon matched-pairs signed rank test was used to compare
expression in the groups. FPKM, fragments per kilobase of exon per million mapped
reads. (G) ChIP-seq data showing AR DNA binding near the ACSM1 and ACSM3
gene in non-malignant and prostate tumour samples ((GSE56288, (Pomerantz et
al., 2015)) and VCaP cells (GSE55064), (Asangani et al., 2014)). The grey dotted
box indicates AR binding peaks. (H) Evaluation of 6 putative AR binding sites (1-6;
shown below the ChlP-seq tracks in G) by ChIP-gPCR. Data is represented as fold-

change over an IgG control. Error bars represent SEM.
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ACSM1 and ACSM3 are highly expressed in the malignant prostate

To assess the clinical relevance of ACSM1 and ACSM3 in PCa, we examined a
series of published clinical datasets. Both genes were highly upregulated in PCa
compared to non-malignant prostate tissues in 3 large datasets, 2 of which (TCGA
and CPGEA) represent patient-matched normal:tumour pairs (Figure 2A).
Moreover, in multiple proteomic datasets, ACSM3 levels were elevated in cancer
compared to non-malignant tissues (Supplementary Figure S1); ACSM1 was not
evaluated in these studies. To extend upon these in silico analyses, we used
immunohistochemistry to measure ACSM1 and ACSM3 protein expression in a
tissue microarray containing non-malignant and tumour tissues from 160 men (see
Materials and Methods). Both proteins were detectable in all samples: ACSM1 is
ubiquitously expressed in epithelia and stroma, whereas ACSM3 expression is
restricted to epithelial cells (Figure 2C, right). Consistent with the public datasets,
levels of both proteins were significantly higher in tumours and associated with

increasing Gleason grade (Figure 2C, left; representative images shown on right).

The ACS medium chain family is comprised of 7 genes: ACSM1, ACSM2A,
ACSM2B, ACSM3, ACSM4, ACSM5 and ACSM6. To assess if other family
members have a function in PCa, we interrogated RNA-seq data from the TCGA
(non-malignant and primary cancer) and SU2C (metastatic CRPC) cohorts was
examined. ACSM1 and ACSM3 are the only family members expressed at an
appreciable level in the normal prostate and primary tumours (Figure 2D, left).
Although ACSM2A, ACSM2B and ACSM5 are detectable in a subset of metastatic
CRPC tumours, ACSM1 and ACSM3 are expressed at significantly higher levels (p

< 0.0001 compared to all other genes; Figure 2D, right). We then evaluated the pan-
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cancer distribution of ACSM1 and ACSM3 expression using a unified version of the
TCGA dataset in which data from distinct tumour types can be compared after
correction for study-specific biases (Wang et al., 2018). Notably, PCa exhibits the

highest expression of both genes compared to 18 other cancer types (Figure 2E).
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Figure 2. ACSM1 and ACSM3 are over-expressed in prostate cancer. (A)

ACSM1 and ACSM3 expression is elevated in primary prostate cancer (1° Cancer).

The TCGA dataset comprises 52 patient-matched non-malignant and cancer

samples. Violin plots show minimum and maximum (bottom and top lines,
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respectively) and mean (line within the boxes) values. Paired (TCGA and CPGEA)
or unpaired (MSKCC) t tests were used to compare expression in non-malignant
versus cancer tissues. RSEM, a quantitative value produced by RNA-Seq by
Expectation Maximization; FPKM, fragments per kilobase of exon per million
mapped reads. (B) ACSM1 and ACSM3 protein levels are associated with prostate
cancer grade, as determined by IHC. Violin plots on left show minimum and
maximum (bottom and top lines, respectively) and mean (line within the plot) values.
One-way ANOVA was used to compare primary Gleason grade groups with non-
malignant tissues. Representative IHC images are shown on the right (scale bars
represent 50 uym). (C) Expression of ACSM family members in normal prostate and
primary tumours in the TCGA cohort. (D) Expression of ACSM family members in
metastatic CRPC in the SU2C cohort. RPKM, reads per kilobase of exon per million
mapped reads. (E) Pan-cancer expression of ACSM1 and ACSM3 using a unified

TCGA dataset (Wang et al., 2018).
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ACSM1 and ACSM3 promote the growth of prostate cancer

The striking upregulation of ACSM1 and ACSM3 in malignancy and enrichment in
prostate tumours compared to other cancer types are suggestive of important
functional roles in PCa growth and progression. To identify appropriate model
systems to evaluate this hypothesis, the expression of both factors was assessed
in a panel of PCa cell lines. ACSM1 was robustly expressed in all 11 models tested,
whereas the expression of ACSM3 was more variable and completely absent in the
AR-negative cell lines (PC3 and DU145) (Figure 3A). Transient knockdown using
two distinct siRNAs for each factor, both of which were highly effective at reducing
cellular protein levels (Figure 3B), was used to determine whether ACSM1 and/or
ACSM3 contribute to PCa growth. Targeting either factor markedly suppressed the
proliferation of cell line models of castration-sensitive PCa (LNCaP, VCaP) and
CRPC (22Rv1, MR49F) (Figure 3C). ACSM1 knockdown also caused inhibition of
PC3 growth, but as expected ACSM3-specific SiRNAs had no effect in this ACSM3-
negative line (Figure 3C). Concomitant knockdown of both ACSM1 and ACSM3 did
not elicit a stronger growth inhibitory phenotype that either factor alone (Figure 3C),
suggesting redundancy in their function. The relevance of ACSM1 and ACSM3 in
PCa tumourigenesis and growth was further demonstrated using colony formation
and 3D spheroid assays, the latter chosen because it more closely mimics in vivo
conditions than 2-dimensional cell culture. In both of these assays, loss of ACSM1
and ACSM3 had profound tumour suppressive effects (Figure 3D-E). We expanded
our study of ACSM1 and ACSM3 by generating LNCaP cells stably modified to
express higher levels of either factor (Figure 3F). Supporting the findings from the
loss of function experiments, LNCaP-ACSM1 and LNCaP-ACSM3 cells exhibited

an increased growth rate and an enhanced ability to form colonies (Figure 3G). Our
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observations from the various growth assays suggested that loss of ACSM1 and
ACSM3 caused cytotoxicity, which we tested using Annexin V/7-AAD assays.
Annexin V binds to phosphatidylserine on the surface of cells that are undergoing
multiple types of programmed cell death, including apoptosis, necroptosis and
ferroptosis (Kloditz and Fadeel, 2019). Targeting of either factor caused a significant
increase in cell death in multiple cell line models of PCa (Figure 3F). Collectively,
these findings suggest that ACSM1 and ACSM3 are important mediators of growth

and survival in PCa.

Encouraged by the in vitro data across a diverse range of PCa models, we
investigated the requirement of ACSM1/3 in prostate cancer tumour growth in vivo.
Luciferase-tagged LNCaP cells were engineered with lentiviruses to express
doxycycline-inducible shRNAs specific for ACSM1 or ACSM3. LNCaP-shACSM3
cells exhibited robust knockdown of ACSM3 in response to doxycycline, and this
shRNA-mediated knockdown recapitulated the effects on growth and colony
forming ability elicited by siRNAs (Supplementary Figure S2A-C). By contrast,
LNCaP-shACSM1 cells did not exhibit robust down-regulation of ACSM1
(Supplementary Figure S2A), and hence we did not proceed to in vivo experiments
with this engineered line. LNCaP-shACSM3 cells were injected directly into the
prostate and the growth of intra-prostatic xenografts was measured by monitoring
of luciferase expression. After a period of 10 days to establish the xenografts, mice
were fed doxycycline to induce knockdown of ACSM3. Loss of ACSM3 led to a
striking decrease in the growth of LNCaP cells over a period of 48 days (Figure 3G),
demonstrating that this factor is required for tumour growth in the prostate

microenvironment.
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Figure 3. ACSM1 and ACSM3 are pro-growth and pro-survival factors in
prostate cancer. (A) Western blotting of AR, ACSM1 and ACSM3 protein
expression in PCa cell lines. GAPDH was used as a loading control. (B) Efficacy of
siRNAs targeting ACSM1 and ACSM3. 10 nM of two distinct siRNAs per gene
(SIACSM1-1, siACSM1-2, siACSM3-1 and siACSM3-2) were transfected into
LNCaP cells for 72 h, after which ACSM1 and ACSM3 protein levels were evaluated
by Western blotting. GAPDH was used as a loading control. (C) Loss of ACSM1
and ACSM3 inhibits prostate cancer growth, as evaluated by Trypan blue assays.
LNCaP, 22Rv1, VCaP, MR49F and PC3 cells were transfected with 2 distinct
SiRNAs per gene and Trypan blue growth assays were performed. Error bars
represent SEM. (D) Loss of ACSM1 and ACSM3 inhibits LNCaP colony formation.
Colonies with more than 50 cells were counted manually. Data shown is
representative of 3 independent experiments. Unpaired t tests were used to
compare colony formation of SIACSM1/siACSM3 relative to siNC (***, p < 0.001).
(E) Loss of ACSM1 and ACSMS inhibits growth of prostate cancer spheroids.
Spheroid volumes (n=11) were determined using the ReViSP software. Data shown
on left is representative of 3 independent experiments. Representative image of
spheres and volumetric analyses are shown in right. Unpaired t tests were used to
compare spheroid volume of SIACSM1/SiACSM3 relative to siNC (****, p < 0.0001).
(F) Western blotting showing over-expression of ACSM1 and ACSM3 in stably
transduced LNCaP cells. GAPDH was used as a loading control. (G) Over-
expression of ACSM1 and ACSM3 promotes growth of LNCaP cells, as evaluated
by trypan blue growth assays (left) and colony formation assays (right). Unpaired t
tests (at day 7 for trypan blue assays) were used to compare siACSM1/siACSM3

relative to SiNC (*, p < 0.05; **, p < 0.01; **** p <0.0001). (H) ACSM1 and ACSm3
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knockdown causes apoptosis of LNCaP cells, as determined using flow cytometry-
based Annexin V/7-AAD assays. Data represents the mean + SEM of triplicate
samples and are representative of 3 independent experiments. Dead cell
proportions were compared to vehicle using ANOVA and Dunnett's multiple
comparison tests (*, p < 0.05; **, p < 0.01; ***, p < 0.001; *** p < 0.0001). (1)
Knockdown of ACSM3 inhibits growth of LNCaP intra-prostatic xenografts. The
graph represents luciferase intensity as assessed by whole-animal bioluminescent
imaging over time in mice injected with shNC (control) cells (n = 8) or shACSM3
cells (n = 10), as assessed by non-invasive bio-luminescent imaging. Data are
presented as mean + SEM. The shACSM3 and shNC groups were compared at
indicated time-points using unpaired t tests (*, p < 0.05; **, p < 0.01; ***, p < 0.001,

*ek < 0.0001).
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ACSM1 and ACSM3 are potent regulators of prostate cancer metabolism

Members of the ACSM family catalyze the activation of medium chain fatty acids to
produce acyl-CoA, a reaction that is indispensable in fatty acid utilization (Fujino et
al., 1996). Given their integral role in cellular metabolism, we undertook a series of
experiments to interrogate bioenergetic metabolic alterations in response to
ACSM1 or ACSM3 loss. ATP assays demonstrated that energy production was
decreased in response to knockdown of both factors (Figure 4A). Mass-
spectrometry-based lipidomics revealed a dramatic alteration to the cellular fatty
acid profile following loss of ACSM1/3 (Figures 4B-C). More specifically, we
observed a general accumulation of many fatty acid species across multiple lipid
classes and chain lengths (Figures 4D-E) that was most striking in response to loss
of ACSML1. Inspection of saturation profiles revealed an increase in saturated and
mono-unsaturated fatty acids (MUFAS) in response to knockdown of each of the
factors. Inhibition of ACSM1 also caused a striking increase in poly-unsaturated
fatty acids (PUFAs) across multiple classes; ACSM3 had a more modest effect on
PUFAs, only increasing the levels of the less abundant SM and CER classes
(Figure 4E). These data suggested that utilisation of fatty acids as an energy source

or for other purposes was impaired by loss of ACSM1/3.

Parallel metabolomic profiling revealed accumulation of the end-product of
glycolysis, lactate, as well as glycolytic intermediates such as glucose-6-phosphate
and fructose-1,6-bisphosphate (Figure 4B). This observation implied that PCa cells
were undergoing a switch from oxidative phosphorylation (OXPHOS) to glycolysis
in response to targeting of ACSM1/ACSM3, consistent with a reduced ability of acyl

CoA to utilise fatty acid oxidation for energy production (Nassar et al., 2020;
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Schlaepfer et al., 2015). Extracellular flux analysis supported this hypothesis,
revealing that loss of ACSM1 and ACSM3 dramatically increases extracellular
acidification rate (ECAR), a proxy for glycolysis (Figure 4G). Defects in
mitochondrial function and OXPHOS in response to targeting of ACSM1/ACSM3

were further supported by intracellular accumulation of amino acids (Figure 4H).
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Figure 4. ACSM1 and ACSM3 are key regulators of prostate cancer metabolism.

(A) Loss of ACSM1 and ACSMS3 caused a decrease in levels of total ATP. Data was

normalised to control (siNC), which was set to 100%. Unpaired t tests were used to

compare SIACSM1/siACSM3 relative to sINC (*, p < 0.05; *** p < 0.001). (B)

Unsupervised separation of sSiNC, SIACSM1 and siACSM3 samples based on the levels
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of 413 fatty acids using using a principal component analysis (PCA). The plot was
generated using Clustvis (Metsalu and Vilo, 2015). Unit variance scaling was applied
to rows; singular value decomposition with imputation was used to calculate principal
components. (C) Loss of ACSM1 and ACSM3 causes dysregulation of the prostate
cancer lipidome. Heatmaps were generated using Clustvis. Both rows and columns
were clustered using correlation distance and average linkage; unit variance scaling is
applied to rows. (D-E) Abundance of lipid species in response to knockdown of ACSM1
and ACSM3. (D) shows total lipids in each class. (E) shows saturated (left),
polyunsaturated (middle) and monounsaturated (right) fatty acids of each class. Data
in bar graphs are mean * SEM. Unpaired t tests were used to compare
SIACSM1/siACSM3 relative to siNC (a, p < 0.05; b, p<0.01; c, p<0.001; d, p<0.0001).
SM, sphingomyelins; CE, cholesterol esters; CER, ceramides; TG: triacylglycerides;
DG: diacylglycerides; PC: phosphotidylcholines; PE: phosphotidylethanolamines; PG,
phosphatidylglycerols; PI: phosphatidylinositols; PS: phosphotidylserines. (F) Loss of
ACSM1 and ACSM3 in LNCaP cells causes accumulation of lactate and glycolytic
intermediates, measured using GC QQQ targeted metabolomics. Data in bar graphs
are mean + SEM. Unpaired t tests were used to compare siACSM1/siACSM3 relative
to siNC (*, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001). FBP, fructose bis-
phosphate. (G) Loss of ACSM1 and ACSM3 alters extracellular acidification rate
(ECAR) in LNCaP cells. Each data point represents an ECAR measurement. LNCaP
cells were transfected with SIACSM1, siACSM3 or siNC for 72 hr, then starved in
substrate limited medium for 24 hr; the assay was run in fatty acid oxidation assay
medium supplemented with palmitate. (H) Loss of ACSM1 and ACSMS3 results in
accumulation of amino acids, measured using GC QQQ targeted metabolomics. Z
scores were derived from metabolomic data; 3 replicates of each treatment (siNC,

SIACSM1 and siACSM3) are shown.
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Targeting of ACSM1 and ACSM3 induces lipid peroxidation and ferroptosis

Our metabolic and lipidomic analyses indicated that targeting ACSM1 and ACSM3
causes mitochondrial dysfunction and dysregulation of the PCa cell lipidome, both
of which are likely to increase oxidative stress. In support of this concept, loss of
ACSM1/ACSM3 activity dramatically increased the levels of reactive oxygen
species (ROS), as determined by a flow cytometry-based assay, in multiple models
of PCa (Figure 5A-B). Mitochondrial superoxide was a significant component of the
increased cellular ROS, as revealed by MitoSOX assays (Figure 5C). Loss of redox
homeostasis in response to targeting ACSM1/3 was consistent with our
metabolomic data, which revealed a dramatic decrease in the antioxidant
glutathione (y-L-glutamyl-L-cysteinylglycine, GSH) (Figure 5D) and an increased
NAD+:NADH ratio (Figure 5E). Interestingly, the loss of glutathione could not be
explained by the availability of its constituent amino acids (cysteine, glutamate and
glycine; Figures 4E and 5F). Collectively, these data provide additional evidence for
mitochondrial dysfunction in response to knockdown of ACSM1/ACSM3 and reveal

that a key role of these factors is to regulate cellular redox homeostasis.

The combination of increased ROS and accumulation of lipids and fatty acids, in
particular PUFAs, is likely to result in increased cellular lipid peroxidation. To test
this concept, we measured a marker of lipid peroxidation, malondialdehyde (Gawel
et al., 2004), and found that it was robustly elevated by knockdown of ACSM1 and
ACSM3 (Figure 5G-H). This observation was confirmed by staining cells with
BODIPY-C11, which demonstrated accumulation of phospholipid hydroperoxides
at cell membranes (Figure 5I). Lipid peroxidation is a hallmark of ferroptosis, an

iron-dependent, non-apoptotic form of cell death (Dixon et al., 2012). Treatment of
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cells with two inhibitors of ferroptosis, ferrostatin and N-acetylcysteine (NAC),
abolished the effect of ACSM1/3 knockdown on ROS production in 3 PCa models
(Figure 5J). These orthogonal and complementary approaches jointly demonstrate
that cell death occurring in response to loss of these enzymes is largely mediated
by ferroptosis. Importantly, over-expression of ACSM1/3 partially reversed the
effects of ferroptosis-inducing compounds Erastin and ML210 (Cao and Dixon,
2016), providing direct evidence for their involvement in protection against this form

of cell death (Figure 5K).
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Figure 5. ACSM1 and ACSM3 play a critical role in maintaining redox
homeostasis and protecting prostate cancer cells from ferroptosis. (A-B) Loss
of ACSM1 and ACSM3 causes accumulation of ROS (A), as determined by a flow
cytometric assay. Representative flow cytometry data for LNCaP cells are shown in
(B). Data shown in (A) are mean + SEM. Unpaired t tests were used to compare
SIACSM1/siACSM3 relative to sINC (**, p < 0.01; **** p < 0.0001). (C) Loss of
ACSM1 and ACSMS3 causes accumulation of mitochondrial ROS (left), evaluated
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using a MitoSOX assay to measure mitochondrial superoxide levels.
Representative flow cytometry data are shown on left. One way ANOVA and
Tukey’s multiple comparisons test were used to compare groups (%, p < 0.05; **, p
< 0.01; **** p < 0.0001). (D) Loss of ACSM1 and ACSM3 causes a reduction in
total glutathione (reduced glutathione (GSH) + oxidized glutathione (GSSG). Data
are mean + SEM. Unpaired t tests were used to compare SIACSM1/siACSM3
relative to siNC (****, p < 0.0001). (E) Loss of ACSM1 and ACSM3 alters levels of
NAD+, measured using GC QQQ targeted metabolomics. Data are mean + SEM.
Unpaired t tests were used to compare siACSM1/siACSM3 relative to SiNC (**, p <
0.01; *** p <0.001). (F) Levels of amino acid constituents of glutathione, measured
using GC QQQ targeted metabolomics. Data are mean + SEM. Unpaired t tests
were used to compare siACSM1/siACSM3 relative to SINC (*, p < 0.05; ***, p <
0.001). (G-H) Loss of ACSM1 and ACSM3 causes accumulation of
malondialdehyde (MDA), as measured using a colourimetric assay (G) and Western
blotting (H). For (G), data are mean + SEM and unpaired t tests were used to
compare siACSM1/siACSM3 relative to siNC (***, p < 0.001). For (H), GAPDH was
used as a loading control. (I) Loss of ACSM1 and ACSMS3 causes accumulation of
membrane phospholipid hydroperoxides, as evaluated using BODIPY-C11
immunofluorescence in LNCaP cells. (J) Ferrostatin-1 and NAC rescue ROS
induction mediated by loss of ACSM1 and ACSM3. Data are mean + SEM. One
way ANOVA and Tukey’s multiple comparisons test were used to compare groups
(*, p <0.05; **, p <0.01; *** p < 0.0001). (K) Over-expression of ACSM1 and
ACSM3 block the effects of ferroptosis-inducing compounds Erastin and ML210.
Data are mean + SEM. One way ANOVA and Tukey’s multiple comparisons test

were used to compare groups (*, p < 0.05; **, p < 0.01; **** p < 0.0001).
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4.6 DISCUSSION

The AR signalling axis is a major regulator of lipid metabolic processes in prostate
cancer, but the molecular mechanisms underlying this regulation and relevance to
disease progression remain poorly understood. Exploiting transcriptomic and
cistromic data, we formulated an unbiased approach to isolate novel AR-regulated
lipid metabolic genes. This approach identified ACSM1 and ACSM3, which encode
acyl-coenzyme A (acyl-CoA) synthetases (used interchangeably with acyl-CoA
ligases) reported to catalyze the activation of medium chain FAs by CoA to produce
an acyl-CoA, an essential step for the utilisation of FAs in further metabolic

processes (i.e. storage, signalling, production of energy) (Watkins, 1997).

The functions of ACSM1 and ACSM3 in normal physiology are poorly understood.
Indeed, the ACSM family as a whole is highly understudied compared to most other
metabolic enzymes (van der Sluis, 2018). The ACSM1 and ACSM3 genes share a
high degree of homology and structural similarity and are co-located on on
chromosome 16p13.1, suggesting that they arose from a common ancestor by gene
duplication (Fujino et al., 2001). Upon their discovery, it was demonstrated that
human ACSM1 prefers hexanoate (6 carbons) as a substrate (Vessey et al., 1999),
whereas the mouse orthologues of ACSM1 and ACSMS3 prefer octanoate (8
carbons) and isobutyrate (4 carbons) as substrates, respectively (Fujino et al.,
2001). However, these early biochemical studies and subsequent work revealed
substantial flexibility in substrate utilisation by ACSMs; indeed, there is significant
overlap in the chain length specificity of ACSMs and ACSLs (Ellis et al., 2015; van
der Sluis and Erasmus, 2016). This is consistent with our findings: although our
mass spectrometry approach to profile lipids was unable to detect medium chain
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FAs or their activated forms, we found that loss of ACSM1/3 activity resulted in
accumulation of many longer chain FA species. Based on this data, we believe that
these enzymes directly catalyze activation of both medium and long chain FAs in

PCa cells, although this remains to be definitively proven.

In terms of pathophysiological functions, the majority of research effort has been in
establishing and understanding the association between ACSM1 and ACSM3 gene
polymorphisms and metabolic syndrome (i.e. hypertension, hypertriglyceridemia,
hypercholesterolemia and obesity) (Benjafield et al., 2003; Haketa et al., 2004; Iwai
et al., 2002; Narita et al., 2002). Although the mechanism(s) underlying the function
of ACSMs in metabolic syndrome is unknown, one hypothesis is that dysregulation
of ACSM activity could result in increased de novo synthesis of long chain FAs in
the liver and subsequently impact on obesity and hypertension. Very little is known
about the relevance of ACSMs in cancer. ACSM1 was reported to be a marker of
both PCa (Alinezhad et al., 2016) and apocrine breast cancer (Celis et al., 2008),
whereas ACSM3 has been implicated as a tumour suppressor in hepatocellular
carcinoma based on its down-regulation in this disease context (Gopal et al., 2017;
Ruan et al.,, 2017). However, ours is the first study to undertake integrative
functional characterisation of ACSM1 and ACSM3 in any cancer type. We found
that PCa cells are highly dependent on ACSM1 and ACSMS3 activity for optimal
growth, which we postulate is largely a consequence of the key role of these
enzymes in energy production. Indeed, loss of ACSM1/3 was associated with
decreased levels of cellular ATP and mitochondrial dysfunction, both of which could
indicate defective utilisation of fatty acids as an energy source. PCa cells would be

especially sensitive to such a defect since they exhibit substantially increased rates
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of fatty acid oxidation compared to non-malignant prostate cells (Balaban et al.,
2019; Schlaepfer et al., 2014). We also observed a shift from oxidative
phosphorylation to glycolysis in response to ACSM1/3 inhibition, which is a reported
consequence of FA oxidation or impaired mitochondrial activity in PCa (Nassar et
al., 2020; Schlaepfer et al., 2015). The high dependence of PCa cells on FA as an
energy source has prompted evaluation of FA oxidation inhibitors such as a novel
therapeutic strategy, with a focus on carnitine palmitoyltransferase-1 (CPT-1)
inhibitors such as etomoxir, perhexiline and ranolazine (Flaig et al., 2017; Itkonen
et al., 2017; Nassar et al., 2020). However, the clinical development of etomoxir
was terminated due to severe hepatotoxicity associated with treatment (Holubarsch
et al., 2007). ACSM1/3 represent alternative targets to suppress FA oxidation and
hence inhibit PCa growth; indeed, the tissue specificity of ACSM1 (this study) and
its marked enrichment in the malignant state could lend increased selectivity to
targeting strategies. Although selective inhibitors of ACSMs are unavailable, their
development would be facilitated by the crystal structure of ACSM2A (Kochan et
al., 2009), which is 54.0 and 53.5% identical at the amino acid level to ACSM1 and

ACSMa3, respectively.

Our study revealed that ACSM1/3 are not only growth enhancers but also key
survival factors in PCa. ROS are important for proliferation, adaptation to hypoxia
and plasticity in cancer (Aggarwal et al., 2019), but excess ROS can cause death
and hence tumour cells evolve strategies to counter oxidative stress. We propose
that the pro-survival functions of ACSM1/3 largely reflect their ability to regulate
levels of mitochondrial ROS. Although the precise mechanism(s) remains to be

determined unclear, we envision multiple explanations for maintenance of redox
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homeostasis by ACSM1/3. First, ACSM1/3 appear to play a critical role in
preserving normal levels of glutathione, which cancer cells require for coping with
inherently higher levels of oxidative stress. Second, high ACSM1/3 activity would
favour OXPHOS and production of pyruvate, which can serve as a potent
antioxidant, whereas low ACSM1/3 activity would result in a switch to glycolysis and
lactate production, which is known to increase oxidative stress (El Sayed et al.,
2013). Finally, certain carboxylate-containing xenobiotics, including benzoate and
salicylate, are known substrates of ACSM2B (and to a lesser extent ACSM1) (van
der Sluis, 2018; van der Sluis and Erasmus, 2016). Salicylate can generate
hydrogen peroxide via interactions with the mitochondrial respiratory chain
(Battaglia et al., 2005). Thus, xenobiotic detoxification is a mechanism by which
ACSM1/3 could suppress generation of mitochondrial ROS, a hypothesis we plan
to investigate in more detail. It is important to note that none of these mechanisms
are mutually exclusive, and it is likely that all would play a role in mitigating cellular

ROS by ACSM1/3.

In recent years, ferroptosis has emerged as an important non-apoptotic, iron-
dependent mode of cell death (Stockwell and Jiang, 2020). A hallmark of ferroptosis
is accumulation of lipid ROS, and in particular the oxidation of PUFA phospholipids
in cell membranes (Stockwell and Jiang, 2020). Using both loss and gain of function
experiments in combination with ferroptosis-activating compounds, our study
conclusively revealed that ACSM1/3 are powerful suppressors of ferroptotic cell
death in PCa. This is not surprising given that both factors are important regulators
of the cellular lipid profile as well as potent inhibitors of ROS generation. Loss of

ACSML1 led to an accumulation of PUFAs and a range of saturated FAs and MUFAs,
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whereas loss of ACSM3 was not associated with increased levels of PUFAS. Since
saturated FAs and MUFAs are much less susceptible to ROS- or enzyme-mediated
oxidation than PUFAs (Stockwell and Jiang, 2020), we propose that the primary
mechanism by which ACSM3 inhibits ferroptosis is via its ability to maintain redox
homeostasis. The close association between lipid remodelling and ferroptotic death
sensitivity is an emerging feature of PCa cells (Tousignant et al., 2020). It is not
surprising, therefore, that PCa cells have acquired fatty acid metabolic features that
can mitigate this vulnerability. As an example, recent reports demonstrated that
another factor required for fatty acid oxidation, DECR1, serves to protect PCa cells
from ferroptosis (Blomme et al., 2020; Nassar et al., 2020). In contrast to ACSM1/3,
DECRL1 is an AR-repressed factor, although (paralleling ACSM1/3) itis upregulated
during PCa development and progression and serves to process PUFAs for
catabolism. Considering these studies alongside our work, we postulate that
therapeutic approaches to elicit ferroptosis are a promising strategy in PCa.
Importantly, such a strategy may be more effective in the therapy resistant state,
which exhibits increased sensitivity to ferroptosis due to altered fatty acid
membrane composition in multiple cancer types and in response to diverse

therapies (Hangauer et al., 2017; Tousignant et al., 2020; Viswanathan et al., 2017).

We cannot rule out additional enzymatic functions of ACSM1/3 in PCa beyond
activation of fatty acids. For example, recent reports have shown that ACSM1
regulates lipoylation (i.e. addition of a lipoic acid moiety) of pyruvate dehydrogenase
(PDH) and a-ketoglutarate dehydrogenase (aKGDH) (Paredes et al., 2018). This
post-translational modification enhances the activity of PDH and aKGDH, which in

turn promotes the tricarboxylic acid (TCA) cycle and oxidative respiration (McKenna
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& Rae, 2015), a process reported to enhance metabolic plasticity under hypoxia
and in cancer cells (Paredes et al., 2018). Indeed, we were able to validate the lipoic
acid-activating activity of ACSM1 in PCa cells (Supplementary Figure S3).
However, since ACSM3 apparently lacks this enzymatic activity (Supplementary
Figure S3) but is also required for normal mitochondrial function in PCa cells, we
propose that lipoylation only represents a minor contributor to ACSM1-mediated

regulation of PCa metabolism.

In summary, our study defines a new link between the AR signalling axis and fatty
acid activation. Importantly, the dual roles of ACSM1 and ACSM3 in energy
production via FAO and as guardians against oxidative stress and ferroptotic death
position them as major players in PCa growth and progression, warranting

additional research into their potential as therapeutic targets.

180



4.7 MATERIALS AND METHODS

Cell lines and cell culture

The human prostate cancer cells lines LNCaP, 22Rvl, VCaP and PC3 were
obtained from the American Type Culture Collection (ATCC). V16D and MR49F
cells (Bishop et al., 2017) were kindly provided by A. Zoubeidi. LNCaP, 22Rv1,
V16D and MR49F cells were maintained in RPMI-1640 containing 10% FBS;
MRA49F (castration-resistant, enzalutamide-resistant) cell media was additionally
supplemented with 10uM enzalutamide. PC3 cells were maintained in RPMI-1640
containing 5% FBS. VCaP cells were maintained in Dulbecco’s Modified Eagles’s
medium (DMEM) containing 10% FBS, % sodium pyruvate, 1% MEM non—essential
amino acids, and 0.1nM 5a-dihydrotestosterone (DHT). For serum starvation
experiments, cells were grown in phenol red-free RPMI-1640 containing 10%
dextran-coated charcoal (DCC) stripped serum. Cell Bank Australia performed
verification of all cells lines (2016-2019) via short-tandem repeat profiling. All cell

lines were subjected to regular mycoplasma testing.

Cell line transfection

Transfection of cell lines with 10 nM small interfering RNAs (siRNAs) was performed
using RNAIMAX Transfection Reagent (Life Technologies) according to the
manufacturer's instructions. SiRNAs used in this study were ACSM1 and ACSM3
Silencer Select (Ambion; SIACSM1-1 (s41984), siACSM1-2 (s41985), siACSM3
(s12459) and siACSM3 (s12460)) and control siRNA (Qiazen 1027281). For double
knockdown, sSiACSM1-2 (s41985) and siACSM3 (s12460) were co-transfected into

cells.
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Quantitative Real-Time PCR (qRT-PCR)

Total RNA from cell lines was extracted using TRI Reagent (Sigma), as described

previously (Das et al., 2017). Total RNA was treated with Turbo DNA-free kit

(Invitrogen), and reverse transcribed using iScript Reverse Transcriptase Supermix

kit (Bio-Rad). gRT-PCR was performed in triplicate as described previously (Moore

et al., 2012). GAPDH levels were used for normalization of qRT-PCR data. Relative

gene expression was calculated using the comparative Ct method. Primer

sequences are shown in Table 1.

Table 1. Primers used in this study.

Primer Sequence Use

AR _exonl_2 F CCACTTGTGTCAAAAGCGAAAT gRT-PCR
AR_exonl_2 R ATAGTCAATGGGCAAAACATGG gqRT-PCR
ACSM1_mRNA_F CTGCTCTACGAGAACTATGGGC gRT-PCR
ACSM1_mRNA_R CTGTGTTAGGTGGCAGGATGCT gRT-PCR
ACSM2A_mRNA_F CAGAAGGAGACATTGGCATCAGG gRT-PCR
ACSM2A_mRNA_R AGTCTCCTCGAATGTTGGCTGC gRT-PCR
ACSM2B_mRNA_F CAGAAGGAGACATTGGCATCAGG gRT-PCR
ACSM2B_mRNA_R AGTCTCCTCGAATGTTGGCTGC gRT-PCR
ACSM3_mRNA_F CTGGGCAAAGTCTGCATGGAGT gRT-PCR
ACSM3_mRNA_R AGTTGGTGCTGAACAGAAGACTG gRT-PCR
ACSM4_mRNA_F GTTCACCCTCTGCGGAAGGTAT gRT-PCR
ACSM4_mRNA R GCCAGGAAGAAAACACACTGCC gRT-PCR
ACSM5_mRNA_F CCATCTTTCGGCTGCTTGTGCA gRT-PCR
ACSM5 mRNA R CAGTCTGGTGTTTCCACTTCTCC gRT-PCR
FASN_mRNA_F TCTCCGACTCTGGCAGCTT gRT-PCR
FASN_mRNA_R GCTCCAGCCTCGCTCTC gqRT-PCR
GADPH_R GGCATGGACTGTGGTCATGAG gRT-PCR
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GAPDH_F TGCACCACCAACTGCTTAGC gRT-PCR
KLK3_F CAGAGGAGTTCTTGACCCCAA gRT-PCR
KLK3_R ACAGCATGAACTTGGTCACCTT gRT-PCR
ACSM1/3_Peak_1_ChIP_F TGGTAGAGCAACTCGCCTTT ChIP PCR
ACSM1/3_Peak_1_ChIP_R TATGATTGGCCCAGCTTAGG ChIP PCR
ACSM1/3_Peak_2_ChIP_F AACAACACGGGCTCAAATTC ChIP PCR
ACSM1/3_Peak_2_ChIP_R TACTTGTCCGTGCTGAATGC ChIP PCR
ACSM1/3_Peak_4 ChIP_F CAGCCTCACGAAAGCCAGAAA ChIP PCR
ACSM1/3_Peak_4_ChIP_R TTAGCCCTGGGAAGAACTTGTG ChIP PCR
ACSM1/3_Peak_5_ChIP_F AGGCTCACCAACTGTGGACT ChIP PCR
ACSM1/3_Peak_5_ChIP_R AACTGGTTTTGGCAGGTTTG ChIP PCR
KLK3_ChIP(Prom)_F GCCTGGATCTGAGAGAGATATCATC | ChIP PCR
KLK3_ChIP(Prom)_R ACACCTTTTTTTTTCTGGATTGTTG | ChIP PCR
NC2_F GTGAGTGCCCAGTTAGAGCATCTA | ChIP PCR
NC2_R GGAACCAGTGGGTCTTGAAGTG ChIP PCR

Chromatin Immunoprecipitation (ChlP)

LNCaP cells were seeded at 4 x 10° cells/plate in 15cm plates in RPMI-1640
medium containing 10% DCC-FBS for 3 days, then treated for 4 hours with 10nM
DHT or Vehicle (ethanol). AR ChIP using antibody ER179 (Ab108341, Abcam) was

performed as described previously (Paltoglou et al., 2017).

Immunoblotting

Protein extraction from cells using RIPA buffer and western blotting was done as
described previously (Moore et al., 2012). The following primary antibodies were
used: AR (N20, SC-816, Santa Cruz Biotechnology); B-actin (AC-15, Ab6376,
Abcam); ACSM1 (SAB1301678, Sigma-Aldrich); ACSM3 (sc-377173 (G8), Santa

Cruz Biotechnology); DLAT (12362S, Cell Signalling Tech) DLST (11954S, Caell
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Signalling Tech) Lipoic acid (ab58724, Abcam) a-tubulin (05-829, Millipore);
GAPDH (MAB374, Millipore); MDA (ab6463, Abcam); and GPX4 (ab41787,
Abcam). Secondary antibodies were anti-mouse (DAKO, E0433, 1:2000) and anti-

rabbit (DAKO, E0432, 1:1000).

Analysis of published RNA-seq data

Clinical transcriptomic data was downloaded from GEO (GSE7868, (Wang et al.,
2007); GSE22606 (Heemers et al., 2011); and GSE51005 (Rajan et al., 2014),
cBioportal (MSKCC (Taylor et al., 2010); TCGA (Abeshouse et al., 2015); SU2C
(Abida et al., 2019)). CPGEA data (Li et al., 2020) was obtained from

http://bigd.big.ac.cn/gsa-human/.

Analysis of published ChlP-seq data

AR ChlP-seq data from GSE56288 (clinical specimens: 7 normal prostate and 13
primary tumours) (Pomerantz et al., 2015) and GSE55064 (VCaP cells) (Asangani
et al., 2014) were obtained from GEO and visualized using the Integrated Genome

Browser (IGV) (Thorvaldsdattir et al., 2013).

Immunohistochemistry (IHC)

IHC was performed essentially as described previously (Hickey et al., 2015). Tissue
sections were incubated with primary antibodies ACSM1 (1:100, SAB1301678,
Sigma-Aldrich) and ACSM3 (1:50, sc-377173 (G8), Santa Cruz Biotechnology)
overnight at 4°C. Biotinylated secondary antibodies (E0432 and E0433, Dako) were
added to slides at a 1:400 dilution in blocking solution for 1h at RT followed by HRP-

streptavidin at 1:500 for 1 hr at RT. Slides were scanned using a Nanozoomer digital
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slide scanner (Hamamatsu). Images were viewed with NDP view software and

guantified using ALLRED score (Choudhury et al., 2010).

Proliferation assays

Proliferation of cells transfected with SiACSM1 and siACSM3 was measured using
Trypan blue exclusion assays. Cells were seeded at 6 x 10* (LNCaP, LNCaP-
MR49F, 22RV1), 1 x 10°(VCaP) and 1 x 10*(PC3) in 12-well plates. Live cells were

quantified in haemocytometer using Trypan blue.

Apoptosis assays

Apoptosis was measured by collecting cells in FACS binding buffer (47 ml of
HANKS buffered saline, 500 pL of Herpes solution and 2.5 mL of 100 mM CacCl2),
staining with Annexin V PE (BD PharmagenTM , BD Biosciences, CA, US and 1
mM 7-Aminoactiomycin D (Thermo Fisher Scientific) and analysis by Flow
Cytometry using a LSRFortessa X20 (BD Biosciences). RAJ: ADD A REFERENCE

AS THE REVIEWER ASKS

Colony and spheroid formation assays

For colony formation assays, cells were washed with PBS, trypsinized, collected,
counted and single-cell suspension was prepared. 500 cells were plated in 6-well
plates and incubated for 2 weeks at 37°C, with media replenishment every 3-7 days.
Cells were then washed with PBS, fixed with 4% paraformaldehyde and stained
with 1% crystal violet for 30 minutes. Colonies were counted manually after washing

excess stain with water.
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For spheroid assays, cells were collected and prepared at a concentration of 7.5 x
10* cells/ml. Cell suspensions (1500 cells in 20ul) were pipetted onto 96 well
Spheroid ULA/CS plates with 100pL of media and incubated at 37°C for 5 days.
Photos of the formed spheres were captured and sphere volume was determined

using ReViSP software (Piccinini et al., 2015).

Reactive oxygen species (ROS) assays

Cellular ROS levels were measured using CellROXTM Orange Flow Cytometry
Assay Kits (Life Technologies). Briefly, 24 hours post-seeding (5 x 10° cells per 6-
well plate), the cells were treated with or without antioxidant (0.5 mM Trolox) and
incubated for the indicated times. Cells were stained with CellROX Orange and
SYTOX Red Stain and analysed by Flow Cytometry (10-30,000 cells/sample) using

a LSRFortessa X20.

Total ATP assay

LNCaP cells were transfected with SIACSM1 and siACSM3 for 72 hours in 96 well
plate format. Total cellular ATP levels measurement were made according to
manufacturer’s instructions (Luminescent ATP Detection Assay Kit, ab113849) and
normalized to the total cellular DNA content / cell number in each well determined

by CyQUANT™ Cell Proliferation Assay kit (ThermoFisher Scientific).

Lipid peroxidation analysis
LNCaP cells were transfected with SIACSM1 and siACSM3 for 96 h and then plated
at 5 x 102 cells/well in an 8-well chamber slide. Cells were stained with 5uM

BODIPY-581/591 C11 (Thermo Fisher Scientific). Cells were washed and fixed with
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4% paraformaldehyde (PFA), and mounted with Prolong Gold anti-fade solution
with DAPI (Thermo Fisher Scientific). Cells were imaged at 60 X magnification using
a Olympus FV3000 Confocal Microscope as described previously (Nassar et al.,
2020). Quantification of BODIPY-C11 stain was performed using ImageJ analysis

software.

Seahorse extracellular flux analysis

Cells were plated in XF96 well cell culture microplates (Agilent) at equal densities
in substrate-limited medium (DMEM with 0.5mM glucose, 1.0mM glutamine, 0.5mM
carnitine and 1% FBS) and incubated overnight. One hour before the beginning
OCR measurements, the cells were changed into FAO Assay Medium (111mM
NaCl, 4.7mM KCI, 2.0mM MgSO4, 1.2mM Na2HPO4, 2.5mM glucose, 0.5mM
carnitine and 5mM HEPES). After baseline OCR was stabilized in FAO Assay
Medium, 200uM of linoleic-acid (LA) or palmitic acid (PA) were added before
initializing measurements. Extracellular flux analysis was performed using the
Seahorse XF Cell Mitochondrial Stress Test kit (Seahorse Bioscience) according to
the manufacturer’s protocol. Extracellular flux experiments were performed on a
Seahorse XF96 Analyzer and results were analysed using Seahorse Wave
software for XF analyzers. The OCR values were normalized to cell numbers in

each well.

Lipidomics
LNCaP cells were transfected with sSIACSM1/3 for 4 and 6 days, after which culture
plates were placed on ice. Media was removed and cells were washed 3 times with

cold PBS, after which they were scraped and collected in 1.5 ml tubes by
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centrifugation at 20,0009 for 5 min. The supernatant was removed and cell pellets
were frozen and stored at -80°C. To extract lipids, 700 pl of sample (4 ul of plasma
diluted in water, or 700 pl of homogenized cells) was mixed with 800 pyl 1 N
HCI:CH3OH 1:8 (v/v), 900 uyl CHCI3 and 200 pg/ml of the antioxidant 2,6-di-tert-
butyl-4-methylphenol (BHT; Sigma Aldrich). 3 yl of SPLASH LIPIDOMIX Mass Spec
Standard (#330707, Avanti Polar Lipids) was spiked into the extract mix. The
organic fraction was evaporated using a Savant Speedvac spd111v (Thermo Fisher
Scientific) at room temperature and the remaining lipid pellet was stored at - 20°C

under argon.

Lipid pellets were reconstituted in 100% ethanol. Lipid species were analyzed by
liquid chromatography electrospray ionization tandem mass spectrometry (LC-
ESI/MS/MS) on a Nexera X2 UHPLC system (Shimadzu) coupled with hybrid triple
guadrupole/linear ion trap mass spectrometer (6500+ QTRAP system; AB SCIEX).
Chromatographic separation was performed on a XBridge amide column (150 mm
x4.6 mm, 3.5 ym; Waters) maintained at 35°C using mobile phase A [1 mM
ammonium acetate in water-acetonitrile 5:95 (v/v)] and mobile phase B [1 mM
ammonium acetate in water-acetonitrile 50:50 (v/v)] in the following gradient: (0—6
min: 0% B — 6% B; 6—10 min: 6% B — 25% B; 10-11 min: 25% B — 98% B; 11—
13 min: 98% B — 100% B; 13—19 min: 100% B; 19-24 min: 0% B) at a flow rate of
0.7 mL/min which was increased to 1.5 mL/min from 13 min onwards. SM, CE, CER,
DCER, HCER, LCER were measured in positive ion mode with a precursor scan of
184.1, 369.4, 264.4, 266.4, 264.4 and 264.4 respectively. TAG, DAG and MAG
were measured in positive ion mode with a neutral loss scan for one of the fatty acyl

moieties. PC, LPC, PE, LPE, PG, LPG, PI, LPI, PS and LPS were measured in
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negative ion mode by fatty acyl fragment ions. Lipid quantification was performed
by scheduled multiple reactions monitoring (MRM), the transitions being based on
the neutral losses or the typical product ions as described above. The instrument
parameters were as follows: Curtain Gas = 35 psi; Collision Gas = 8 a.u. (medium);
lonSpray Voltage = 5500 V and -4,500 V; Temperature = 550°C; lon Source Gas
1 = 50 psi; lon Source Gas 2 = 60 psi; Declustering Potential = 60 V and -80 V;
Entrance Potential = 10 V and —10 V; Collision Cell Exit Potential = 15 V and -15
V. The following fatty acyl moieties were taken into account for the lipidomic
analysis: 14:0, 14:1, 16:0, 16:1, 16:2, 18:0, 18:1, 18:2, 18:3, 20:0, 20:1, 20:2, 20:3,
20:4, 20:5, 22:0, 22:1, 22:2, 22:4, 22:5 and 22:6 except for TGs which considered:

16:0, 16:1, 18:0, 18:1, 18:2, 18:3, 20:3, 20:4, 20:5, 22:2, 22:3, 22:4, 22:5, 22:6.

Peak integration was performed with the MultiQuant software version 3.0.3. Lipid
species signals were corrected for isotopic contributions (calculated with Python
Molmass 2019.1.1) and were normalized to internal standard signals. Unpaired T-
test p-values and FDR corrected p-values (using the Benjamini/Hochberg

procedure) were calculated in Python StatsModels version 0.10.1.

Metabolomics

LNCaP cells (5.0 x 10°) were transfected with siRNA for 48 hours in RPMI (phenol
red free) with 10% FBS supplemented with 2.0 mM glucose in 6-well plates. Cells
were placed on ice and washed twice with 5 ml cold NaCl saline, after which 300l
of ice cold methanol:chloroform (MeOH:CHCI3) extraction solvent containing the
internal standards (0.5ul/samples) was added onto each well. Cells were scraped

and collected in 15ml tubes, after which an additional 300 pL MeOH:CHCI3 was
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added to wells in order to collect remaining cells. 1.5 ml of chloroform was added
to each tube followed by vortexing and incubation on ice for 5 mins. Tubes were
centrifuged at 4°C for 5 minutes at 2,700g and the top aqueous layer was then
transferred into a fresh 1.5ml Eppendorf tube and allowed to dry in a Speedvac.
Dried samples were derivatised with 20pl methoxyamine (30mg/ml in pyridine,
Sigma Aldrich) and 20ul N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1%
Trimethylchlorosilane (TMCS). The derivatised samples were analysed using GC

QQQ targeted metabolomics as described (Best et al., 2018).

Lentiviral transduction of cells

SMARTVvector Inducible Lentiviral ShRNA vectors for ACSM1, ACSM3 and Non-
targeting shRNA Control (glycerol stock E. coli) were obtained from Dharmacon
(catalogue numbers V3SH11252-225482707 and V3SH11252-224860261). For
over-expression of ACSM1 and ACSM3 in PCa cells, linear dsDNA fragments
containing codon-optmised ACSM1 and ACSM3 cDNA sequences were cloned into
Gateway entry vector (pbDONR221) and then transferred into pJS64 destination
vector. The sequence of the inserts was verified by Sanger sequencing at AGRF.
Viral supernatants were prepared by transfection of HEK293T cells with the vector
plasmids and packaging plasmids (psPAX2 Addgene 12259 and pMD2.G Addgene
12260). The transfection was performed with polethylenimine (PEI MAX
Transfection Grade Linear Polyethylenimine Hydrochloride, 24765-1,
Polysciences) as described previously (Das et al., 2017). After 48 hours,
supernatants were filtered through 0.45 pm and 0.22 pm syringe filters and then
concentrated ~100-fold using Vivaspin 100 kDa cut-off columns by centrifugation at

3000 g at 10°C for 6 hours. Concentrated virus was stored at -80° C. For
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transduction, luciferase-tagged LNCaP cells (for shRNA viruses) and untagged
LNCaP cells (for over-expression vectors) were seeded at 1.25 x 10° cells in 6 well
plates and the following day were transduced with concentrated lentivirus for a
period of 3 days. Puromycin (1.0 ug per mL) was added to select for transduced
cells for an additional 3 days. Cells transduced with shRNA constructs were grown

in 2ug pg per ml of doxycycline to induce expression of ShRNAs.

Animal experiments

All animal procedures were were approved by the University of Adelaide Animal
Ethics Committee (approval number M-2019-037) and carried out in accordance
with the guidelines of the National Health and Medical Research Council of
Australia. LNCaP-NC and LNCaP-shACSM3 cell suspensions (1 x 108 cells in 10
pl PBS) were injected intraprostatically in 8-week old NOD/SCID male mice. Whole-
body imaging to monitor luciferase-expressing LNCaP cells was performed at day
3 of the injection and once weekly thereafter using an IVIS Spectrum in vivo Imaging
System (PerkinElmer). D-luciferin (potassium salt, PerkinElmer) was dissolved in
sterile deionized water (0.03 g/ml) and injected subcutaneously (3 mg/20 g of
mouse body weight) before imaging. Bioluminescence was reported as the sum of

detected photons per second from a constant region of interest.

Statistical analyses
All experiments were performed at least three times. Statistical analysis was
performed using GraphPad Prism 7.02 software. Statistical methods are included

in figure legends.
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4.9 SUPPLEMENTARY FIGURES
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Supplementary Figure S1 (Iglesias-Gato et al., 2018; Latonen et al., 2018; Nikitina
et al., 2017). ACSM3 protein levels are elevated in primary prostate cancer (PCa)
compared to normal prostate tissues. Violin plots show minimum and maximum
(bottom and top lines, respectively) and mean (line within the boxes) values.
Unpaired t tests were used to compare expression in normal and cancer tissues (**,

p < 0.01).
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Supplementary Figure S2. (A) ACSM1 and ACSM3 protein levels in LNCaP
derivatives stably transduced with shACSM1 and shACSM3. Cells were cultured in
doxycycline (2 pg/mL) containing normal growth media for 5 days after which
ACSM1 and ACSMS proteins were evaluated by immunoblotting. GAPDH was used
as a loading control. (B) Trypan blue assay showing growth of shNC and shACSM3
cells grown in the presence of doxycycline (2 ug/mL). Unpaired t tests were used
to compare growth at the indicated time-points (**, p < 0.01; **** p < 0.0001). (C)
Clonogenic cell survival of LNCaP-shACSM3 cells was assessed using a colony
formation assay. Cells were cultured for 2 weeks in doxycycline (2 pg/mL)
containing normal growth media, washed with PBS, fixed with paraformaldehyde
and stained with 1% crystal violet for 30 min. Colonies with were counted manually;
data shown is representative of n = 3 independent experiments. An unpaired t test

was used to compare shNC and shACSMS3 (***, p < 0.001).
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Supplementary Figure S3. Loss of ACSML1 affects protein lipoylation. Lipoylation
of the dihydrolipoamide S-acetyltransferase (DLAT) subunit of pyruvate
dehydrogenase and the dihydrolipoamide S-succinyltransferase (DLST) subunit of
a-ketoglutarate dehydrogenase was assessed by Western blotting in cells treated

with siRNAs targeting ACSM1 (A) or ACSM3 (B).
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5 Interplay between AR and SREBP-1 to regulate lipidome in

prostate cancer

5.1 Introduction

Sterol regulatory element binding proteins (SREBPs) are a family of
membrane-bound transcription factors that play a critical role in the regulation of
cellular lipid homeostasis (Bertolio et al.,, 2019; M. S. Brown & Goldstein, 1997;
Butler et al., 2016; Horton, Goldstein, & Brown, 2002; J. V. Swinnen et al., 1997).
SREBPs were discovered in the 1990s during investigations of the upstream
regulators of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) and low-
density lipoprotein receptor (LDLR) (Michael R Briggs, Yokoyama, Wang, Brown, &
Goldstein, 1993; X Hua et al., 1993; X. Wang, Sato, Brown, Hua, & Goldstein, 1994;
Yokoyama et al., 1993). HMGCR is the rate limiting enzyme in cholesterol synthesis
(Goldstein & Brown, 1990) while LDLR regulates uptake of cholesterol via receptor
mediated endocytosis in the cells (Go & Mani, 2012). Both of these genes are
transcriptionally regulated by SREBPs (M. S. Brown & Goldstein, 1997; Goldstein,
DeBose-Boyd, & Brown, 2006). Since those early seminal studies, SREBPs have
been shown to directly activate the expression of more than 30 genes involved in
the synthesis and uptake of lipids (fatty acids, cholesterol, triglycerides, and
phospholipids), as well as the cofactors required to synthesize these molecules
(Bertolio et al., 2019; Butler et al., 2016; Edwards, Tabor, Kast, & Venkateswaran,

2000; Horton et al., 2002; Morton & Shimomura, 1999; Sakakura et al., 2001).
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5.1.1 SREBP gene and protein structure

SREBPs are members of the basic helix—loop—helix—leucine zipper (bHLH-
Zip) transcription factor family, which are produced as inactive precursors anchored
to the endoplasmic reticulum (ER) (M. S. Brown & Goldstein, 1997; Michael S.
Brown & Goldstein, 1998). SREBPs share a similar protein structure composed of
four domains with two membrane—spanning regions (Figure 5.1): 1) an amino
terminal transactivation domain of ~480 amino acids, rich in serine and proline, and
the bHLH-Zip region for DNA binding and dimerization; 2) a middle hydrophobic
region of ~80 amino acids containing two hydrophobic transmembrane helices
separated by a short loop of approximately 30 amino acids that projects into the
lumen of the endoplasmic reticulum (ER) and nuclear envelope; and 3) a COOH-
terminal regulatory domain of ~590 amino acids plays a role in sterol-mediated
regulation of SREBP cleavage. Both amino- and carboxy-terminal portions of the
proteins project into the cytoplasm (X. Hua, Sakai, Brown, & Goldstein, 1996;
Xianxin Hua, Sakai, Y. K., Goldstein, & Brown, 1995).

SREBP-la has 24 amino acids longer amino terminus that SREBP-1c
(Eberlé, Hegarty, Bossard, Ferré, & Foufelle, 2004). SREBP-2 is encoded by
SREBF-2 located on human chromosome 2213 (Amemiya-Kudo et al., 2002; X
Hua et al., 1993; Miserez, Cao, Probst, & Hobbs, 1997). In vivo studies using
knockout and transgenic mice suggest that SREBP-1c is mainly involved in fatty
acid synthesis and insulin-induced glucose metabolism, whereas SREBP-2 is more
specific to cholesterol synthesis (Eberlé et al., 2004). SREBP-1c is the predominant
isoform in all the tissues and mainly regulates the fatty acid synthesis while SREBP-
la is able to regulated cholesterol and fatty acid synthesis and cholesterol uptake

and expressed in specific tissues and cells like heart, macrophage, bone marrow
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and intestinal epithelial (Eberlé et al., 2004). However, due to the high structural
resemblance between the N-terminal domains of three SREBP isoforms, all the
isoforms can activate each of their target genes but with different efficacies.

SREBF-1gene SREBF-2gene
17p11.2 22q13

18¢c-19c !

i 1c !
| |\9m NTTRRLT |
{1a 18a-19a |

ER lumen

SREBP-1c

ER
membrane

SREBP-1a

Cytosol

SREBPs precursors

Figure 5.1: SREBP genes and structure. Adopted from(Eberlé et al., 2004)

5.1.2 A proteolytic cascade for the activation of SREBPs

SREBPs are synthesized as inactive precursors of about 1150 amino acids
in length, anchored in the endoplasmic reticular membrane, and are activated
following cleavage by a sterol-dependent proteolytic process (Michael S. Brown,
Ye, Rawson, & Goldstein, 2000). In conditions of high levels of sterol, the C-terminal
domain of SREBP binds to SCAP in the ER membrane. This complex is stabilized
by INSIG insulin-induced gene-1 protein (INSIG1) and INSIG2. In response to low
levels of sterol, INSIGs are post transcriptionally modified (ubiquitylated) by E3

ligases and degraded rapidly, resulting in the loss of interaction between SCAP and
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INSIG. This dissociation results in the translocation of the SCAP—-SREBP complex
from ER to the Golgi (L. P. Sun, Li, Goldstein, & Brown, 2005), where it undergoes
sequential cleavage (Edwards et al., 2000; X. Hua et al., 1996; Sakai et al., 1996;
X. Wang et al., 1994) by two membrane-bound proteases, sitel proteases (S1P)
and site 2 proteases (S2P). Following cleavage, the mature transcriptionally active
water soluble N-terminal domain of SREBP is released (Edwards et al., 2000; Ye,
Davé, Grishin, Goldstein, & Brown, 2000) and translocated to the nucleus mediated
through importin-B (Lee et al., 2003), where it binds to specific DNA sequences
called sterol-response elements (SRES) to regulate the transcription of enzymes
dedicated to de novo lipogenesis (Y. Li et al., 2011).

Brown & Goldstein revealed that the activation and translocation of SREBP-
SCARP is regulated by sterol mediated negative feedback loop (Figure 5.2) (M. S.
Brown & Goldstein, 1997; X. Cheng, Li, & Guo, 2018). Cholesterol or oxysterol (e.g.
25-hydroxycholesterol) can bind to SCAP or INSIGs to strengthen their association,
thereby retaining SREBPs in the ER (L. P. Sun et al., 2005). Low sterol levels
promote dissociation of SCAP from INSIGs, leading to proteolytic cleavage and
activation of SREBPs. This activation of SREBPs promotes the expression of
lipogenic genes and INSIGs, which restores cholesterol and INSIG1 protein and
results in stabilization of SREBP/SCAP/INSG and hence retention of SREBPS in

the ER (Soyal, Nofziger, Dossena, Paulmichl, & Patsch, 2015).
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Figure 5.2: Schematic of activation of SREBP. A) SREBPs are synthesized as
inactive precursors anchored to the endoplasmic reticulum (ER). SREBP-
SCAP complex is stabilized by INSIG complex and retain them in ER in sterol
overloaded condition B) in low sterol condition, INSIG-1 dissociates from SREBP-
SCAP complex and SCAP facilitates translocation of SREBP to the Golgi body, C)
SREBP is activated via a two-step proteolytic mechanism with S1P and S2P. D)

Releases NH, terminal region of SREBPs (mature/active SREBP) which are

transported to the nucleus and activates transcription of the target genes.

Abbreviations: bHLH, basic-helix-loop-helix-leucine zipper domain of SREBP; ER,
Endoplasmic reticulum; INSIG, insulin induced gene; S1P, site-1 protease; S2P,

site-2 protease
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5.1.3 DNA binding sites of SREBPs

Nuclear SREBPs activate their target genes by binding to a key regulatory
element in the promoter region known as a sterol-response element (SRE). An SRE
is typically defined as a 10bp element in the gene promoter represented by 5’-
NTCACNnCCA Cn-3’ (Edwards et al., 2000). The original canonical SRE in the LDLR
promoter is 5'-ATCACCCCAC-3' (X Hua et al., 1993). Beside these sequences,
SREBP-1a and -1c also bind to E-boxes (CAXXTG sequence) (Figure 5.3) (J. B.
Kim et al., 1995) (Shimano, 2001). The SRE motif is highly variable and recent
studies suggest that this is because SREBP acts co-ordinately with other
transcription factors to regulate its target genes (Weber, Boll, & Stampfl, 2004).
cAMP response element binding protein (CREB), Spl and nuclear factor (NF)-Y
are some of the transcription factors known to co-activate SREs (Dooley, Bennett,
& Osborne, 1999; Dooley, Millinder, & Osborne, 1998; Jackson, Ericsson, &
Edwards, 1997; Magafa, Koo, Towle, & Osborne, 2000; Sanchez, Yieh, & Osborne,
1995) whereas vitamin D receptor interacting protein (DRIC) or TATA box-binding
protein (TBP)-associated factors (Naar et al., 1999), activated recruited cofactor
(ARC)(Néaar et al., 1999) CREB binding protein (Ericsson & Edwards, 1998; Oliner,
Andresen, Hansen, Zhou, & Tjian, 1996) are some of the cofactors required for the

initiation of transcription.
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WZNC sre ZNVZNYZ

Cholesterol metabolism

LDLR ATCACCCCAC

HMGCS CTCACCCCAC; GCCACCCTAC
HMGCR ACCGCACCAT; CTCTCACCAC
SREBP2 ATCACCCCAC

Fatty acid metabolism

ACC CCAT----TCAC

FAS GCCACGCCAC; GTCAGCCCAT
SREBP1 CTCACCCGAG

PPARG ATCACTTGAG

ACS ATTCATGTGACAT; ATCACTCCAC
Triglyceride synthesis

GPAT CTCAGCCTAG; CTCACCCCAG; GACACCCCAG

Figure 5.3: SREBP binds to the SRE promoter. SREBP binding to the SRE
promoter activates the transcription of target genes involved in lipid
metabolism. Adopted from (Dorotea, Koya, & Ha, 2020, Shimano, 2001) (Dorotea

et al., 2020; Shimano, 2001)

Abbreviation: ACC, acetyl-CoA carboxylase; ACS, acetyl-CoA synthetase; PPAR,
peroxisome proliferator-activated receptor; GPAT, glycerol-3-phosphate

acyltransferase ; HMGCS, HMG-CoA synthase

5.2 Targeting SREBPs in cancer

Lipids are critical structural components of all membranes and extensively
distributed in cellular organelles (Holthuis & Menon, 2014; Maxfield, 2002;
Mukherjee & Maxfield, 2004; Pomorski, Hrafnsdéttir, Devaux, & van Meer, 2001;
van Meer, 2010; van Meer, Voelker, & Feigenson, 2008). Rapidly proliferating
cancer cells require large amounts of energy and macromolecules (lipids) as
building blocks for new membrane synthesis and active signalling in the developing

tumour cells. To satisfy the increasing demands, transcription of lipid metabolic
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genes and their products (i.e. enzymes, transporters) are upregulated in human
cancers (Ray & Roy, 2018). Multiple studies support dysregulated lipid metabolism,
including elevated de novo lipid biosynthesis and uptake, as a key contributor to
tumour progression (C. Cheng, Geng, Cheng, & Guo, 2018). SREBP-1 appears to
be a key player in this malignant process, with roles in progression of PCa (Ettinger
et al., 2004), breast cancer (Bao et al., 2016; Zhu et al., 2016), glioblastoma (D.
Guo et al., 2011; Wen & Reardon, 2016), endometrial tumour (W. Li et al., 2012),
hepatocellular carcinoma (C. Li et al., 2014), ovarian carcinoma (Nie et al., 2013)

and pancreatic cancer (Y. Sun et al., 2015).

The relevance of SREBPs in cancer has led to the development of strategies
to target these factors as a novel therapy. Genetic and pharmacological inhibition
of SREBP have demonstrated significant suppression of tumour growth and
induction cell death in different types of human cancer (Geng et al., 2016; Gholkar
et al.,, 2016; D. Guo et al., 2009; Hawkins et al., 2008; W. Jiang et al., 2015;
Kamisuki et al., 2009; Krol, Kietbus, Rivero-Muller, & Stepulak, 2015; N. Li et al.,
2017; X. Li, Chen, Hu, & Huang, 2014; X. Li, Wu, Chung, & Huang, 2015; Miyata,
Inoue, Shimizu, & Sato, 2015; Monteiro et al., 2008; Shao, Machamer, &
Espenshade, 2016; Soica et al., 2012; von Roemeling et al., 2013; Williams et al.,
2013). Like many transcription factors, directly inhibiting SREBPs with small
molecules is challenging. As an alternative approach, the field has developed drugs
that inhibit its translocation from the ER to the Golgi, such as fatostatin,
botulin/betulin and PF-429242 (Hawkins et al., 2008; Krol et al., 2015; Shao et al.,
2016; Soica et al., 2012). These small molecules interfere with the maturation of

SREBPs. Fatostatin is a diarylthiazole compounds that directly binds SCAP and its
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blocks Golgi-specific glycosylation, which inhibits ER-to-Golgi transport of SCAP
and subsequent SREBP activation (Choi, Kawazoe, Murakami, Misawa, & Uesugi,
2003; Kamisuki et al., 2009). Similarly, the small molecules botulin and betulin also
inhibit maturation of SREBP-1 by inducing interaction of SCAP and INSIGs to
suppress SCAP/SREBP translocation (Petersen et al., 2002) (Tang et al., 2011),
whereas PF-429242 is a reversible competitive aminopyrrolidineamide inhibitor of
S1P that also inhibits SREBP processing (Hawkins et al., 2008). Many inhibitors of
SREBP-1 have been shown to have anticancer effects. In PCa cells, the inhibitors
block cell proliferation, invasion and migration as well as inducing apoptotic cell
death (Forestier-Roméan et al., 2019; X. Li et al., 2014; Nambiar, Deep, Singh,
Agarwal, & Agarwal, 2014), and this is linked to decreased cholesterol and fatty

acid synthesis (X. Li et al., 2014; Nambiar et al., 2014).

5.3 Interplay between AR and SREBP-1 to regulate lipid metabolism in PCa

There appears to be a positive feedback loop between AR and SREBPs.
Androgen directly upregulates SCAP, which results in accumulation of mature
SREBPs in the nucleus (H. Heemers et al., 2001). In line with this result, androgen
deprivation markedly decreases mature SREBP1 (nSREBP1) in the mouse
prostate whereas readministration of testosterone completely restored nNSREBP1
protein levels (H. Heemers et al., 2003). Conversely, the expression of AR is itself
directly regulated by SREBP1 via its binding at the 5’ flanking promotor region of
the AR gene (Huang, Zhau, & Chung, 2010). This reveals a positive feedback loop

for expression of AR and SREBP-1 and hence lipogenic enzymes.
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While it is clear that AR and SREBP-1 regulate each other, their ability to
cooperate in the transcription of lipid metabolic genes is poorly understood. We

hypothesise that this interplay is critical to PCa progression and thus requires

further investigation.
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Figure 5.4: Feedback loop between AR and SREBP to regulate lipid

metabolism (Butler et al., 2016)
The specific aim of this chapter is to determine whether and how the

transcription factor SREBP-1 cooperates with AR to regulate genes involved in lipid

metabolism.
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54 METHODS
5.4.1 Western blotting:

Protein extraction and western blotting was done as described in Chapter 2.
Antibodies used in this study were AR (Abcam, Abl108341, 1:1000), GAPDH
(Millipore, MAB374, 1:1000), a-Tubulin (Millipore, 05-829, 1:2000), SREBP-1
(Santa Cruz, H160, sc8984, 1:1000), SREBP-1 (Santa Cruz, 2A4, scl13551,
1:1000), SREBP-1 (Santa Cruz, E4, sc17755, 1:1000), Secondary antibodies
biotinylated: anti-mouse (DAKO, E0433, 1:2000) and anti-rabbit (DAKO, E0432,
1:1000). The imaged protein band on a BioRad Chemidoc MP imaging system were
processed using Image Lab Software. Densitometry analysis of the protein

expression was normalized with loading control and compared.

5.4.2 Prostate cancer cellular fractionation

LNCaP cells were plated in 15 cm plates with the initial seeding density of
4x10° cells per plate in cell-line in the RPMI medium containing 10% charcoal
stripping of foetal calf serum (CSS) for 72 hrs. On the day of androgen treatment,
fresh media was prepared and DHT (or vehicle (ethanol)) was added to a final
concentration of 10nM. Cells were washed with PBS and collected using trypsin
and an equal number of cells was collected from each sample. One half of the cells
was resuspended in 100 yL lysis buffer 1 (LB1: 50 mM Hepes-KOH pH7.5,140 mM
NaCl, 1 mM EDTA, 10% Glycerol, 0.5% NP-40. 0.25% TX-100) containing protease
inhibitor cocktail (Sigma) and kept for whole cell lysate. The other half of each
sample was processed through a series of lysis/centrifugation steps to separate
cytoplasmic and nuclear fractions. First, cells were resuspended in 100 uL of LB1
containing protease inhibitor cocktail (Sigma) and centrifuged at 9300 rcf for 10sec.

The supernatant from this step was kept as the cytoplasmic fraction. Remaining
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pellets were washed in 1 mL of LB2 (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA) containing protease inhibitor cocktail (Sigma), centrifuged
and resulting supernatant was discarded. The nuclear pellets were resuspended in
100 yL LB3 (10mM Tris-HCI pH8.0, 100mM NaCl, 1imM EDTA, 0.5mM EGTA, 0.1%
Na-Deoxycholate, 0.5% N-lauroylsarcosine) containing protease inhibitor cocktail
(Sigma Aldrich). Both nuclear and whole cell fractions were sonicated on high
(Diagenode Life Research Bioruptor Millenium 3 XD10) 10 times for 30 s with 1
minute rest on ice between sets to extract nuclear proteins. Samples were
centrifuged at 15700 rcf for 10 minutes and protein supernatant was collected then

frozen for later analysis by 4-15% criterion gel and Western blotting.

Total protein concentration of cell lysates was determined using Pierce BCA
Protein Assay, Thermo Fisher Scientific, Inc. and equal amount of cytoplasmic and
nuclear fragment were subjected to SDS-PAGE (4-12%), followed by transfer into

cellulose acetate paper.
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5.4.3 Quantitative polymerase chain reaction (RT-qPCR)

RNA extraction and RT-qPCR was done as described in Chapter 2.

Table 5.2. mRNA primers used this chapter

Primer Sequence Use

AR_exonl 2 F CCACTTGTGTCAAAAGCGAAAT gRT-PCR
AR_exonl 2 R ATAGTCAATGGGCAAAACATGG gRT-PCR
FASN_mRNA_F TCTCCGACTCTGGCAGCTT gRT-PCR
FASN_mRNA_R GCTCCAGCCTCGCTCTC gRT-PCR
GADPH_R GGCATGGACTGTGGTCATGAG gRT-PCR
GAPDH_F TGCACCACCAACTGCTTAGC gRT-PCR
HMGCR_mRNA_F GACGTGAACCTATGCTGGTCAG gRT-PCR
HMGCR_mRNA_R GGTATCTGTTTCAGCCACTAAGG gRT-PCR
HMGCS1_mRNA_F AAGTCACACAAGATGCTACACCG | gRT-PCR
HMGCS1_mRNA_R TCAGCGAAGACATCTGGTGCCA gRT-PCR
KLK3_F CAGAGGAGTTCTTGACCCCAA gRT-PCR
KLK3_R ACAGCATGAACTTGGTCACCTT gRT-PCR
LDLR_mRNA_F GAATCTACTGGTCTGACCTGTCC | gRT-PCR
LDLR_mRNA_R GGTCCAGTAGATGTTGCTGTGG gRT-PCR
SCD_mRNA_F CCTGGTTTCACTTGGAGCTGTG gRT-PCR
SCD_mRNA_R TGTGGTGAAGTTGATGTGCCAGC | gRT-PCR
SREBF-1_mRNA_F GAGCTCAAGGATCTGGTGGT gRT-PCR
SREBF-1_mRNA_R AGTGCGCAGACTTAGGTTCT gRT-PCR
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Table 5.3. ChIP Primers used in this chapter

Primer Sequence Use

HMGCR_ChIP_F CTCTCCCGCGCTAGTAACTG ChiP PCR
HMGCR_ChIP_R ACTAGGGCCTGCCTATTGGT ChiP PCR
HMGCS1_ChIP_F TAGTCAAGGACACCGCCTCT ChIP PCR
HMGCS1_ChIP_R TATAAAGCTGGTGGCGAAGG ChIP PCR
HMGCS1_ChIP_F(1) | AGAGGCGGGGACAAAGTCT ChIP PCR
HMGCS1 _ChIP_R (1) | CCCGCATCTCCTCTCACTTA ChiP PCR
KLK3_ChIP(Prom)_F GCCTGGATCTGAGAGAGATATCATC | ChIP PCR
KLK3_ChIP(Prom) R | ACACCTTTTTTTTTCTGGATTGTTG ChIP PCR
LDLR_P1 _ChIP_F ATGCGTTTCCAATTTTGAGG ChIP PCR
LDLR_P1_ChIP_R ACCTCACTGCAAGAGGAGGA ChIP PCR
LDLR_P2_ChIP_F CCGGGACCCTCTCTTCTAAC ChiP PCR
LDLR_P2_ChIP_R GACTGCACCCAACTCAGGAT ChiIP PCR
LDLR_PCa_ChIP_F CGATGTCACATCGGCCGTTCG ChiIP PCR
LDLR_PCa_ChIP_R CACGACCTGCTGTGTCCTAGCT ChIP PCR
NC2_F GTGAGTGCCCAGTTAGAGCATCTA | ChIP PCR
NC2_R GGAACCAGTGGGTCTTGAAGTG ChIP PCR
SCD_ChIP_F TGGAAGAGAAGCTGAGAAGG ChiIP PCR
SCD_ChIP_R TTCTGTAAACTCCGGCTCGT ChIP PCR
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5.4.4 Proximity-ligation assay— Fluorescence Detection

Proximity-Ligation Assay (PLA) was performed following the manufacturer's
instructions (Olink Bioscience). In brief, LNCaP cells (~200,000) were seeded in
sterile coverslips placed in 6 well plates with 2 mL of media. After 48 hrs, cells were
treated with DHT for 16 hrs. Cells were then fixed with paraformaldehyde and
permeabilized using 0.1% TritonX at room temperature. The cells were stained with
anti-AR (Abcam, ER179, 1:400) and anti-SREBP-1 (Santa Cruz Biotechnology,
sc2A4, 1:400). PLA was performed using Duolink® In Situ PLA Probe Anti-Mouse
PLUS and Duolink® In Situ PLA® Probe Anti-Rabbit MINUS following the
manufacturer's instructions (Sigma, 92001 and 92005). Imaging was performed
using an Olympus FV3000 Confocal Microscope (FLUOVIEW FV3000 series) and

analyzed by ImageJ software. Signal from 300 cells were analyzed per experiment.

5.4.5 Computational analyses

5.4.5.1 Gene set enrichment Analysis (GSEA)

GSEA was performed using GSEA preranked module on GenePattern
(https://cloud.genepattern.org/gp/pages/index.jsf). Ranked lists were generated
from RNA-Seq counts using the signal-to noise metric. Genesets were obtained

from MSigDB or from specific published studies.

5.4.5.2 Single Sample Gene Set Enrichment Analysis (SsGSEA)

SSGSEA was performed using ssGSEA Projection module on GenePattern

(https://cloud.genepattern.org/gp/pages/index.jsf). GCT files were generated from
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relevant microarray or RNA-seq data. Genesets were obtained from (Sowalsky et

al., 2018) (AR gene signature) and Chen et al., 2018 (SREBP-1 gene signature).

5.4.5.3 Cistrome analysis:

GREAT (McLean et al., 2010) (http://great.stanford.edu/public/html/) was used to

map AR/SREBP-1 binding sites to nearby genes and perform downstream pathway

analysis.
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5.5 RESULTS
5.5.1 SREBP-1 expression is variable in PCa cell lines

To identify appropriate model systems to investigate SREBP-1 function in
PCa, we evaluated the expression of both precursor/full length and mature/nuclear
SREBP-1 in a panel of prostate cancer cell lines by Western blotting (Figure 5.5).
Full-length SREBP-1 expression was highest in LNCaP cells and its derivative cell
lines (C4-2B, MR42D, MR49F, and V16D) and lowest in AR negative cell lines (PC3
and DU145). Most studies in the past have used a polyclonal anti-rabbit antibody
sc-8986 (H160) to detect SREBP-1, but this was no longer available. Therefore, we
tested available monoclonal anti-mouse antibodies for the detection of SREBP-1
protein. Monoclonal mouse antibodies were less specific for detection of
nuclear/mature SREBP-1 compared to alternative polyclonal rabbit antibodies [sc-
17755 (E4) and sc-13551 (2A4)]. All 3 antibodies showed a similar result for
detection of full-length SREBP-1. The ratio of mature:full-length SREBP-1 levels
(detected by H160 antibody) was relatively similar in all cell lines except for the
CWR1-AD1 and CWR1-D567 models, which had much higher levels of mature
protein (Figure 5.5B).

A feedback loop between AR and SREBP-1 has already been reported in
LNCaP and this model is the most widely used for studying androgen-regulated
PCa metabolism. For feasibility, we therefore proceeded with this model for a series
of further experiments. Immunofluorescence staining was used to determine the
subcellular localization of SREBP-1, demonstrating that it localises to both the

cytoplasm and nucleus (Figure 5.6).
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Figure 5.5: SREBP expression in prostate cancer cell panel; Western blot
showing the expression of SREBP-1 protein level in different PCa cell types
using monoclonal anti-mouse and polyclonal anti-rabbit antibodies. The
polyclonal Rabbit antibody detected both full length (precursor ~125kDa) and
nuclear (mature ~68kDa) SREBP-1, while the mouse monoclonal antibody seems
more specific for full length SREBP-1. GAPDH and a-Tubulin were used as loading
controls. B) Quantification of full length, mature and total SREBP-1 expression in

PCa cell panel normalized to loading control a-tubulin.

Abbreviation: FL, Full length; M, Mature.

227



MERGED

DAPI FITC

Figure 5.6: SREBP-1 are localized in cytoplasm and nucleus in LNCaP cells.

Immunofluorescence staining of LNCaP cells to determine the localization of
SREBP-1. Nuclei were labelled using DAPI; Santa Cruz Biotechnology, sc2A4,
1:400 (primary antibody) and Alexa Fluor 488 (secondary antibody) were used to

detect SREBP-1 localization.
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5.5.2 DHT treatment induces SREBP-1 expression and activation.

It has been reported that AR can promote activation of SREBP-1 (H. V.
Heemers et al., 2006). We assessed whether this was the case in LNCaP cells. AR
activation with DHT (10nM) treatment in LNCaP cells increased the expression of
full-length SREBP-1 as well as its proteolytic cleavage/activation (H. V. Heemers et
al., 2006). More specifically, we observed 1.9- and 2.2-fold increase in full-length
SREBP-1 after 24 and 48 hrs, respectively, and a 5-fold increase in mature/nuclear
SREBP-1 expression after 24 hrs of hormone treatment [Figure 5.7 (A)]. Similarly,
Enzalutamide (Enz, 10 uM) treatment and siRNA mediated knockdown of AR in
LNCaP cells decreased the expression of full length SREBP-1 [Figure 5.7 (B)]. We
evaluated the kinetics of nuclear translocation of SREBP-1 after DHT treatment in
LNCaP cells. Fractionation of cellular compartments of LNCaP cells demonstrated
maximum nuclear/mature SREBP-1 protein translocation at 12 hrs of hormone

treatment (Figure 5.8).
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Figure 5.7: AR activation with DHT increases SREBP-1 protein expression

and activation and targeting AR by anti-androgen (Enzalutamide) treatment

or siRNA mediated knockdown in LNCaP cells decreases its expression as

assessed by Western blotting; SREBP-1 expression was detected using Santa

Cruz, sc8984 (H160) primary antibody, and normalized to loading control a-tubulin

and PSA was used as positive control for DHT treatment. The cells were grown in

stripped serum media for 72 hrs before DHT (10 nM) treatment whereas cells Enz

(10 uM) treatment and siRNA was transfected to knockdown AR was done in full

media.
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Figure 5.8: DHT treatment increases activation and translocation of SREBP-1
in LNCaP cells in first 12 hrs of treatment assesses by nuclear and
cytoplasmic fractionation if LNCaP as assessed by Western blotting. The cells
were grown in stripped serum for 72 hrs before DHT (10nM) treatment. Santa Cruz,
sc8984 (H160) primary antibody was used to detect SREBP-1 protein. GAPDH and
TATA box binding protein (TBP) are loading control for cytoplasmic and nuclear

fraction respectively.
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5.5.3 Evaluating the role of SREBP-1 in regulating AR and lipid metabolic

genes in prostate cancer

Next, we inhibited SREBP-1 using Fatostatin (10 uM) in LNCaP cells to
evaluate its effects on SREBP-1 canonical targets as well as AR transcription. As
expected, qRT-PCR result demonstrated significant down regulation of canonical
SREBP-1 target genes (HMGCR, HMGCS1, LDLR, SCD) as early at 6 hrs, with a
stronger effect observed at 48 hrs. Downregulation of AR expression was observed
at 48 hrs but not at the earlier time points (6 and 24 hrs) (Figure 5.9).

We also tested whether AR regulates the expression of these lipid metabolic
genes and SREBP-1 in PCa cells. DHT treatment in LNCaP cells significantly
increased the expression of SREBF-1 and its canonical lipid metabolic targets
(HMGCR, HMGCS1, LDLR, SCD) (Figure 5.10). To test whether SREBP-1 acts
downstream of AR to regulate the lipid metabolic genes expression, we treated
LNCaP cells with DHT (10 nM) and Fatostatin (10 uM) in combination. This revealed
that Fatostatin largely reverses the effect of DHT on lipid metabolic genes (Figure
5.10). Collectively these results are indicative of a positive feedback loop between

AR and SREBPs to regulate the lipid metabolic genes in prostate cancer cells.
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Figure 5.9: SREBP-1 inhibition downregulates the expression of canonical
SREBP-1 targets; Gene expression represents the mean * standard error (SE) of
three biological replicates and was normalised to GAPDH; Differential expression
was evaluated using unpaired t tests (*, p < 0.01; **, p <0.001; ***, p < 0.0001). The
inhibition of SREBP-1 suppressed the transcription of major SREBP-1 target genes
(having SRE in their promoters) involved in cholesterol homeostasis and

lipogenesis, including AR.

Abbreviation: AR, Androgen receptor; HMGCR, 3-Hydroxy-3-Methylglutaryl-CoA
Reductase; HMGCS, 3-Hydroxy-3-Methylglutaryl Coenzyme A Synthase; SCD,
Stearoyl-CoA desaturase; ACSM1, Acyl-CoA Synthetase Medium Chain Family

Member 1; ACSM3, Acyl-CoA Synthetase Medium Chain Family Member 3.
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Figure 5.10: DHT treatment and Fatostatin treatment in LNCaP cells; the RT-
gPCR of SREBF-1 expression and its canonical targets in response to DHT (10
nM), Fatostatin (10 uM) and combination in LNCaP cells. Cells were serum starved
in charcoal-stripped FBS media for 72 h before treatment with Veh or DHT(10 nM)
+/- Fatostatin (10 yM) for another 24 h. Gene expression was normalised to GUSB
and L19 and represents the mean + standard error (SE) of three biological
replicates. Differential expression was evaluated by t tests (*, p < 0.05; **, p < 0.01).

KLK3, a canonical AR target was used as positive control.
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AR activities

5.5.4 Evidence for cooperation between AR and SREBP1 in clinical prostate

cancer

Based on published work described earlier and our findings above, we
hypothesised that AR and SREBP1 activity would be associated in prostate
tumours. Therefore, we determine AR and SREBP activities using sSsGSEA (Barbie
et al., 2009) in different PCa cohorts. To evaluate AR and SREBP1 activity, we used
gene sets reported to be regulated by each factor (Ming Chen et al., 2018; C. S.
Grasso et al., 2012). As expected, we found a strong direct relationship between
AR activity and SREBP-1 activity in three different PCa cohorts (TCGA ("The
Molecular Taxonomy of Primary Prostate Cancer," 2015), MSKCC (B. S. Taylor et

al., 2010) and SU2C (D. Robinson, E. M. Van Allen, et al., 2015a)) (Figure 5.11).
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Figure 5.11: AR activities correlates with SREBP activities in prostate cancer;
Correlation between AR-regulated gene signatures and SREBP-1 regulated gene
signature in primary prostate cancer (left, TCGA cohort), primary and metastatic
(middle, MSKCC cohort) and metastatic CRPC (right, SU2C cohort). P and r values

were determined using Pearson’s correlation tests.
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5.5.5 SREBP-1 and AR share binding sites proximal to the TSS of lipid

metabolic gene and possibly regulates their transcription

Our data indicate that there is a complex relationship between AR and SREBP-1
activity in PCa cells, but could not demonstrate whether they simultaneously co-
regulate lipid metabolism genes. Unfortunately, SREBP-1 ChlP-seq data from PCa
cells is not available. In light of this, we turned to SREBP-1 ChIP-seq data from the
breast cancer cell line MCF7, which shares many features with LNCaP cells in
terms of hormonal regulation of growth and differentiation (Risbridger, Davis, Birrell,
& Tilley, 2010). We compared the MCF7 data with prostate tissue AR ChIP-seq
data from Pomerantz et al dataset, described in Chapter 3 (Pomerantz et al., 2015).
The breast cancer SREBP-1 cistrome was smaller than the prostate tumour AR
cistrome from two (2) tumour tissue data (Figure 5.12A). Interestingly, 1103 (15.4%)
of SREBP-1 binding sites directly overlapped with AR binding sites (Figure 5.12A).
The majority (50%) of the overlapping AR/SREBP1 binding sites were present at
the promotors of genes (Figure 5.12B), which is distinct from the entire AR cistrome,
which is primarily located distal from genes (Figure 5.13). Visualization of the ChIP-
seq data using Integrative Genomics Viewer (IGV)-Board institute online (Robinson
et al., 2011) clearly demonstrated common binding sites proximal to the TSS of
genes (e.g. GREB1 (Growth Regulating Estrogen Receptor Binding 1; Figure
5.12C).

Next, we evaluated the functions of genes proximal to shared AR/SREBP-1
binding sites. The GREAT tool” (McLean et al., 2010) identified enrichment of genes
in various pathways including cholesterol metabolic, cell cycle and signalling (BCR

and mTOR) pathway (Figure 5.12B).
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To validate these findings in a PCa model, we attempted to do SREBP-1
ChIP-seq and AR-ChIP-seq in LNCaP cells after 4 and 16 hrs of DHT at treatment.
We performed AR and SREBP-1 ChIP and conducted PCR to evaluate known
binding sites. AR showed significant enrichment at the KLK3 gene, a classic AR
target (Figure 5.14). For SREBP-1, we designed primers based on binding sites
within the promoters of LDLR and HMGCR genes with reference to “ENCODE”
(Dunham et al., 2012) SREBP-1 ChIP-Seq data generated from 4 different cancer
cell lines: MCF-7(breast), K562 (leukemia), A549 (lung), HepG2 (Liver) (Figure
S5.1). However, ChIP-gPCR revealed no enrichment of these sequences,
suggesting failure of the SREBP-1 ChIP Figure 5.14C). Since we could not be
confident about the SREBP-1 ChIP, we did not proceed to high-throughput

sequencing of the DNA.
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Figure 5.12: AR and SREBP-1 regulates common lipid metabolic pathway; A)
Overlap of consensus prostate tumour AR cistrome and breast cancer cells (MCF7)
SREBP-1 cistrome. B) Distribution of consensus binding sites from the TSS. C) AR
and SREBP-1 chromatin binding events at the GREB1 gene promoter in MCF7
(SREBP-1 cistrome) and prostate tumour (AR cistrome). D) Pathway analysis of
consensus binding sites. The pathway analysis was done using online

computational tool “GREAT” (McLean et al., 2010).
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treatment in LNCaP cells. Error bars represent £+ SEM from 3 biological replicates.
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5.5.6 Co-localisation of AR and SREBP-1

Given that we could not evaluate co-localisation of AR and SRBEP on
chromatin using ChIP, we turned to an alternative method to assess their physical
interaction in PCa cells. Proximity Ligation Assay (PLA) assays are a powerful tool
to investigate protein-protein interactions with high specificity and sensitivity. High
content imaging of LNCaP cells showed significant increase in nuclear and total
PLA signal after hormone treatment in LNCaP cells (16 hrs), demonstrating

interaction of AR and SREBP-1 in the nucleus (Figure 5.15).
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Figure 5.15. DHT treatment increases interaction between AR and SREBP;

A-B) PLA assay for AR interaction with SREBP-1 in LNCaP cells after DHT
treatment for 16 hrs. Red fluorescent signal is indicative of protein interaction
events. Cells were serum starved in charcoal-stripped FBS media for 72 h before
treatment. Imaging was performed using an Olympus FV3000 Confocal Microscope
(FLUOVIEW FV3000 series) and the images were analyzed by ImageJ software.
B) The number of interactions between AR, and SREBP-1 in LNCaP cells plotted
as graph (per 300 LNCaP cells). The data are presented as means + SEM from

three independent experiments. * p<0.05; ** p<0.01; *** p<0.001.
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5.6 Discussion:

My results provide new insights into AR/SREBP-1 interplay, and how this
might regulate lipid metabolism in PCa. | found that AR activation subsequently
increases the expression and proteolytic cleavage/activation of SREBP-1 whereas
anti-androgen or AR siRNA decreased expression, irrespective of sterol
concentration. Time—course nuclear fractionation of LNCaP cells showed maximum
SREBP-1 nuclear translocation to the nucleus between 12-24 hrs of DHT treatment,
subsequently leading to a physical interaction with AR itself. Although, previous
studies have reported SREBP-1 regulation by androgen through increased SCAP
expression (H. V. Heemers et al., 2006), our results are novel because they
demonstrate a physical interaction between AR and SREBP-1 inside the nucleus of
PCa cells. Although, this remains to be proven, our evaluation of ChlP-seq data
would suggest that this interaction occurs at the chromatin level, and we speculate
that this would lead to cooperative effects in the regulation of lipid metabolic genes

(Figure 5.16).
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Figure 5.16. Schematic showing the proposed crosstalk between AR and
SREBP-1to regulate the lipid metabolic genes in PCa. SREBP-1 independently
regulates the expression of the lipid metabolic genes and there are evidence that
AR also directly regulates the transcription of lipid metabolic genes in PCa cells
(see Chapter 3 and 4). SREBP-1 and AR could act co-ordinately in PCa and have

an additive effect on the transcription of lipid metabolic genes.

SREBP-1 is highly expressed in a variety of human cancers and
accumulating evidence suggests it plays a major role in cancer progression (Currie,
Schulze, Zechner, Walther, & Farese, 2013; Deliang Guo, Bell, Mischel, &
Chakravarti, 2014; Peck et al., 2016; Zaytseva et al., 2014; Zaytseva et al., 2015).
It is also well known that the lipid metabolic genes (e.g. FASN, ACACA, LDLR,
HMGCR, HMGCS1 and SCD) harbour SREBP-1 binding sites in their promoter
regions and are tightly regulated by SREBP-1 in many cancer types (Figure S5.1).
In addition, AR signalling have been reported to regulate the expression of genes
involved in lipid metabolic processes (e.g. FASN, ACACA, SCD, CD36 and CPT1)

in PCa (Butler et al., 2016; Mah et al., 2019). One interesting finding that came out
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of our analysis of ChIP-seq datasets was the potential for AR/SRBEP-1 interaction
at many of these promoters. Generally, AR binds to enhancer regions of genes
(Pomerantz et al., 2015; D. Wu et al.,, 2011) to regulate their expression. This
suggests that SREBP-1 may be able to direct AR binding more efficiently to
promoters. Due to unavailability of the SREBP-1 ChIP-seq data in PCa cell lines,
we used SREBP-1 ChIP-seq and AR ChiP-seq data are from two (2) different cell
lines. We chose breast cancer cell line (MCF7), which shares many features with
PCa (LNCaP) cells in terms of epithelial phenotype and hormonal regulation of
growth and differentiation (Risbridger et al., 2010). Although, these 2 cell lines
possess similar cancer-related phenotypes, the integration of data from a PCa and
breast cancer cell line is clearly a major limitation of this work. Therefore, one
obvious extension of would be to perform SREBP-1 ChlIP-seq in PCa cell lines with
and without AR activation and to evaluate AR DNA binding at a genome-wide level
after activation or inhibition of SREBP-1 in the same models. In the absence of a
ChiIP-grade antibody for SREBP-1, one option would be to generate PCa cell lines

stably expressing tagged SREBP-1.

One of the major limitations of this study was our inability to ChlP SREBP-
1. Unfortunately, the antibody used in previous ChIP studies (Santa Cruz, H160,
sc8984) has been discontinued. Thus, the aim of evaluating chromatin co-
localization of AR and SREBP-1 at a loci-specific level chromatin could not be
achieved. To overcome this limitation, we demonstrated protein-protein interaction
of AR and SREBP-1 inside nucleus after androgen treatment in PCa cells using an
alternative technique, the PLA assay, which confirmed interaction of AR and
SREBP-1 in nucleus. While this is a novel finding, it does not demonstrate co-

localization of the 2 transcription factors on chromatin at their target genes. Future
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work should focus on developing a detailed map of SREBP-1 cistrome and
transcriptome in diverse PCa models. Integrative analysis of AR and SREBP-1
would elucidate the molecular mechanism of lipid metabolic pathway regulation by
those factors and could identify commonly regulated factors, some of which may be
drug targets.

In the future, evaluating the status of active SREBPs and co-staining of
SREBP-1 and AR in clinical PCa tissue specimens is crucial to better understand
the cooperative roles of these factors. We propose that using novels such as PCa
explant culture (Margaret M. Centenera et al., 2018; M. M. Centenera, Raj,
Knudsen, Tilley, & Butler, 2013) which can be manipulated with drug treatment (e.g.
Fatostatin- a specific inhibitor of SCAP required for SREBP activation), to evaluate
SREBP-1 function using transcriptomics, cistromics, lipidomics and metabolomics
would be a major step forward in understanding the function of this key transcription

factor.
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Figure S5.1: SREBP-1 ChIP-Seq data showing SREBP-1 binding peaks in the

promoters of SREBP-1 target genes involved in cholesterol uptake and

biosynthesis (LDLR, HMGCR, HMGCS1, FASN, SCD, and ACACA). SREBP-1

ChlP-seq data of MCF7, K562, A549 and HepG2 cell lines. [MCF7: ENCFFO50MLH

(black track); K562: ENCFF111BSU (grey track); A549: ENCFF572NZX (brown
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track); and HepG2: ENCFFO00XXR (blue track). The data is from project ENCODE
(Dunham et al., 2012) E which were visualized in Integrative Genomics Viewer -
Broad Institute (IGV)-Board institute online (Robinson et al., 2011). Interestingly,
SREBP-1 binds to its own promoter as well as SREBP-2 promoter. Abbreviation:
MCF-7: Breast cancer cell line, K562: leukemia cell line, A549: lung cancer cell line,

HepG2: Liver cancer cell line.
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CHAPTER 6: DISCUSSION
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6 Discussion

Prostate tumours are highly reliant on lipids for growth and survival. An
emerging theme in PCa biology is that AR directly regulates lipid metabolic
processes, however the molecular mechanisms underlying this remain unclear. A
better understanding of AR-regulated lipid metabolism process could identify new
biomarkers that can distinguish indolent versus lethal aggressive disease as well
as novel therapeutic targets, both of which would improve outcomes associated
with this common disease. Therefore, my project aimed to characterise AR
regulation of lipid metabolic genes and how this relates to PCa growth and

progression.

6.1 Novel AR-regulated genes involved in lipid metabolism

In Chapter 3, using an integrative genomics approach that exploited publicly
available cistromic and transcriptomic datasets, we identified 17 genes as putative
novel AR-regulated lipid metabolic genes in PCa. We identified multiple genes that
had not been reported as AR targets nor implicated in PCa, including ACSM1,
ACSM3, ACOT2, MMAA, HACL1, MORC2, PCTP, PRKAB2, are PTGR2. We
focused our attentions on ACSM1 and ACSM3, but unfortunately could not conduct
any functional analysis of the remaining genes due to the scope of this PhD. An
obvious next step will be to examine the function of these genes, particularly those
that have not been reported in relation to PCa previously, using similar approaches

to those described in Chapter 4.
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6.2 ACSM1 and ACSM3 are key regulators of lipid metabolism and
ferroptosis in PCa

My work provided many new insights into the functions of ACSMs in PCa
(Figure 6.1). The metabolic dysregulation induced by knockdown of ACSM1 and
ACSM3 caused ATP depletion, mitochondrial oxidative stress and subsequent lipid
peroxidation, eventually resulting in cell death. Accumulation of mitochondrial
reactive oxygen species was abrogated by ferrostatin-1 (an iron chelator),
suggesting that cell death was due to an iron-dependent form of apoptosis termed
ferroptosis. Supporting this concept, over-expression of ACSM1 and ACSM3
elicited resistance to the ferroptosis inducers Erastin and ML210. Mechanistically,
our results suggests an important role of ACSM1 and ACSM3 in protecting PCa
cells against iron-dependent free radical damage-ferroptosis in addition to energy

production through fatty acid metabolism.

A. B.
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Figure 6.1. ACSM1 and ACSM3 activates medium chain fatty acids for its
metabolism and protect PCa cells against ferroptosis. A) Schematic depicting
the proposed function of ACSM1 and ACSM3 in human cells for ATP production

from fatty acid metabolism; B) Consequences of ACSM1/ACSM3 knockdown in
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PCa cells. Cells experience ATP depletion and undergo an adoptive response via
substrate switching to glucose. Concomitantly, ROS accumulates in the cells

leading to subsequent lipid peroxidation and cell death by ferroptosis.

Despite the extensive functional characterisation that was carried out
(Chapter 4), questions remain about the roles of ACSM1 and ACSM3 in PCa.
Various studies using both in vivo and in vitro approaches have revealed substantial
flexibility in terms of substrate utilisation by ACSMs (J. M. Ellis, Bowman, &
Wolfgang, 2015; Fujino et al., 2001; Vessey, Kelley, & Warren, 1999). A major
limitation of our study was an inability to accurately define the substrates of ACSM1
and ACSM3 in PCa cells. Our mass spectrometry (LC-ESI/MS/MS) approach
detected a wide range of fatty acids, but unfortunately medium chain fatty acids and
their activated forms were not detectable with this approach. Nevertheless, our
lipidomics data showed accumulation of fatty acids (over 14C chain length /
saturated/unsaturated) in various lipid species including (TAG, DAG, PC, PE, PI,
PG and PS) as a result of loss of ACSM1 and ACSMS function in PCa cells. Based
on this observation, we believe that ACSMs directly activates both medium and long
chain fatty acids in PCa cells, although this remains to be proven. We expect that
advances in mass spectrometry-based detection of lipids (Avela & Sirén, 2020) will
enable this question to be answered in the near future. Another strategy to identify
the major substrates of ACSM1 and ACSMS3 could be to feed different MCFAs and
LCFAs to PCa cells. This is not straightforward, however, since exogenous
supplementation of fatty acids to PCa cells induces apoptosis and cell death
(Balaban et al., 2019), which could be due to accumulation of fatty acids rather than
its metabolism in the cells. One possibility is that using PCa cells over-expressing
ACSM1 and ACSM3, which | generated in this study, could overcome this issue.
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We believe that PCa cells over-expressing ACSM1 and ACSM3 should be able to
utilize exogenous supplementation of fatty acids, especially MCFAs, for the
fulfilment of their metabolic need. Finally, we also propose that isotope-labelled
metabolomics studies would help to clarify the fate of medium/long chain fatty acids
in the over-expressing ACSM1 and ACSM3 PCa cells (Jang, Chen, & Rabinowitz,
2018; Llufrio, Cho, & Patti, 2019). In these studies, the path of carbon production

and consumption can be tracked to accurately evaluate the utilisation of fatty acids.

Like MCFAs, our metabolomic and lipidomic appraoches did not measure
xenobiotic compounds in PCa cell extracts and media. Carboxylate-containing
xenobiotics such as benzoates are another proposed substrate for ACSMs
(Kochan, Pilka, von Delft, Oppermann, & Yue, 2009; Vessey et al., 1999).
Xenobiotic metabolism frequently comes with generation of ROS, which in turn
modulates the signal transduction process required for cancer progression
(Aggarwal et al., 2019) but overproduction of ROS is harmful to the cells. Most of
the xenobiotic compounds get introduced in human body via diet, air, exposure to
chemicals, and drug administration (Patterson, Gonzalez, & Idle, 2010). One
possibility is that over-expression of ACSM1/3 in PCa could be an adaptive
mechanism to protect against these xenobiotics, although very little is known about
the levels that prostate tissues would be exposed to. In our experiments, foetal
calf serum contains xenobiotics (Gonzélez, Chen, & Deng, 2017), therefore the
results we observed could be explained by accumulation of these compounds.
However, this remains to be proven. Similarly to identifying the lipid substrates of
ACSM1/3, we could identify whether xenobiotic are important substrates in PCa
cells by exploiting our ACSM1/3-over-expression cells, feeding PCa cells various
xenobiotic, or using targeted isotope labelling.
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One of the drawbacks of research into ACSMs is the lack of specific
inhibitors. Salicyclic acid and its different forms (4-methylsalicyclic acid, 4-
methylsalicylic acid, 2-hydroxynaphthoic acid, and 2-hydroxyoctanoic acid) have
been reported as competitive inhibitors for ACSMs purified from fresh bovine liver
(Kasuya, Igarashi, & Fukui, 1996). We obtained 4-Methylsalicylic acid and (z)-2-
Hydroxyoctanoic acid and tested their effects on LNCaP cells. Although, high dose
of ACSM inhibitors suppressed LNCaP cells growth (Figure 6.2) they did not cause
the same effect as ACSM1/3 knockdown in terms of causing cell death (Figure 6.3).
Based on these observations, we assumed that these inhibitors have non-specific
activities, which precluded their utility for our studies. However, it is worth noting
that various derivatives of salicyclic acid are being used for multiple inflammatory
diseases with minimal side effects (Bartzatt, Cirillo, & Cirillo, 2007). Therefore,
derivatives of salicyclic acid that are highly specific inhibitors of ACSM1 and ACSM3
could potentially be useful therapeutics in the future. In this respect, crystal
structures of both enzymes would facilitate drug development, based on salicylic

acid or otherwise.

6.3 Interplay between AR and SREBP-1 in PCa

In addition to our focussed research on AR-regualted lipid metabolism, we
endeavoured to provide new insights into AR/SREBP-1 cooperative interplay that
might regulate lipid metabolism in PCa. Althuogh the feedback loop between AR
and SREBP-1 that we observed has already been established in PCa cells, a new
finding in this thesis was that AR and SEBP-1 physicallhy interact inside the nucleus
of PCa cells after androgen treatment. Whether AR and SREBP1 coordinately

regulate the genes identified in Chapter 3 is unknown, but we could address this
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possibility by demonstrating co-localization of both transcription factors on
chromatin at genes identified in chapter 3. Furthermore, developing a detailed map
of the SREBP-1 cistrome and transcriptome in diverse PCa models with variable

AR status could identify novel AR targets in lipid metabolism.

6.4 Conclusion:

Collectively, the research in this thesis has identified novel AR-regulated lipid
metabolic genes in PCa. It provides key new insights into the role of of lipid
activating enzymes ACSM1 and ACSM3 in PCa. We propose that these findings

could lead to new therapies targeting PCa metabolism in the future.
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Figure 6.2: Competitive inhibition of ACSM1 and ACSMS3 inhibits prostate
cancer growth, as evaluated by Trypan blue assays. LNCaP cells were grown
in full media with different concentration of inhibitors ((x)-2-Hydroxyoctanoic acid
and 4-Methylsalicyclic acid). The graph represents numbers of cells counted by
coulter counter (n = 3). Data are presented as mean + SEM. The adjacent vehicle
and different treatment groups were compared at indicated time-points using

unpaired t tests (*, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001).
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Figure 6.3: siRNA mediated ACSM1/3 knockdown and chemical inhibitor
mediated inhibition of ACSMs do no show same phenotype (cell death). Cell
death determined on Day 6 by a flow cytometric assay using SYTOX™ Red Dead
Cell Stain. Data shown are mean + SEM. The adjacent vehicle and different
treatment groups were compared at indicated time-points using unpaired t tests (*,

p < 0.05; *, p < 0.01; ** p < 0.001; *** p < 0.0001).
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7 Appendices

7.1 Human DECRL1 is an androgen-repressed survival factor that regulates

PUFA oxidation to protect prostate tumor cells from ferroptosis

This section includes the published paper in eLife journal on July 2020
(doi:10.7554/eLife.54166). | contributed to this paper in terms of data curation,
formal analysis, investigation, visualization and methodology. Specifically, |
conducted the ChIP experiments, analysed ChlP-seq data, and evaluated AR

regulation of DECRL1.
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Human DECR1 is an androgen-repressed
survival factor that regulates PUFA
oxidation to protect prostate tumor cells

from ferroptosis
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Abstract Fatty acid B-oxidation (FAQ) is the main bioenergetic pathway in human prostate
cancer (PCa) and a promising novel therapeutic vulnerability. Here we demonstrate therapeutic
efficacy of targeting FAQ in clinical prostate tumors cultured ex vivo, and identify DECR1, encoding
the rate-limiting enzyme for oxidation of polyunsaturated fatty acids (PUFAs), as robustly
overexpressed in PCa tissues and associated with shorter relapse-free survival. DECR1is a
negatively-regulated androgen receptor (AR) target gene and, therefore, may promote PCa cell
survival and resistance to AR targeting therapeutics. DECR1 knockdown selectively inhibited B-
oxidation of PUFAs, inhibited preliferation and migration of PCa cells, including treatment resistant
lines, and suppressed tumeor cell proliferation and metastasis in mouse xenograft models.
Mechanistically, targeting of DECR1 caused cellular accumulation of PUFAs, enhanced
mitochondrial oxidative stress and lipid peroxidation, and induced ferroptosis. These findings
implicate PUFA oxidation via DECR1 as an unexplored facet of FAO that promotes survival of PCa
cells.
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Introduction

Prostate cancer (PCa) is the most prevalent male cancer and the second leading cause of cancer
deaths in men in Western societies (Bray et al., 2018). For patients with locally-recurrent and/or
metastatic disease, androgen deprivation therapy (ADT) has remained the frontline strategy for dini-
cal management since the 1940s (Huggins and Hodges, 1941), due to the dependence of PCa cells
on androgens for growth and survival. Although ADT is initially effective in most patients, ultimately
all will relapse with castration resistant prostate cancer (CRPC), which remains incurable. The failure
of ADT is attributed to the emergence of adaptive survival pathways that reprogram androgen sig-
naling and/or activate alternative tumor survival pathways. Consequently, the development and FDA
approval of agents that more effectively target androgen signaling, including enzalutamide (ENZ,
Xtandi; an AR antagonist) (Tran et al., 2009 Cai and Balk, 2011; Rodrigues et al., 2014), has
expanded the therapeutic options for CRPC. Nevertheless, even these approaches cannot durably
control tumer growth and there is considerable variability in the nature and duration of responses
between different patients (Tran et al., 2009; Scher et al., 2012; Davis et al., 2019). Thus, alterna-
tive therapeutic strategies that enhance response to ADT, and thereby prevent or delay PCa pro-
gression to CRPC, are essential.

Increasingly, targeting cancer cell metabolism is a focus of research efforts (Hanahan and Wein-
berg, 2011). While fundamental differences in cellular metabolism pathways between normal and
malignant cells were detected by Warburg in the 1920s (Warburg et al, 1927), clinical targeting of
cancer metabolism has not kept pace with the research advances in understanding metabolic fea-
tures of cancer cells. PCa is mainly dependent on lipid metabolism for energy production
(Liu, 2006). The overexpression of genes involved in lipid metabolism is characteristic of PCa at
both early and advanced stages (Wu et al, 2014; Chen et al., 2018; Swinnen et al., 2002;
Zadra et al., 2013; Zadra and Loda, 2018; Ettinger et al., 2004, Nomura et al., 2011), while
recent proteomic analyses of primary PCa and bone metastases have shown clear associations
between levels of lipid metabolic enzymes, PCa initiation and progression (Iglesias-Gato et al.,
2016; lglesias-Gate et al., 2018). These observations suggest that PCa may be particularly amena-
ble to metabolic targeting strategies. Despite this, the role and complexity of lipid/fatty acid (FA)
metabolism in PCa and its potential as a target for therapy remains underexplored, particularly in
the context of a more complex tumor microenvironment.

Until recently, most attention has focused on the therapeutic targeting of de nove FA synthesis
and, most recently, uptake of FAs in PCa to limit their availability as a source of energy and cell
membrane phospholipids (Zadra et al., 2013; Zadra and Loda, 2018; Watt et al,, 2019). However,
it has become evident in work from our group and others that f-oxidation of FAs, as the ultimate
fate of FAs in the energy production cycle, is upregulated in PCa cells, stimulated by a lipid-rich
extracellular environment and eritical for viability (Liu, 2006; Schlaepfer et al., 2014; Balaban et al.,
2019). In this study, we evaluated the targeting of FA p-oxidation (FAQ) in patient-derived prostate
tumor explants (PDE) to provide the first clinically-relevant evidence that targeting this pathway is
efficacious. We subsequently identify DECR1, a rate-limiting enzyme in an auxiliary pathway for poly-
unsaturated fatty acid (PUFA) B-oxidation, as a promising novel therapeutic wulnerability for PCa.
Importantly, we show that DECR1 is an androgen-repressed gene induced in PCa cells in response
to ADT and/or AR-targeted therapies, implicating PUFA oxidation as an adaptive survival response
that may contribute to emergence of CRPC and treatment resistance.

Results

Targeting FA oxidation is efficacious in patient-derived PCa explants

In addition to our recent report of enhanced FAQO in PCa cells (Balaban et al., 2019), an accumulat-
ing body of evidence supports the efficacy of targeting key enzymes involved in FAO using in vitro
and in vive models of PCa (Itkonen et al., 2017; Schlaepfer et al., 2014; Flaig et al., 2017). How-
ever, to date there is limited evidence that targeting this pathway would be clinically efficacious,
which prompted us to target this pathway in dinical tumors. Using our well-defined patient derived
explant (PDE) model that recapitulates the complexity of the clinical tissue microenvironment
(Centenera et al., 2012), we targeted the rate-limiting enzyme in mitochondrial FAO, carnitine pal-
mitoyltransferase-1 (CPT-1), in cultured PDEs using the chemical inhibiter etomexir. Consistent with
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literature reports, etomexir had weak activity against the LNCaP PCa cell line in vitro, with an IC50
of 170 uM (Figure 1—figure supplement 1A), but was considerably potent in the PDEs, in which a
dose of 100 pM inhibited cell proliferation by an average of 48.4 = 16.6% (n = 13 patients; p<0.05)
(Figure 1A). Etomaoxir effectively inhibited FAQ in the tissues, evidenced by a significant decrease in
multiple acylcarnitines in the conditioned medium (Figure 1B).

In order to prioritize key functional genes involved in PCa progression, we conducted a meta-
analysis of the expression of 735 genes involved in lipid metabolism (as identified from REACTOME)
in four clinical datasets with malignant and matched normal RNA sequencing data (Nikitina et al.,
2017; Ren et al., 2012; Ding et al, 2016). Genes were rank-ordered on the basis of their meta
effect size scores in PCa malignant versus matched normal tissues (Figure 1—figure supplement
1B). The meta-analysis revealed a strikingly consistent deregulation of lipid metabolism genes,
including genes involved in FAO (Figure 1C), despite the predicted high inter-individual heterogene-
ity of patient PCa tissues. We conducted disease-relapse survival analysis using TCGA data for each
of the top 20 genes from the meta-analysis. This identified DECRT, a rate-limiting enzyme in the
mitochondrial f-oxidation of pelyunsaturated fatty acids, as a robustly overexpressed gene in PCa
tissues that is associated with shorter relapse-free survival rates.

DECR1 is upregulated in clinical prostate tumors

Censistently, DECRT mRNA expression was significantly higher in malignant compared to benign
prostate tissues in ten independent expression datasets of PCa tissues versus non-malignant tissues
(Figure 1D, Figure 1—figure supplement 1C). Further analysis of the TCGA data revealed
increased DECR1 expression with increased Gleason score or in with advanced disease stage
(Figure 1E). Consistent with our observation of increased DECR1 mRMA expression in PCa, DECR1
gene copy gain was evident in several clinical datasets accessed via cBioPortal (Cerami et al., 2012;
Figure 1F). Interestingly, the top three cancer types exhibiting increased DECR1 copy gain were
hormone-dependent tumors (uterine, breast and prostate), suggestive of a relationship between
DECR1 expression and hormene signaling (Figure 1G). DECRT mRNA expression was associated
with shorter relapse-free survival rates and overall survival rates (Figure 1H), and in the TCGA data-
set, DECR1 amplification was significantly associated with shorter recurrence-free survival rates
(Figure 1I).

We confirmed overexpression of DECR1 protein in dinical PCa using two independent protecmic
datasets (Figure 2A). We observed overexpression of DECR1 in PCa tissues (n = 8) compared with
benign tissues (n = 3) (Figure 2B), and increased expression was evident in high grade versus low
grade cancer tissue. Quantitative IHC staining analysis revealed a significant increase of DECR1
expression in malignant vs benign tissues. Furthermore, intra-tissue analysis exposed a significant
increase of DECR1 expression in malignant regions vs benign ones within the same core (Figure 2C).
DECR1 expression was markedly increased in a panel of hormone-dependent and -independent can-
cer cell lines compared with non-malignant PNT1 and PNT2 prostate cell lines (Figure 2D). Consis-
tent with its function, DECR1 localises to the mitochondria, confirmed using immunocytochemistry
and Western blot of nuclear, cytoplasmic and mitechondrial cell fractions (Figure 2E). Together, the
mRNA and protein findings suggest that expression of DECR1 is closely linked to PCa progression
and patient outcomes, and therefore might represent an unexplored therapeutic target.

DECR1 is a directly androgen-repressed gene in PCa

The relationship between androgen receptor (AR) signaling and lipid metabelic genes is well estab-
lished. Many studies have reported a marked stimulatory effect of AR on key lipid metabolism path-
ways either directly or indirectly through activation of a family of transcription factors called sterol
regulatory element-binding proteins (SREBPs) (Butler et al, 2016). We therefore investigated the
relationship between AR and DECR1 using a panel of in vitro, ex vivo and in vivo medels. DECR1
expression is notably more abundant in AR-negative cells (PC3) than in AR-expressing cells
(Figure 2D), consistent with negative regulation of DECR1 expression by AR. We confirmed that
androgen (Su-dihydrotestosterone) significantly decreased DECR1 expression in androgen-depen-
dent LNCaP and VCaP cell lines at both mRNA and protein levels (Figure 3A). Data mining of pub-
licly available microarray datasets also revealed downregulation of DECR1 in LNCaP cells after
treatment with DHT or the synthetic androgen R1881 (Figure 3—figure supplement 1A); GSE7868,
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Figure 1. Fatty acid B-oxidation genes are overexpressed in prostate cancer and targeting this process is effective in patient-derived human prostatic
ex vivo tumor explants. (A) Etomoxir reduced cell proliferation in patient-derived human prostatic ex vivo tumor explants. Tissues were treated with 100
uM etomoxir for 72 hr, sections were fixed in formalin, paraffin embedded and stained against the proliferative marker Kié7 (n = 13) (scale bar = 50 um).
(B) Etomoxir (100 pM) decreased acylcarnitine species, the products of CPT1 activity. Acylcarnitines secreted to the conditioned medium were

Figure 1 continued on next page
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Figure 1 continued

measured after 72 hr treatment of PDEs (n = 9). (C) A meta-analysis of fatty acid oxidation genes using four clinical datasets with malignant and
matched normal RNA-sequencing data (n = 122). Genes were rank-ordered on the basis of their meta effect size scores in PCa malignant tissues versus
matched normal tissues. (D) Violin plots demonstrate DECR1 mRMA overexpression in PCa primary/malignant tissues compared to normal/benign
tissues in three independent datasets. (E) DECRT mRNA expression is associated with PCa primary Gleason score, total Gleason score (>7) and
diseases stage (T-stage). Data were extracted from TCGA PCa dataset. (F) Histogram displaying DECR1 mutation and copy-number amplification
frequency across 13 PCa genomic datasets, and (G) across 28 tumor types. Histograms were obtained from ChioPortal platform. (H) DECR1 mRNA
expression is associated with shorter relapse-free survival in TCGA PCa, Glinsky et al., 2005 and GSE21032 datasets, and shorter overall survival rates
in GSE16560 dataset. (1) DECR1 copy number amplification frequency is associated with shorter relapse-free survival in TCGA PCa dataset. Data in (A)
are represented as as the mean + s.e.m and were statistically analysed using a Wilcoxon matched-pairs signed rank test. Data in (B) are represented as
the mean + s.e.m and were statistically analysed using two-tailed Student's t-test. Data in (D) and (E) are represented as violin plots in GraphPad prism:
the horizontal line within the violin represents the median, and were statistically analysed using a Mann-Whitney two-tailed t-test. Data in (H) and (I}
were statistically analysed using a two-sided log-rank test. *p<0.05, *p<0.01, **p<0.001 and ***p=0.0001.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Fatty acid metabolism is consistently altered in clinical prostate tumors.

GSE226086). In contrast to the effect of androgens, AR-targeted therapies increase DECR1 expres-
sion. LNCaP and VCaP cell treatment with the androgen antagonist enzalutamide (ENZ) significantly
increased DECR1 expression at both mRNA and protein levels (Figure 3B). In vivo, LNCaP tumors
exhibited increased DECR1 expression in mice treated with ENZ (10 mg/kg) or castration, which was
enhanced further in mice treated with both ENZ and castration (Figure 3C). Our observations were
supported by published microarray datasets which showed that treatment of LNCaP or VCaP cells
with ENZ increases DECRT mRNA expression (Figure 3—figure supplement 1B; GSE&9249). In vivo,
castration of mice increased DECR1 expression in prostate (Figure 3—figure supplement 1C;
G5E5901), while in LNCaP/AR xenografts treatment with the AR antagonist ARN-509 (apalutamide)
for 4 days significantly increased DECR1 expression (Figure 3—figure supplement 1D; GSE52169).
To confirm androgenic regulation of DECR1 in a clinical context, we validated these data using
PDEs. ENZ treatment of PDEs significantly increased DECR1 expression whereas, as expected,
mRNA levels of the wellcharacterized AR target genes KLK3 and KLKZ2 were decreased (Figure 3D,
E). To determine whether AR directly represses DECR1, we interrogated published chromatin immu-
roprecipitation (ChIP) sequencing data. In VCaP cells, AR bound strongly to the DECR1 promoter in
response to DHT treatment, but not when co-treated with AR antagonists (Figure 3F, GSE55064).
Moreover, AR binding was enriched at the DECR1 promoter in benign and malignant prostate tis-
sues (Figure 3—figure supplement 1E; G5E56288). A site-specific ChIP-qPCR assay revealed DHT-
stimulated AR occupancy at this region in LNCaP cells (Figure 3G). Collectively, these data reveal
DECR1 as a novel AR-repressed gene.

Targeting DECR1 disrupts PUFA oxidation in PCa cells

FAs are metabolized mainly in mitochondria through the f-oxidation process to generate acetyl-
CoA, which enters the tricarboxylic acid cycle (TCA) and produces ATP and NADH as energy for the
cell. Unlike saturated FAs, all unsaturated FAs with double bonds originating at even-numbered
positions, and some unsaturated FAs with double bonds originating at odd-numbered positions,
require three auxiliary enzymes to generate intermediates that are harmonious with the standard -
oxidation pathway (Hiltunen and Qin, 2000; Shoukry and Schulz, 1998): Enoyl CoA isomerase
(ECI1), 2,4 Dienoyl-CoA reductase (DECR1) and Dienoyl CoA isomerase (ECH1) (Figure 4A). DECR1
catalyses the rate limiting step in this pathway (Alphey et al., 2005). Given the critical role of
DECR1 in PUFA metabolism, we studied the consequences of DECR1 downregulation on B-oxidation
of PUFAs in PCa cells. DECR1 knockdown was achieved successfully (=80% downregulation) using
two different siRMAs (Figure 4B). DECR1 knockdown resulted in an increase in linoleic acid
(Figure 4C) as well as an accumulation of 2-trans,4-cis-decadienoylcarnitine (acylcarnitine 10:2;
Figure 4D), an intermediate of linoleic acid metabolism, indicating incomplete PUFA B-oxidation.
Mitochondrial f-oxidation provides reducing equivalents that drive ATP production. LNCaP cells
increased ATP levels in response to exogenous lincleic acid supplementation when cultured in glu-
cose-free media containing the lipase inhibitor diethylumbelliferyl phosphate (DEUP), to prevent the
cells from using intracellular FAs (Figure 4E). However, cells transfected with DECR1-targeting
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Figure 2. DECR1 protein in overexpressed in malignant prostate cells/tissues. (A) Violin plots of DECR1 protein overexpression in primary PCa tissues
compared to benign prostate tissues in two independent datasets. (B) Representative DECR1 IHC staining of benign prostate tissues and PCa tissues
(negative control stain included in bottom right box). Scale bar, 50 pm. (C) Violin plot of DECR1 protein expression in a validation cohort consisting of
benign prostate tissues (n = 3) and PCa tissues (n = 8) (top panel). Intra-tissue IHC analysis of DECR1 expression in PCa tissues (n = 8) (bottom panel).
(D) DECR1 protein expression in non-malignant prostate cell lines (PNT1 and PNT2) and PCa cell lines (LNCaP, VCaP, 22RV1, C42B and PC3). (E)
Immunocytochemistry staining of LNCaP cells to determine the subcellular localization of DECR1: nuclei were labelled using DAPI; mitochondria were
labelled using MitoTracker Red; and DECR1 proteins were labelled using Alexa Fluor 488 secondary antibody, (Scale bar = 10 um). Immunoblot of
PNT1 and LNCaP cells separated into cytosolic, mitochondrial and nuclear fractions and incubated with poly (ADP-ribose) polymerase (PARP) and
cytochrome-C antibodies to mark nuclear and mitochondrial fractions. Data are represented as violin plots in GraphPad prism: the horizontal line within
the violin represents the median. Statistical analysis was performed using a Mann-Whitney two-tailed t-test (A and C top panel), or two-tailed paired
t-test (C bottom panel): *p<0.05, **p<0.01 and ***p<0.001.

siRNAs failed to increase ATP levels with linoleic acid supplementation (Figure 4E), indicating
impaired capacity to metabolize PUFAs.

Next, we employed extracellular flux analysis to determine the intrinsic rate and capacity of PCa
cells to oxidise PUFAs in conditions where other exogenous substrates were limiting. Exogenous
linoleic acid stimulated basal oxygen consumption rates (OCR), as a measure of mitochondrial oxida-
tive phosphorylation, and maximal respiration, ATP production, and mitochondrial spare capacity
(Figure 4F, Figure 4—figure supplement 1A) as determined by consecutive cell exposure to respi-
ration chain inhibitors and uncouplers. This supports the observed increased in total ATP levels in
response to linoleic acid supplementation (Figure 4E). Importantly, DECR1 knockdown prevented
the exogenous linoleic acid induction of basal and maximal respiration, ATP production, and mito-
chondrial spare capacity (Figure 4F, Figure 4—figure supplement 1A). In contrast, DECR1 knock-
down has no impact on mitochondrial metabolism of the saturated FA, palmitate (Figure 4G).
Further, DECR1 knockdown increased glycolysis, as determined by ECAR (Figure 4H, Figure 4—fig-
ure supplement 1B), as well as decreased glucose and fructose concentrations (Figure 4l), to sustain
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Figure 3. DECR1 is an androgen-repressed gene. (A) DECR1 mRNA and protein was measured by gRT-PCR and western blot analysis after PCa cell
treatment with dihydrotestosterone (DHT), or (B) enzalutamide ([ENZ). Relative mRMA expression of DECR1 was calculated using comparative CT
method, where the cells treated with vehicle (control) were set to one and normalised to the geometric mean CT value of GUSB and L19 (housekeeping
genes). Densitometry quantification of relative DECR1 protein expression was normalized to the HSPP0 internal control. n = 3 independent
experiments. (C) gRT-PCR analysis of DECRT mRNA expression in LMCaP-derived tumors treated with enzalutamide (ENZ) and/or castration (Castr). (D)
qRT-PCR analysis of DECR1 and androgen regulated genes KLKZ and KLK3 mRMA expression in a cohort of 10 patient-derived human prostatic ex vivo
tumor explants treated with enzalutamide (ENZ, 10 uM). Relative mRNA expression was calculated using comparative CT method, where the matched
untreated tissue from the same patient was set to one and normalized to the geometric mean CT value of TUBA1B, PPIA and GAPDH. (E)
Representative DECR1 IHC staining of patient-derived human prostatic ex vivo tumor explants treated with enzalutamide (ENZ, 10 uM). Scale bar, 100
pum. (F) AR ChIP-sequencing data from VCaP cells (top panel), normal human prostate and primary human prostate tumor specimens (bottom panel).
Data from GSES5064 and GSES6288. (G) ChIP-qPCR analysis demonstrates AR binding at DECR1T locus in LMCaP cells after treatment with DHT. Data in
bar graphs (A, B and G) are represented as the mean + s.e.m. Data in (C) are represented as box plots using the Tukey method in GraphPad prism.
Statistical analysis was performed using two-tailed Student's t-test (A, C, D and (G) or one-way ANOVA, followed by Dunnett's multiple comparisons
test (B): *p=0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Androgenic regulation of DECR1 expression.

TCA cycle intermediate levels (Figure 4.J) as a consequence of disruption of PUFA B-oxidation. While
DECR1 exhibited selectivity in inhibition of PUFA metabolism, as expected, etomoxir inhibited both
PUFA and saturated fatty acids (Figure 4—figure supplement 1C). There was no effect of ETX treat-
ment on DECR1 expression (Figure 4—figure supplement 1D). Collectively, these results demon-
strate that DECR1 is critical for PUFA metabolism in LNCaP PCa cells.
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Figure 4. DECR1 knockdown interrupts PUFA B-oxidation in PCa cells. (&) Schematic of DECR1 function in fatty acid (FA) f-oxidation. In order to
translocate FAs into the mitochondria, CPT1 converts long-chain acyl-CoA species to their corresponding long-chain acylcamitine species. This is
followed by a dehydrogenation step mediated by acyl Col dehydrogenase (ACAD) to generate trans-2-enoyl-Col, the only intermediate that can be
processed by downstream enzymes in the B-oxidation process. Many FAs have unsaturated bonds either on an odd-numbered carbon or in the cis

Figure 4 continued on next page
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Figure 4 continued

configuration, resulting in the generation of encyl-CoA intermediates that cannot be directly processed via the downstream f-oxidation enzymes.
These FAs require the activity of 3 auxiliary enzymes, ECI1, ECH1 and DECR1 in order to form trans-2-encyl-CoA before undergoing B-oxidation.
DECR1 catalyzes the conversion of either 2-trans, 4-cis-dienoyl or 2-trans,4-trans-dienoyl-Cofl to 3-trans-enoy-Col. A complete cycle of B-oxidation
results in the release of the first two carbon units as acetyl-CoA, and a fatty-acyl-Cof minus two carbons. The acetyl-Cof enters the TCA cycle to
produce energy (ATP). The shortened fatty-acyl-CoA is processed again starting with the ACADs to form trans-2-enoyl-CoA either directly or with the
aid of the auxiliary enzymes depending on the presence of double bonds. This process continues until all carbons in the fatty acid chain are turned into
acetyl-CoA (B) DECR1 protein expression after 72 hr or 96 hr siRNA transfection. Densitometry quantification of relative DECR1 protein expression was
normalized to the HSP0 internal control. (C) Linoleic acid level in LNCaP cells quantified in following 96 hr DECR1 knockdown using GC QQQ targeted
metabolomics. (D) Relative quantities of the C10:2 acylcarnitine species in LNCaP cell conditioned medium (left) or cell lysates (right) (n = 3). (E)
Quantification of ATP levels in LNCaP cell lysates. LNCaP cells were transfected with DECR1 siRNAs for 48 hr and then starved in no-glucose medium
and treated with the lipolysis inhibitor DEUP {100 uM) in the presence (BSA-LA) or absence (BSA) of the PUFA lincleic acid for 48 hr before measuring
ATP levels. [F) Oxygen consumption rate (OCR) was assessed in LNCaP cells supplemented with the PUFA lincleic acid (LA) or (G) the saturated fatty
acid palmitic acid (PA). Each data point represents an OCR me asurement. ATP production, maximal mitochondrial respiration and mitochondrial spare
capacity were assessed. (H) Extracellular acidification rate (ECAR) was assessed in LNCaP cells. Each data point represents an ECAR measurement. For
experiments (F-H) LNCaP cells were transfected with DECR1 siRNAs for 72 hr, then starved in substrate limited medium for 24 hr; the assay was run in
FAQ assay medium. (I and J) Metabolites were quantified in LMCaP cells following 96 hr DECR1 knockdown using GC QQQ targeted metabolomics.
Data in bar graphs are represented as the mean +s.e.m [n = 3). Statistical analysis was performed using two-tailed Student's t-test: *p<0.05, **p<0.01
and ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Effects of DECR1 on prostate cancer cellular metabolism.

Targeting DECR1 suppresses PCa oncogenesis

The consistently increased expression of DECR1 in PCa tissue and its association with shorter-relapse
times and survival rates (Figure 1 and 2), taken together with its impact on PUFA metabolism (Fig-
ure 4), suggested that it may contribute to PCa cell viability and invasive behaviour. We evaluated
the impact of DECR1 downregulation or overexpression on various oncogenic properties of PCa
cells using a series of in vitro and in vivo experiments. While there was no effect of DECR1 downre-
gulatien on the nen-malignant prostate cell line PNT1, a significant attenuation of PCa proliferation
and induction of cell death was observed in a panel of PCa lines (Figure 5A), comprising androgen-
dependent (VCaP and LNCaP), CRPC (22RV1 and V16D) and acquired ENZ-resistant cells (MR49F).
Notably, this effect on PCa cell viability was lost when cells were cultured in lipid-depleted media
(Figure 5—figure supplement 1), suggesting that the cbserved effect is due to interference with FA
metabolism. Likewise, stable DECR1 knockdown using a short hairpin vector attenuated LNCaP cell
line viability and induced cell death (Figure 5B) In contrast, stable DECR1 overexpression signifi-
cantly enhanced LNCaP cell viability (Figure 5C) and colony formation ability (Figure 5D), while sta-
ble DECR1 knockdown markedly decreased colony formation (Figure 5E). DECR1 knockdown also
decreased LNCaP growth in 3D spheroids (Figure 5F), which better mimic in vivo conditions than 2-
dimensional cell culture (Duval et al., 2017). In addition, DECR1 knockdown reduced LNCaP, 22RV1
and MR49F cell migration by ~50% (Figure 5G) and 22RV1 invasion by ~65% (Figure 5H). In vivo,
LNCaP cells stably depleted of DECR1 showed highly variable growth rates in a subcutaneous model
(Figure 5—figure supplement 2A), but inspection of the resultant tumors revealed significantly
reduced cellular proliferation compared to control cells, concomitant with reduced DECR1 expres-
sion (Figure 51, Figure 5—figure supplement 2B). To study the effect of DECR1 downregulation on
PCa in the prostate microenvironment, we undertook a second study using LNCaP orthotopic xeno-
grafts. DECR1 knockdown significantly retarded tumer growth (Figure 5K, (Figure 5—figure sup-
plement 2C,D,E), and significantly inhibited lung metastasis in the orthotopic tumer model
(Figure 5L).

DECR1 targeting induces lipid peroxidation and cellular ferroptosis

DECR1 knockdown resulted in inhibition of PUFA B-oxidation and led to accumulation of PUFAs in
phosphelipids (Figure 6A). Inspection of the phosphelipid profile revealed accumulation of PUFAs in
the PC, Pl and PS5 classes (Figure 6B) with no impact on total saturated or MUFA phospholipids (Fig-
ure é—figure supplement 1A). PUFA are highly susceptible to peroxidation, so we next assessed
the effect of DECR1 knockdown on lipid peroxidation. DECR1 knockdown increased levels of
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Figure 5. DECR1 knockdown suppresses oncogenic phenotypes of PCa cells. (A) Cell viability after DECR1 knockdown in non-malignant PNT1 prostate
cells; hormone-responsive PCa cell lines (LNCaP and VCaP); castrate-resistant V16D and 22RV1 cell lines and enzalutamide-resistant MR94F cells
cultured in full serum media. (B) Cell viability and cell death of stable DECR1 knockdown LNCaP cells cultured in full serum media. (C) Cell viability of
stable DECR1-overexpressed LNCaP cells cultured in full serum media. Cell viability and cell death were measured using trypan blue exclusion

Figure 5 continued on next page
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following 96 hr DECR1 knockdown. Percentages are represented relative to the contral siRNA; n = 3 independent experiments per cell line. (D)
Clonogenic cell survival of LMCaP cells was assessed using colony formation assay. Stable DECR1-overexpressed cells or (E) stable DECR1 knockdown
was achieved using two different short hairpin (sh) vectors and DECR1 expression was confirmed using western blot. Cells were cultured for 2 weeks,
washed with PBS, fixed with paraformaldehyde and stained with 1% crystal viclet for 30 min. Colonies with more than 50 cells were counted manually;
data shown is representative of n = 2 independent experiments. (F) LNCaP and 22RV1 cell growth in 3D spheres. Spheroids were prepared using the

hang drop assay following 48 hr DECR1 knockdown. Spheroid volumes were determined after ive days of culturing the cells in 20 pl drops; at least 25
spheres per cell line were assessed using the ReViSP software, n = 3 independent experiments per cell line. (G) LNCaP, 22RV1 and MR49F cell
migration and (H) 22RV1 cell invasion were assessed using a transwell migration/invasion assay. Cells were transfected with DECR1 siRNA or control
siRNA for 48 hr prior to the assay; data shown is representative of n = 3 independent experiments. (I) Violin plots of mKi&7 and DECRT mRMA
expression in subcutaneous LNCaP tumors [n = 5 mice, shControl; n = 4 mice, shDECR1). (J) Representative Kié7 IHC staining of subcutaneous LNCaP

tumors. Scale bar, 100 pm. Data in bar graphs are represented as the mean + s.e.m. Statistical analysis was performed using one-way ANOVA, followed
by Dunnett's multiple comparisons test: *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. (K) Tumor growth of intraprostatically injected LNCaP cells
{shControl and shDECR1). {J) Lung luminescence readings following DECR1 knockdown in mice. Data are presented as mean + s.e.m. Statistical analysis
was performed using two-way ANCVA or two-tailed student's t-test: *p<0.05 and ***p<0.001.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Depletion of extracellular lipids prevents antiproliferative effects of DECR1 in prostate cancer cells.
Figure supplement 2. DECR1 suppresses growth of prostate tumor xenografts in mice.
Figure supplement 3. The sequence of the DECR1 shRNA and hDECR1 vectors.

malondialdehyde, a marker of lipid peroxidation (Gawel et al., 2004; Figure 6C). In contrast,
DECR1 overexpression markedly decreased cellular malondialdehyde levels (Figure &C). We
observed enhanced mitochondrial oxidative stress measured using MitoSOX, a mitochondrial super-
oxide indicator (Figure éD), in response to DECR1 knockdown. Moreover, DECR1 knockdown
resulted in significant accumulation of phosphelipid hydroperoxides, a hallmark of ferroptosis
(Figure 6E). In contrast, DECR1 overexpression significantly decreased mitochondrial oxidative
stress under basal (Figure &F) and linoleic acid-induced conditions (Figure 6G). Lipid peroxidation is
a major driver of ferroptosis, an iron-dependent non-apoptotic form of cell death (Dixon et al.,
2012). Cell treatment with the ferroptosis inhibitors, deferoxamine or ferrostatin, abolished the
effect of DECR1 knockdown on PCa cell death (Figure 6H-I), while cell treatment with the ferropto-
sis inducers, erastin, FINSé or ML210, enhanced the cytotoxic action of DECR1 downregulation
(Figure 6J-K, Figure 6—figure supplement 1B). Supporting ferroptosis as the cell death mecha-
nism, DECR1 knockdown did not induce apoptosis (Figure é—figure supplement 2A), and the apo-
ptosis inhibitor ZVAD did not rescue the cells from cell death induced by DECR1 depletion
(Figure é—figure supplement 2B). Collectively, these results suggest that DECR1 expression pro-
tect cells from oxidative stress and that DECR1 knockdowr-induced cell death is primarily mediated
by induction of ferroptosis.

Discussion

Metabolic rewiring is both a hallmark feature of cancer cells and a promising therapeutic vulnerabil-
ity. Several anabolic and catabolic metabolism pathways have been explored, however, few agents
have been investigated dinically. This can at least partly be explained by the relatively recent appre-
ciation of cancer metabolism as a target, the high toxicity, particularly hepatotoxicity, expected to
be associated with targeting certain metabolic pathways, the predictable metabolic heterogeneity
within and between patients and the lack of intermediate pre-clinical models that can predict dini-
cally efficacious outcomes. Previous research has largely focused on studying and targeting FA syn-
thetic pathways in PCa. Major lipogenic enzymes such as ATP citrate lyase (ACLY), acetyl-CoA
carboxylase (ACC) and fatty acid synthase (FASN) are all overexpressed in PCa compared to benign
tissue (Wu et al., 2014; Rossi et al., 2003; Shurbaji et al., 1996). While many first-generation FA
synthesis inhibitors (e.g. FASN inhibitors) showed promising preclinical efficacy against PCa, unfavor-
able drug solubility and pharmacokinetics profiles, off-target effects and side effects including
weight loss have hindered dinical development of this agent class (Zadra et al., 2013). In addition
to de novo synthesis of FAs, PCa cells depend on lipid uptake from the circulation, and from stromal
adipocytes (Wait et al., 2019; Kuemmerle et al., 2011; Gazi et al., 2007). We showed previously
that extracellular FAs are the major contributor to lipid synthesis in PCa (Balaban et al.,, 2019).
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Figure 6. DECR1 knockdown induces PUFA accumulation, lipid peroxidation and ferroptosis. (A) Abundance of total PUFAs and (B) total abundance of
lipid species in phospholipids from control and DECR1 knockdown cells supplemented with linoleic acid (LA). (C) Malondialdehyde (MDA), an oxidative
stress marker, was measured by western blot in LNCaP cells transfected with DECR1 siRNAs and in DECR1-overexpressed LNCaP cells. (D)

Mitochondrial superoxide levels were quantified following 96 hr DECR1 knockdown using MitoSOX red stain. Fluorescent intensity was quantified using

Figure 6 continued on next page
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Figure é continued

flow cytometry and ROS levels presented as mean fluorescent intensity. (E) Fluorescent images of BODIPY-C11 stained LNCaP cells following DECR1
knockdown (left). Fluorescent intensity was quantified using ImageJ and presented as mean fluorescent intensity (right). (F) Mitochondrial superoxide
levels were quantified in stable DECR1-overexpressing LMCaP cells using MitoSOX red stain under basal or (G) linoleic acid (100 uM or 200 uM)
conditions. Fluorescence intensity was quantified using low cytometry and ROS levels were presented as mean flucrescent intensity. Cell viability of
LNCaP cells after 48 hr DECR1 knockdown, treated with (H) deferoxamine (DFOA, 1.25 uM), (1) ferrostatin (Ferr-1, 1.25 pM), (J) erastin (10 uM), or (K)
FINS& (2 uM). Data in bar graphs are represented as the mean + s.e.m. Statistical analysis was performed using two-tailed Student's t-test (A-G) or one
way ANOVA, followed by Holm-Sidak's multiple comparisons test (H-K): ns, not significant, *p<0.05, **p<0.01, **p<0.001 and ***p<0.0001. TAG:
triacylglycerol; DAG: diacylglycerol; PC: phasphotidylcholine; PE: phosphotidylethanclamine; Pl: phosphatidylinositol; PS: phosphatidylserine.

The online version of this article includes the following figure supplementi(s) for figure &:

Figure supplement 1. Depletion of DECR1 sensitizes prostate cancer cells to ferroptosis inducing agents.

Figure supplement 2. Targeting DECR1 does not induce apoptosis of prostate cancer cells.

Moreover, targeting FA uptake using an antibody against CD36, a major transporter for exoegenous
FAs into the cells, reduced cancer severity in patient-derived xenografts, and CD36 deletion slowed
cancer progression in prostate-specific PTEN™ mice. However, it is increasingly evident that PCa
exhibits plasticity in attaining FAs and that crosstalk between de nove synthesis and FA uptake
requires dual targeting of the two pathways to achieve maximal efficacy (Watt et al., 2019), an
approach that would likely be associated with greater toxicity. In this study, we focused on another
understudied aspect of FA metabolism in PCa, B-oxidation, to evaluate its therapeutic potential.

We showed previously (Balaban et al, 2019), as have others (Schlaepfer et al., 2014;
Schlaepfer et al., 2015), that PCa cells exhibit increased FAO compared to prostate epithelial PNT-
1 cells, or benign epithelial cells BPH-1 and WPMY-1. This metabolic phenotype is a vulnerability for
PCa cells (Schlaepfer et al., 2014; Itkonen et al., 2017; Flaig et al., 2017). FAQ inhibitors such as
etomoxir, perhexiline or ranolazin inhibited tumor growth in vitre and in vive (Schlaepfer et al.,
2014; ltkonen et al., 2017; Flaig et al., 2017) and sensitized cells to ENZ treatment (Itkonen et al.,
2017; Flaig et al., 2017). However, all of these studies were undertaken using immortalized cell line
models of PCa, and as cancer metabolism is markedly influenced by the tumor microenvironment
(Martinez-Outschoorn et al., 2012; Nieman et al., 2011; Nassar et al., 2018), employing preclini-
cal models and primary tissues that retain the complexity of this microenvironment as a stepping
stone to clinical trials may accelerate clinical translation and avoid futile targeting strategies or
agents. In this study, we evaluated the efficacy of the FAO inhibitor, etomoxir, using our established
PDE model. Remarkably, etomoxir inhibited effectively cell proliferation in PDEs (Figure 1A),
strengthening the case that targeting FA oxidation may be a promising clinical strategy. Interest-
ingly, etomoxir was more potent in inhibition of cell proliferation in PDEs than in vitro 2-dimensional
growth of LNCaP cells, emphasizing that in vitro models based on 2D cultured cells alone are sub-
optimal when evaluating anti-metabolism agents. This problem is compounded by the fact that stan-
dard growth media is rich in sugar and proteins, but contains low levels of lipids. As the clinical
development of etomoxir was terminated due to severe hepatotoxicity associated with treatment
(Holubarsch et al., 2007), we sought to identify new B-oxidation targets in PCa. As DECR1 is a
directly androgen-repressed gene, its expression increases after castration or treatment with anti-
androgens and is hypothesized to maintain tumor cell survival under castration conditions. Andro-
gen-repressed genes are markedly understudied compared with androgen-induced genes, despite
the fact that they possibly mediate adaptive survival pathways when androgen signalling is per-
turbed, and have already yielded novel therapeutic targets (Kregel et al., 2013; Tse et al, 2017).

Surprisingly, very little is known about the biological role of DECR1 in cancer. Human DECR1 defi-
ciency is lethal, with patients exhibiting hypocarnitinemia, decreased cellular oxygen consumption,
increased lactic acidosis, and unusual accumulation of FA intermediates in urine and blood due to
incomplete B-oxidation (Roe et al.,, 1990; Houten et al.,, 2014). DECR1-null mice exhibit impaired
lipid metabelism, hypoglycemia and activation of ketogenesis, and cold intolerance
(Miinalainen et al., 2009, Makela et al., 2019). These phenotypes highlight the eritical role of
DECR1 in lipid metabolism. We cenfirmed the metabelic activities of DECR1 in PCa cells using a
panel of metabolomic and lipidomic analyses. DECR1 knockdown increased levels of certain acylcar-
ritine species, indicating inhibition of B-oxidation. These results are consistent with previous studies
reporting acylcarnitine accumulation in Decr1”” mice and DECR1-deficient patients (Roe et al.,
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1990; Miinalainen et al., 2009). We showed that DECR1 knockdown selectively inhibited PUFA
catabolism, accompanied by an increase in glycolysis rate, which is also consistent with previous
reports of FAQ inhibition or impaired mitochondrial function leading to enhanced glucose uptake
and glycolysis (Schlaepfer et al., 2015; Houten et al., 2014). Lipidomic analysis showed that DECR1
knockdown increased the abundance of PUFAs and certain lipids, particularly PE and Pl phospholipid
species, accompanied by increased levels of mitochondrial oxidative stress and particularly lipid per-
oxidation. In contrast to MUFAs, PUFAs are highly susceptible to peroxidation, thereby enhancing
free radical generation and accumulation of toxic lipid peroxides (Das, 2011; Magtanong et al.,
2019). Consistent with a role for PUFA oxidation in DECR1 function, ectopic DECR1 overexpression
decreased mitochondrial oxidative stress. An important cellular protective response to excess intra-
cellular lipid peroxides is the induction of ferroptosis, an iron-dependent form of cell death that is
triggered by lipid peroxidation. Here, we show that the ferroptosis inhibitors ferrostatin and defer-
oxamine or the ferroptosis inducers erastin, FIN56 and ML210 abolished and augmented the effect
of DECR1 on PCa cell death, respectively. These findings are consistent with a mechanism by which
DECR1 knockdown-induced cell death is a ferroptosis-mediated process caused by PUFA accumula-
tion, a conclusion that was independently validated in human prostate cancer during revision of this
article (Blomme et al., 2020). It is therefore possible that PCa cells commonly select for DECR1
overexpression, not only to enhance ATP production to fulfil energy requirements, but also to pro-
tect cells from the tumoricidal effects of excess PUFAs.

PUFAs are essential FAs that cannot be synthesized in mammals and are only obtained from the
diet. Dietary fat not only promotes obesity, but also PCa progression and disease aggressiveness.
Several preclinical PCa studies have compared high-fat (or Western-style diets) versus low fat diet
and reported that the former promotes AKT and ERK activity, tumor growth, tumor incidence in
genetically engineered/transgenic mouse models, tumor progression to CRPC and metastasis
(reviewed in Narita et al.,, 2019). Clinical case-control studies indicated saturated fat is associated
with an increased risk of advanced PCa (Bairati et al, 1998; Steéfani et al., 2000; Slattery et al.,
1990; Whittemore et al, 1995). Several underlying mechanisms were proposed to explain the asso-
ciation between dietary fat and PCa development and progression, including growth factor signal-
ling (such as IGF-1), inflammation, and endocrine modulation (Narita et al, 2019). While the
evidence supporting the negative impacts of saturated dietary FAs are more consistent, the effect of
dietary PUFAs on PCa aggressiveness remains inconclusive and differences between omega-3 and
omega-6 have been reported (Bairati et al., 1998; Stéfani et al., 2000; Park et al., 2009; Fu et al,,
2015). In contrast to omega-3 PUFAs, which are reported to inhibit PCa progression (Wang et al.,
2012), omega-6 PUFAs (Khankari et al., 2016; Brown et al., 2010), and higher omega-6/omega-3
PUFA ratio, increase PCa risk (Williams et al., 2011; Apte et al., 2013). Dietary intervention by
decreasing total fat intake and increasing omega-3 PUFAs was found to improve PCa survivorship
(Epstein et al., 2012; Colli and Colli, 2005; Davies et al, 2011; Ornish et al., 2005). It is unclear
whether there is a preference for n-6 or n-3 PUFA B-oxidation in PCa cells, however both require
DECR1 for complete p-oxidation.

Although FAO is a complex process that requires the activity of several enzymes, to date the
entire focus of drug development strategies has been inhibitors against CPT1, the rate-limiting step
of FA [B-oxidation. CPT1 is responsible for synthesizing fatty acyl-carnitines from fatty acyl-CoAs
which are then transported from the cytoplasm into the mitochondria by carnitine acylcarnitine trans-
locase for subsequent processing then entry into the [-oxidation pathway. Even though targeting
CPT1 is efficient in inhibiting FA B-oxidation, the clinical use of CPT1 irhibitors is challenging. Based
on our current findings, we propose that DECR1 is an attractive alternative target to CPT1. CPT1
inhibition would suppress f-oxidation of all long FA species (saturated FA, MUFA and PUFA), whilst
in contrast DECR1 is specific for PUFA. Homozygous CPT1 deficiency, of either the liver or muscle
isoform, is lethal in mice (Nyman et al., 2005; Ji et al., 2008; Haynie et al., 2014), but Decr1~/~
mice are viable, and clinical symptoms arose only after metabolic stress (Miinalainen et al., 2009,
Mézkeld et al., 2019). The marked overexpression of DECR1 in prostate tumors across multiple dlini-
cal cohorts, potentially coupled to PUFA-related dietary interventions, may lend further selectivity to
targeting strategies. Of note, the crystal structure of DECR1 active site has been solved
(Alphey et al., 2005), and thus developing DECR1 inhibitors is feasible.

In summary, herein we strengthen the evidence base for the eritical impeortance of FAO and, spe-
cifically, PUFA oxidation in PCa, thereby identifying a promising new therapeutic candidate, DECR1.
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Materials and methods

Meta-Analysis of lipid metabolism genes

Individual RNA-sequencing (RNA-seq) datasets composed of matched normal versus tumor prostate
cancer patient tissue samples were acquired and are listed as follows: (Bray et al., 2018) The Cancer
Genome Atlas (TCGA, n = 53); (Huggins and Hodges, 1941) Nikitina AS et al. (GSE89223, n = 10)
(Nikitina et al., 2017; Tran et al., 2009) Ren S et al. (n = 14) (Ren et al., 2012; and (Cai and Balk,
2011) Ding Y et al. (GSE89194, n = 45) (Ding et al., 2016). Before the meta-analysis, RNA-seq data
was quality controlled and analysed using the R limma voom-eBayes pipeline (Law et al., 2016).
Effect sizes (log-fold changes) and corresponding variances were collected from the differential
expression analysis under the matched-pairs design. Meta-analysis was performed by applying a
restricted maximum-likelihood estimator (REML) within a random-effects model using the rma func-
tion from the R metafor package. At most one missing observation out of four was allowed per
gene. Next, the retained genes were intersected with the list of pre-selected 735 genes involved in
lipid metabolism as identified from REACTOME. Finally, the remaining genes were rank-ordered on
the basis of their meta effect size scores across all four RNA-seq datasets. Top 20 candidate genes
were selected for further disease-free survival association analyses from well-characterized dinical
cohorts.

Clinical datasets

Transcriptomic data was downloaded from The Cancer Genome Atlas (TCGA) data portal, cBioPortal
(Cerami et al., 2012), and GEQO; GSE21032 Taylor et al., 2010; GSE35988 Grasse et al., 2012;
GSE&09? Tomlins et al., 2007; GSE16560 (Sboner et al., 2010). Proteomics data was extracted
from Iglesias-Gato et al., 2018.

Cell lines and tissue culture

The human normal prostate epithelial cell lines PNT1 and PNT2 were obtained from the European
Collection of Authenticated Cell Cultures (ECACC), and prostate carcinoma cells LNCaP, VCaP, and
22RV1 were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). Cas-
trate resistant V16D and enzalutamide resistant MR4A9F cells were derived through serial xenograft
passage of LNCaP cells (Toren et al., 2016) were a kind gift from Prof. Amina Zoubeidi laboratory.
Cell lines were verified in 2018 via short tandem repeat profiling (Cell Bank Australia). Cell lines were
maintained in RPMI-1640 medium containing 10% fetal bovine serum (FBS; Sigma-Aldrich, NSW,
Australia) in 5% CO; in a humidified atmosphere at 37°C. Prior to androgen treatment, cells were
seeded in medium supplemented with 5% dextran charcoal coated FBS (DCC-FBS) and after 24 hr, 1
nM or 10 nM of dihydrotestosterone (DHT) was added. For anti-androgen treatment, cells were cul-
tured in growth medium supplemented with 2.5 uM, 5 uM, 7.5 uM or 10 pM Enzalutamide (dissolved
in dimethyl sufoxide, DMSO; Sigma Aldrich). The sources and experimental conditions for primary
antibodies used in this study are listed in the Key Resources Table. Primers were obtained from
Sigma-Aldrich and their sequences are detailed in the Key Resources Takle.

Ex vivo culture of human prostate tumors

Patient derived-explant culture was carried out according to techniques established in our laboratory
and as described previously (Armstrong et al., 2016; Centenera et al., 2018; Centenera et al.,
2013). 6 mm/8 mm biopsy cores were collected from men undergoing robotic radical prostatectomy
at St. Andrew’s Hospital (Adelaide, South Australia) with written informed consent through the Aus-
tralian Prostate Cancer BioResource. The tissue was dissected into smaller 1 mm?® pieces and cul-
tured on Gelfoam sponges (80 x 125 mm Pfizer 1205147) in 24-well plates pre-soaked in 500 pl
RPMI-1640 with 10% FBS, antibiotic/antimycotic solution. Etomoxir (100 uM) or Enzalutamide (10
uM) was added into each well and the tissues were cultured in 5% CO> in a humidified atmosphere
at 37°C for 48 hr, then snap frozen in liquid nitrogen and stored at —80°C, or formalin-fixed and par-
affin-embedded.
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Immunohistochemistry (IHC)

Paraffin-embedded tissue sections (24 pm) were deparaffinized in xylene, rehydrated through
graded ethanol, and blocked for endogenous peroxidase before being subjected to heat-induced
epitope retrieval (Armstrong et al., 2016). IHC staining was performed using DECR1 (HPA023238,
Sigma Aldrich, diluted 1:500) antibody and the 3,3'-Diaminobenzidine (DAB) Enhanced Liquid Sub-
strate System tetrahydrochloride (Sigma Aldrich) as described previously (Armstrong et al., 2016).
Intensity of DECR1 immunostaining was measured by video image analysis (Armstrong et al.,
2016).

Western blotting

Protein lysates were collected in RIPA lysis buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 10% protease inhibitor). Western blotting on whole cell protein lysates were performed as
previously described (Armstrong et al., 2016). Cell Fractionation. Protein lysates from each subcel-
lular fraction (cytoplasm, mitochondria, and nucleus) were obtained from PNT1 and LNCaP cells
using the cell fractionation kit (Abcam, VIC, Australia) according to the manufacturer's protocol.

Quantitative Real-Time PCR (qPCR)

RMNA was extracted from cells using the RNeasy RNA extraction kit (Qiagen), followed by the iScript
cDNA Synthesis kit (Bio-Rad, NSW, Australia). gPCR was performed with a 1:10 dilution of cDNA
using SYBR Green (Bio-Rad) on a CFX384 Real-Time System (Bio-Rad). Relative gene expression was
calculated using the comparative Ct method and normalized to the internal control genes GUSB and
L 19 for prostate cancer cells and LNC aP-derived tumors, or TUBA 1B, PPIA and GAPDH for PDEs.

Analysis of published ChIP-seq data

AR ChIP-seq data from published external datasets, GSE56288 (clinical specimens; seven normal
prostate and 13 primary tumors) (Pomerantz et al., 2015) and GSE55064 (WCaP cell line; Veh, DHT
treated, MDV3100 treated and Bicalutamide treated) (Asangani et al., 2014) were obtained from
GEO and visualized using the Integrated Genome Browser (IGV).

Chromatin immunoprecipitation (ChiP)

LNCaP cells were seeded at 3 x 10° cells/plate in 15 em plates in RPMI-1640 medium containing
10% DCC-FBS for 3 days, then treated for 4 hr with 10 nM DHT or Vehicle (ethanol). AR ChIP was
performed as described previously (Palteglou et al., 2017).

Transient RNA interference

The human DECR1 ON-TARGET plus small interfering RNAs (siRNAs) and control siRNA (D-001810-
01-20 ON-TARGET plus Non-targeting siRNA #1) were purchased from Millennium Science (VIC,
Australia). Four siRNA were tested and the two most effective were selected for our experimenta-
tion: siDECR1-1 (J-009642-05-0002) and siDECR1-2 (J-009642-06-0002). The siRNAs at a concentra-
tion of 5 nM were reverse transfected using Lipofectamine RNAIMAX transfection reagent
(Invitrogen, VIC, Australia) according to the manufacturer’s protocol. DECR1 downregulation (>80%)
was confirmed on mRNA and protein levels.

Generation of stable shDECR1 and hDECR1 LNCaP cells

Shaort hairpin lentiviral expression vector

LNCaP cells were transduced with the universal negative control shRNA lentiviral particles (shCon-
trol), DECR1 shRNA lentiviral particles (shDECR1) or hDECR1 (GFP-Puro) designed by GenTarget Inc
(San Diego, CA, USA) according to the manufacturer’s protocol (Figure 5—figure supplement 3).

Functional assays

Cell viability
Cells were seeded in triplicates in 24-well plates at a density of 3.0 x 10°-6.0 » 10* cells/well and
reverse transfected with siRNA overnight. Cells were manually counted using a hemocytometer 96
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hr post-siRNA knockdown and viability was assessed by Trypan Blue exclusion as described previ-
ously (Armstrong et al., 2016).

Cell migration

Transwell migration assays were performed using 24-well polycarbonate Transwell inserts (3422,
Sigma Aldrich). LNCaP, 22RV1 and MRA49F cells transfected overnight with siRNA were seeded into
the upper chamber of the Transwell at a density of 8 x 10°-2.5 x 10° cells/well in serum-free
medium. 650 pl of medium containing 5% FBS was added to the bottom chamber. Cells were incu-
bated at 37°C for 48 hr. Non-migrated cells were gently removed using a cotton-tipped swab. The
inserts were fixed in 4% paraformaldehyde for 20 min and stained with 1% crystal violet for 30 min.
The images of migrated cells were captured using the Axio Scope A1 Fluorescent Microscope (Zeiss)
at 40X magnification. The number of migrated cells were counted manually and presented as per-
centages relative to control cells £ SEM.

Cell invasion

Cell invasion were assessed using 24-well-plate BD Biocoat Matrigel Invasion Chambers (In Vitro
Technologies, NSW, Australia) according to the supplier instructions. After 48 hr of siRNA transfec-
tion, 650 pl of medium containing 10% FBS was added to the bottom chamber, and equal number
of cells within 1% FBS-~contained medium were transferred to the upper chamber. After incubation
at 37°C, 5% CO; for 48 hr, nor-irvading cells as well as the Matrigel from the interior of the inserts
were gently removed using a cotton-tipped swab. The inserts were fixed in 4% paraformaldehyde
for 20 min and stained with 1% crystal violet for 30 min. The images of invaded cells were captured
using the Axio Scope A1 Fluorescent Microscope (Zeiss) at 40X magnification. The number of
invaded cells were counted manually and presented as percentages relative to control cells + SEM.

Colony formation assay

DECR1 stable knockdown cells (shDECR1) or negative control cells (shControl) were prepared in a
single-cell suspension before being plated in é-well plates (500 cells/well). Cells were incubated for 2
weeks at 37°C and medium was replenished every 3-7 days. After 3 weeks, cells were washed with
PBS, fixed with 4% paraformaldehyde and stained with 1% crystal violet for 30 min. Colonies were
counted manually, and results were reported as number of colonies + SEM.

3D Spheroid growth assay

LNCaP and 22RV1 cells were transfected with siRNA in &-well plates for 48 hr. Cells were collected
and prepared at a concentration of 7.5 x 10% cells/ml. Cell suspensions (1500 cells in 20 pl) were
pipetted onto the inside of a petri dish lid, and 15 ml of PBS was added to the dish to prevent the
drops from drying. The petri dishes were reassembled and incubated at 37°C for 5 days. Photos of
the formed spheres were captured, and the sphere volume was determined using ReViSP software
(Piccinini et al., 2015).

Seahorse extracellular flux analysis

Cells were plated on XF96 well cell culture microplates (Agilent, VIC, Australia) at equal densities in
substrate-limited medium (DMEM with 0.5 mM glucose, 1.0 mM glutamine, 0.5 mM carnitine and
1% FBS) and incubated overnight. One hour before the beginning of OCR measurement, the cells
were changed into FAO Assay Medium (111 mM NaCl, 4.7 mM KCI, 2.0 mM MgS50;, 1.2 mM
Na;HPO4, 2.5 mM glucose, 0.5 mM carnitine and 5 mM HEPES). After baseline OCR is stabilized in
FAQO Assay Medium, 200 uM of lincleic-acid (LA) or palmitic acid (PA) were added before initializing
measurements. Extracellular flux analysis was performed using the Seahorse XF Cell Mitochondrial
Stress Test kit (Seahorse Bioscience) according to the manufacturer's protocol. Extracellular flux
experiments were performed on a Seahorse XF96 Analyzer and results were analysed using Seahorse
Wave software for XF analyzers. The OCR values were normalized to cell numbers in each well.

Metabolomics
LNCaP cells were transfected with siRNA for 96 hr in no glucose medium (containing 10% FBS) sup-
plemented with 2.5 mM glucose in é-well plates. Cells were washed with 1 ml of 37°C Milli-Q water
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on the shaker for 2 s. The plate was placed in sufficient volumes of liquid nitrogen, enough to cover
the surface of the plate and was briefly stored on dry ice. 600 pl of ice cold 90% 9:1 methanol:chlo-
roform (MeOH:CHCI3) extraction solvent containing the internal standards (0.5 pl/samples) was
added onto each well and allowed to incubate for 10 min. Cells were collected into 1.5 ml Eppen-
dorf tubes, incubated on ice for 5 min, and centrifuged at 4°C for 5 min at 16,100 g. The supernatant
was then transferred into a fresh 1.5 ml Eppendorf tube and allowed to dry in a Speedvac. Dried
samples were derivatised with 20 pl methoxyamine (30 mg/ml in pyridine, Sigma Aldrich) and 20 pl
N,O-Bis(trimethylsilyltriflucroacetamide (BSTFA) + 1% Trimethylchlorosilane (TMCS). The derivatised
samples were analysed using GC QQQ targeted metabolomics as described in Best et al., 2018.

Lipidomics

Lipid extraction

700 pl of sample (4 pl of plasma diluted in water, or 700 pl of homogenized cells) was mixed with
800 pl 1 N HCI:CH3OH 1:8 (v/v), 200 pl CHCI3 and 200 pg/ml of the antioxidant 2,6-di-tert-butyl-4-
methylphenol (BHT; Sigma Aldrich). 3 ul of SPLASH LIPIDOMIX Mass Spec Standard (#330707,
Avanti Polar Lipids) was spiked into the extract mix. The organic fraction was evaporated using a
Savant Speedvac spd111v (Thermo Fisher Scientific) at room temperature and the remaining lipid
pellet was stored at - 20°C under argon.

Mass spectrometry

Lipid pellets were reconstituted in 100% ethanol. Lipid species were analyzed by liquid chromatogra-
phy electrospray ionization tandem mass spectrometry (LC-ESI/MS/MS) on a Nexera X2 UHPLC sys-
tem (Shimadzu) coupled with hybrid triple quadrupele/linear ion trap mass spectrometer (6500+
QTRAP system; AB SCIEX). Chromatographic separation was performed on a XBridge amide column
(150 mm =4.6 mm, 3.5 pm; Waters) maintained at 35°C using mobile phase A [1 mM ammonium
acetate in water-acetonitrile 5:95 (v/v)] and mobile phase B [1 mM ammonium acetate in water-ace-
tonitrile 50:50 (v/v]] in the following gradient: (06 min: 0% B — é% B; 6~10 min: 6% B — 25% B; 10—
11 min: 25% B — 98% B; 11-13 min: 98% B — 100% B; 13-19 min: 100% B; 19-24 min: 0% B) at a
flow rate of 0.7 mL/min which was increased to 1.5 mL/min from 13 min onwards. SM, CE, CER,
DCER, HCER, LCER were measured in positive ion mode with a precursor scan of 184.1, 369.4,
264.4, 266.4, 264.4 and 264.4 respectively. TAG, DAG and MAG were measured in positive ion
mode with a neutral loss scan for one of the fatty acyl moieties. PC, LPC, PE, LPE, PG, LPG, PI, LPI,
PS and LPS were measured in negative ion mode by fatty acyl fragment ions. Lipid quantification
was performed by scheduled multiple reactions monitoring (MRM], the transitions being based on
the meutral losses or the typical product ions as described above. The instrument parameters were
as follows: Curtain Gas = 35 psi; Collision Gas = 8 a.u. (medium); lonSpray Voltage = 5500 V and
—4,500 V; Temperature = 550°C; lon Source Gas 1 = 50 psi; lon Source Gas 2 = 40 psi; Declustering
Potential = 60 V and —80 V; Entrance Potential = 10 V and —10V; Collision Cell Exit Potential = 15
V and —15 V. The following fatty acyl moieties were taken into account for the lipidomic analysis:
14:0, 14:1, 1&:0, 16:1, 16:2, 18:0, 18:1, 18:2, 18:3, 20:0, 20:1, 20:2, 20:3, 20:4, 20:5, 22:0, 22:1, 22:2,
22:4, 22:5 and 22:6 except for TGs which considered: 160, 16:1, 18:0, 18:1, 18:2, 18:3, 20:3, 20:4,
20:5, 22:2, 22:3, 22:4, 22:5, 22:6.

Data analysis

Peak integration was performed with the MultiQuant software version 3.0.3. Lipid species signals
were corrected for isotopic contributions (calculated with Pythen Molmass 2019.1.1) and were nor-
malized to internal standard signals. Unpaired T-test p-values and FDR corrected p-values (using the
Benjamini/Hochberg procedure) were calculated in Python StatsModels version 0.10.1.

Mitochondrial ROS measurement

LNCaP cells were transfected with siRMA for 96 hr in 6-well plates. Cells were collected into fluores-
cence-activated cell sorting (FACS) tubes and stained with 25 uM of MitoSOX Red stain (Thermo
Fisher Scientific, VIC, Australia) for 30 min in a 37°C water bath. Cells were centrifuged at 1,500 rpm
for 5 min, washed twice with 500 ul of PBS, and resuspended in 500 pl of pre-warmed PBS before
the samples are read on a BD FACSymphony flow cytometer.
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Acylcarnitine measurement

Total lipids were extracted from cells using two-phase extraction with methyl-tert-butyl-ether
(MTBE)/methanol/water (10:3:2.5, viv/v) (Matyash et al., 2008). Cell pellets were frozen in 8:1 meth-
anol/water prior to extraction with the above solvent mixture; for cell culture supernatant samples,
the cell culture medium replaced the water component. Deuterated (D3)-palmitoylcarnitine was
included as an internal standard (200 pmole/sample for LNCaP samples; 20 pmole/sample for tumor
explant samples). Samples were reconstituted in 200 plL of the HPLC starting condition, defined
below.

Acylcarnitines were quantified by liquid chromatography-tandem mass spectrometry using a
Q-Exactive HF-X mass spectrometer with heated electrospray ionization and a Vantage HPLC system
[ThermaoFisher Scientific). Extracts were resolved on a 2.1 x 100 mm Waters Acquity C18 UPLC col-
umn (1.7 um pore size), using an 18 min binary gradient at 0.28 mU/min flow rate, as follows: 0 min,
80:20 A/B; 3 min, 80:20 A/B; & min, 57:43 A/B; 8 min, 35:65 A/B; 9 min, 0:100 A/B; 14 min, 0:100 A/
B; 14.5 min, 80:20 A/B; 18 min, 80:20 A/B. Solvent A: 10 mM ammeonium formate, 0.1% formic acid
in acetonitrile:water (60:40); Solvent B: 10 mM ammonium formate, 0.1% formic acid in isopropanol:
acetonitrile (?0:10). Data was acquired in positive ion mode with data-dependent acquisition (full
scan resolution 70,000 FWHM, scan range 220-1600 m/z). The ten most abundant ions in each cycle
were subjected to fragmentation (collision energy 30 eV, reselution 17,500 FWHM). An exclusion list
of background ions was used based on a solvent blank. TraceFinder v5.0 (Thermo Fisher Scientific)
was used for peak detection and integration, based on exact precursor ion mass (m/z tolerance four
ppm) and m/z 85.0 acylcarnitine product ion. Peak areas were normalised to the D3-palmitoylcarni-
tine internal standard.

Lipid peroxidation analysis by imaging

For imaging, LNCaP cells following DECR1 knockdown were plated at 5 » 10° cells/well in a 8-well
chamber slide. Cells were then washed with Hank’s balanced salt solution (HBSS) and incubated with
5 uM BODIPY-581/591 C11 stain (Thermo Fisher Scientific). Cells were washed and fixed with 4%
paraformaldehyde (PFA), and mounted with Prolong Gold anti-fade solution with DAPI (Thermo
Fisher Scientific). Cells were imaged at 60 X magnification using a Olympus FV3000 Confocal Micro-
scope. Quantification of BODIPY-C11 stain was performed using ImageJ analysis software.

In vivo experiments

Castration + ENZ study

LNCaP cells (5 x 10° cells in 50 pL 10% FBS/RPMI 1640 medium) were co-injected subcutaneously
with 50 pL Matrigel in 6-week-old NOD Scid Gamma male mice (Bioresource Facility, Austin Health,
Heidelberg, Australia). When tumors reached =200 mm?, mice were randomized in different therapy
groups. One group was left untreated (n = 5), one group was treated with vehicle control (10%
DMSO/PBS; n = 5), one group was treated with enzalutamide (10 mg/kg MDV3100 in 10% DMSO/
PBS) and one group was castrated by surgical castration under isofluorane anesthesia (n = 9). Five of
the ten castrated mice were then treated daily with enzalutamide (10 mg/kg MDV3100 in 10%
DMSO/PBS) by oral gavage for 7 days. Enzalutamide therapy of castrated mice started five days
after surgery.

Subcutaneous tumor growth

DECR1 stable knockdown cells (shDECR1) or negative control cells (shControl) (5 = 10° cells in 50 pL
10% FBS/RPMI 1640 medium) were co-injected subcutaneously with 50 uL matrigel in 6-week-old
NOD Scid Gamma male mice. Tumors were measured using callipers and their volumes were calcu-
lated using the formula length = width?/2.

Orthotopic tumor growth

Ten microliter containing 1 x 10° DECR1 stable knockdown cells (shDECR1) or negative control cells
(shControl) were -injected intraprostatically in 8 week old NOD/SCID male mice. Whole-body imag-
ing to monitor luciferase-expressing LNCaP cells was performed at day 3 of the injection and once
weekly after that using the IVIS Spectrum In Vivo Imaging System (PerkinElmer). D-luciferin (potas-
sium salt, PerkinElmer) was dissolved in sterile deionized water (0.03 g/ml) and injected
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subcutaneously (3 mg/20 g of mouse body weight) before imaging. Bioluminescence is reported as
the sum of detected photons per second from a constant region of interest. After the animals were
sacrificed, lungs and livers were excised for ex vivo imaging using the IVIS system.

After each study, tumors were excised and half was snap frozen for RNA extraction while the
other half was formalin fixed and paraffin embedded. All animal procedures were carried out in
accordance with the guidelines of the National Health and Medical Research Council of Australia,
with subcutaneous xenograft studies approved by the Austin Health Animal Ethics Committee
(approval number A2015/05311) and orthotopic xenograft studies approved by the University of
Adelaide Animal Ethics Committee (approval number M-2019-037).

Statistical analysis

Results are reported as mean + S.E.M. Statistical analysis was performed using GraphPad Prism
(V7.0 for Windows). Differences between treatment groups were compared by T-test or one-way
ANCOVA followed by Tukey or Dunnett post hoc test. Significance is expressed as *p < 0.05,
**p < 0.01, **p < 0.001, ****p < 0.0001.
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Reagent
type
(species) Additional
or resource  Designation Source or reference Identifiers information
Strain, strain  NOD scid Gamma  The Jackson Laboratory/In- NOD.Cg-
background (M. musculus, male,) terbred at SAHMRI Bicre- Prkdcscid/J
(M. muscu- Mice SOUrces RRID:IMSR_
lus, male) JAX:001303
Cell line LNCaP ATCC ATCC CRL-
(Homo-sa- 1740
piens) RRID:CVCL
1379
Cell line VCaP ATCC ATCC CRL-
(Homo-sa- 2874
piens) RRID:CVCL_
2235
Cell line 22R\V1 ATCC ATCC CRL-
(Homo-sa- 2505
piens) RRID:CVCL_
1045
Cell line PNT1A The European Cat#
(Homo-sa- Collection of 95012614
piens) Authenticated Cell RRID:CVCL_
Cultures (ECACC) 2163
Cell line PNT2 The European Collection Cati#f
(Homo-sa- of Authenticated Cell 95012613
piens) Cultures (ECACC) RRID:CVCL_
2164
Cell line V146D PMID: 27046225 Kind gift
(Homo-sa- from
piens) Prof. Amina
Zoubeidi
Cell line MR4FF PMID: 27046225 Kind gift
(Homo-sa- from
piens) Prof. Amina
Zoubeidi
Transfected  control siRNA Dharmacon D-001810- transfected
construct 01-20 construct (human)
(Homo sa- OM-TAR-
piens) GET plus
Non-target-
ing siRMNA
#1
Transfected  siDECR1-1 Dharmaceon J-009642- transfected
construct 105-0002 construct (human)
(Homo sa-
piens)
Transfected  siDECR1-2 Dharmaceon J-009642- transfected
construct 06-0002 construct (human)
(Homo sa-
piens)
Transfected = DECR1 shRMA lenti-  GenTargrt Lentiviral construct
construct vector LVS-1002 to
(Homo sa- transfect and ex-
pigens) press the shRMNA.
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Reagent
type
(species) Additional
or resource  Designation Source or reference Identifiers information
Transfected  hDECR1 GenTargrt Lentiviral construct
construct Owerexpressing LV5-2002 to
(Homo sa- Lentivector transfect and over-
piens) exXpress
DECR1.
Transfected  Negative control GenTargrt Lentiviral construct
construct shRNA lantivector LV5-1002 to transfect
(Homo sa- and express the
piens) shRMA.
Antibody Anti-human §-Actin  Sigma-Aldrich Cat#: AB441  (WB 1:2000)
(Mouse monoclonal) RRID:AB_
476744
Antibody Anti-human-HSPF0 Cell Signalling Cat#: 48745 (WB 1:1000)
(Rabbit Polyclonal) Technology RRID:CVCL_
EB47
Antibody Anti-human DECR1  Prestige Antibodies Cat#: (WE 1:1000)
(Rabbit Polyclonal) (Sigma-Aldrich) HPAD23238  (IHC: 1:500)
RRID:AB_
1847587
Antibody Anti-human Abcam Cat#: (WB 1:1000)
Malondialdehyde ab&dad
(Rabbit Polyclonal) RRID:AB_
305484
Antibody Anti- human Santa Cruz Cat#: sc-B16  (WB 1:1000)
Androgen receptor  Biotechnology RRID:AB_
(Rabbit Polyclonal) 1563391
Antibody Anti-human PARP Cell Signalling Cat#: 9542 (WB 1:1000)
(Rabbit Polyclonal) Technology RRID:AB_
592473
Antibody Anti-human Cyto- Abcam Cat#: (WB 1:2000)
chrome C ab90529
(Rabbit Polyclonal) RRID:AB_
1067 3849
Other MitoTracker Red Thermo Fisher Cat#: ICC 1:1000
CMXRos Scientific M7512
Other MitoSOX Red Thermo Fisher Cat#: Flow Cytometry: 25
Mitochondrial Scientific M36008 uM
Superoxide
Indicator
Cther 3,3-Diaminobenzi- Sigma Aldrich Cat#: D3939
dine (DAB)
Enhanced Liquid
Substrate System
tetrahydrochloride
Other BODIPY-C11 Thermo Fisher Cat#: D3B41 Imaging: 5 uM
Scientific
Antibody Anti-hurnan KI&7 DAKO Cat#: (IHC 1:200)
(Mouse monoclonal) M7 240
RRID:AB_
2142367
Antibody Anti-human AR Santa Cruz Cat#: sc-B16 (WE 1:1000)
(Rabbit polyclonal) RRID:AB_
1563371
Sequence- DECR1_F This paper PCR primers CTAAATGGCA-
based CAGCCTTCGT
reagent
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Reagent
type

(species) Additional
or resource  Designation Source or reference Identifiers information
Sequenced- DECR1_R This paper PCR primers  AACCTGAACCAG
based TCTCAGCA
reagent
Sequence- GAPDH_F This paper PCR primers TGCACCACCAAC
based TGCTTAGC
reagent
Sequenced- GAPDH_R This paper PCR primers GGCATGGACTG
based TGGTCATGAG
reagent
Sequence- PPlA_F This paper PCR primers GCATACGGGTCC
based TGGCAT
reagent
Sequence- PPIA_R This paper PCR primers  ACATGCTTGCCA
based TCCAACC
reagent
Sequence- TUBAIE _F This paper PCR primers CCTTCGCCTCC
based re- TAATCCCTA
agent
Sequence- TUBAIE R This paper PCR primers CCGTGTTCCAGG-
based CAGTAGA
reagent
Sequence- MKI&T_F This paper PCR primers GCCTGC
based TCGACCCTACA-
reagent GA
Sequence- MIK&7_R This paper PCR primers  GCTTGTCAAC
based TGCGGTTGC
reagent
Sequence- L19_F This paper PCR primers  TGCCAG
based TGGAAALA
reagent TCAGCCA
Sequence- L19_R This paper PCR primers CAAAGCAAATC
based TCGACACCTTG
reagent
Sequence- GUSB_F This paper PCR primers CGTCCCACCTA-
based GAATCTGCT
reagent
Sequence- GUSB_R This paper PCR primers  TTGCTCA-
based CAAAGGTCA-
reagent CAGG
Sequence- DECR1_F This paper ChIP-gPCR  TTCTGGAGCGC
based TAAGAGAGC
reagent
Sequence- DECR1_R This paper ChIP-gPCR  AGGGCTTCATC
based TEACAGTGG
reagent
Sequence- KLK3_F This paper ChIP-gPCR ~ GCCTGGATCTGA-
based GAGAGATATCA
reagent e
Sequence- KLK3_R This paper ChIP-gPCR  ACACC
based T CTGGA
reagent TTGTTG
Sequence- NC2_F This paper ChIP-gPCR ~ GTGAGTGCCCAG
based TTAGAGCATCTA
reagent
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Reagent
type
(species) Additional
or resource  Designation Source or reference Identifiers information
Sequence- NC2_R This paper ChIP-gPCR  GGAACCAGTGGG
based TCTTGAAGTG
reagent
Chemical Etomoxir Sigma Aldrich Cat#: E1905
compound,
drug
Chemical Dihydrotestosterone  Sigma Cas#:
compound, Aldrich 521-18-6
drug
Chemical Enzalutamide Sapphire Bioscience Cat#: 51250
compound,
drug
Chemical Bovine-serum albu-  Bowvostar Cati#: BSAS-
compound,  min AU
drug
Chemical Linoleic acid Sigma Aldrich Cat#: L1376
compound,
drug
Chemical Palmitic acid Sigma Aldrich Cat#: POS00
compound,
drug
Chemical D-Luciferin PerkinElmer Cat#: 3 mg/20 g
compound, 122799
drug
Chemical Deferoxamine Sigma Aldrich Cat#: D9533
compound,
drug
Chemical Ferrostatin Sigma Aldrich Cat#:
compound, SMLO583
drug
Chemical Erastian Sigma Aldrich Cat#: E7781
compound,
drug
Chemical ML210 Tocris Bioscience Cat#: 6429
compound,
drug
Chemical FIN56 Tocris Bioscience Cat#: 6280
compound,
drug
Chemical cell fractionation kit ~ Abcam Cat#:
compound, ab109719
drug
Chemical RNeasy RNA extrac- Qiagen Cat#: 74136
compound,  tion kit
drug
Chemical iScript cDNA Bio-Rad Cat#:
compound,  Synthesis kit 1708890
drug
Chemical Seaharse XF Cell Agilent Cat#:
compound,  Mito 103015-100
drug chondrial Stress Test
kit
Software, GraphPad Prism GraphPad Software, Inc Prism V7
algorithm RRID:SCR_
002798
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Appendix 1—key resources table continued

Reagent
type
(species) Additional
or resource  Designation Source or reference Identifiers information
Software, R R Development Core Team, R version
algorithm 2019 3462
RRID:5CR_
001905
Software, ReViSP PMID: 25561413 ReVisSP Volume assessment
algorithm of
cancer spheroids
Software, IVIS Spectrum In PerkinElmer VIS Spec- Tumor volume ana-
algorithm Vivo trum lysis
Imaging Systemn In Vivo Ima-
ging
System
RRID:5CR_
018621
Other Lipofectamine Thermo Fisher 13778075
RN MAX Scientific
transfection reagent
Software, Imagel analysis MIH Imagel
algorithm software RRID:SCR_
003070
Software, TraceFinder v5.0 Thermo Fisher OPTOM-
algorithm Scientific 30688
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7.2 Map of inducible SMARTvector supplied by Dharmacon

horizon

PLASMID MAP

INSPIRED CELL SOLUTIONS

Sepl (9899)
Apall (9762)

Apall (8097) 3

:% —Pstl (2038)

TRE-3G

SMARTvector Inducible promoter 3

g P hEF1a TurboRFP

10 090 bp ——— Apall (2743)

TurboRFP

Kpnl (7173)—— 2
Pstl (7050, — g s
- SMARTvector
shRNA scaffold
ApaLl (6654)

Pstl (5170)

If you have any questions, contact

t +44(0) 1223 976 000 (UK) or +1 800 235 9880 (USA); +1 303 604 3499 (USA)

f +44(0)1223 655 581

w  horizondiscovery.com/contact-us or dharmacon horizondiscovery.com/service-and-support

Horlzon Discovery, 8100 Cambridge Research Park, Waterbeach, Cambridge, CB25 9TL, United Kingdom
Tet-On is a trademark of Clantech Laboratories, Inc. TurboGFP and TurboRFP are trademarks of Bvrogen Inc. All other trademarks are the property
of Horizon Discovery Company unless otherwise specified. 2019 Horizon Discovery Group Company—All rights reserved. UK Registered Head
Office: Buikling 8100, Cambridge Research Park, Cambridge, CB25 9TL, United Kingdom.

Plasmid features

5'LTR 1-635
w 685-822

RRE 1252-1605
TRE-3G promoter  2240-2615
TurboRFP 2668-3363
:mf‘;:% g 4583864
hEF1a promater 3885-5002
Puro” 5021-5623
2A 5624-5683
Tet-On™ 3G 5684-6430
WPRE 6444-7035
3'SIN-LTR 7239-7473
SV40 pA 7582-7712
pUC origin 7783-8508
SVA4D origin 8578-8713
Amp? 9021-9881

Restriction sites

Apall 2743, 6654, 8097, 9762
Kpnl 7173

Pstl 2038, 5170, 7050

Pvul 9465

Sspl 9899
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7.3 Map of plasmid used for preparation ACSM1/3 over expressing vectors
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MND promoter RRE
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HIV SIN LTR U3'RUS
PPT SV40 ori

mPGE promoter
ampR

WPRE
pDRM112 MND-ACSM3 hygro

10383 bp

ACSM3 codon opt RSV LTR T3

HIV LTR RUS
psi

MND promoter RRE

cPPT
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7.4 Sequence of gblock used for the preparation of overexpressing vectors

7.4.1 ACSML1 gBlock sequence (tDRM17)

GGGACAAGTTTGTACAAAAAAGCAGGCTgccaccATGCAGTGGTTGATG
AGATTTAGAACACTCTGGGGCATACACAAAAGCTTTCACAATATTCACCCTGC
CCCGTCCCAGCTGCGCTGCAGAAGTCTTTCCGAATTCGGAGCCCCCCGCTG
GAATGACTATGAGGTTCCGGAAGAATTCAATTTCGCTAGTTATGTGCTGGACT
ACTGGGCTCAAAAGGAAAAGGAAGGCAAAAGGGGTCCTAACCCGGCATTCT
GGTGGGTAAATGGCCAGGGTGATGAAGTCAAATGGAGCTTTAGGGAGATGG
GGGATCTGACTCGAAGAGTGGCAAACGTGTTCACGCAAACGTGCGGGCTTC
AGCAGGGAGACCACCTGGCACTCATGTTGCCAAGAGTGCCCGAATGGTGGC
TCGTGGCTGTTGGGTGCATGAGGACGGGCATTATATTTATTCCCGCGACCAT
TCTCCTGAAAGCCAAAGACATCCTCTATCGGTTGCAGCTGTCCAAGGCTAAG
GGAATCGTCACAATAGATGCGCTCGCCAGCGAAGTTGACTCTATCGCGTCTC
AATGTCCTTCCTTGAAGACAAAGCTCCTGGTATCAGATCACTCTCGCGAGGG
TTGGCTTGACTTCCGGAGCCTTGTCAAGTCCGCGTCTCCGGAGCACACTTGT
GTTAAGAGCAAAACCCTTGACCCAATGGTGATATTCTTTACAAGTGGGACTAC
TGGCTTCCCTAAGATGGCTAAGCATAGCCATGGTCTCGCTCTCCAGCCATCA
TTTCCTGGATCTAGAAAACTTAGAAGTCTTAAGACAAGCGATGTATCCTGGTG
CCTCTCCGATAGTGGGTGGATTGTAGCAACTATCTGGACACTGGTCGAGCCC
TGGACAGCCGGTTGCACTGTGTTCATTCACCACCTTCCACAGTTTGATACCA
AAGTCATCATACAAACCCTTCTCAAGTACCCGATCAACCACTTCTGGGGGGT
TAGCTCTATCTATCGCATGATTCTTCAGCAGGATTTTACTAGCATCAGGTTCC
CCGCTCTCGAACACTGCTATACCGGAGGCGAGGTGGTACTGCCTAAAGATC
AAGAGGAATGGAAACGCAGAACGGGGCTTCTCCTCTATGAAAACTACGGCC
AGTCCGAGACCGGTCTCATATGTGCTACATATTGGGGGATGAAAATAAAGCC
CGGTTTCATGGGAAAAGCTACTCCTCCTTACGATGTTCAGGTAATAGATGAC
AAAGGTTCTATCCTTCCCCCGAACACAGAAGGCAACATAGGTATTCGCATTA
AGCCGGTACGCCCGGTATCTCTCTTTATGTGCTATGAGGGTGATCCGGAAAA
AACCGCAAAGGTAGAGTGCGGCGACTTTTATAACACTGGCGATCGAGGGAA
GATGGATGAGGAAGGTTACATATGCTTTTTGGGAAGGAGTGACGACATAATC
AACGCCTCTGGGTATCGGATTGGTCCTGCGGAGGTGGAGTCTGCGCTCGTC
GAGCATCCTGCGGTCGCTGAGTCAGCTGTTGTAGGGAGTCCTGATCCGATC
CGGGGTGAGGTTGTGAAGGCCTTCATTGTGTTGACGCCCCAGTTTCTGTCTC
ACGACAAGGACCAGTTGACCAAAGAGCTTCAACAGCATGTCAAGTCTGTCAC
GGCCCCGTATAAGTATCCTCGGAAAGTCGAATTTGTCTCTGAGTTGCCTAAG
ACAATCACGGGGAAGATCGAACGCAAGGAGCTGCGAAAAAAAGAGACGGGA
CAGATGTAAacccagctttcttgtacaaagtggtcccc
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7.4.2 ACSM3 gBlock sequence (tDRM18)

GGGACAAGTTTGTACAAAAAAGCAGGCTgccaccATGCTTGCTCGAGTG
ACCCGGAAAATGCTGCGCCACGCCAAATGTTTCCAGAGGCTCGCGATTTTCG
GGTCAGTGAGAGCTCTTCATAAGGACAACAGAACGGCTACCCCCCAAAACTT
TAGCAATTACGAATCTATGAAACAAGATTTCAAATTGGGCATACCGGAGTACT
TTAATTTCGCAAAAGATGTGCTTGATCAATGGACTGACAAGGAGAAAGCAGG
TAAAAAGCCGAGCAATCCTGCATTTTGGTGGATAAACAGGAACGGCGAAGAG
ATGCGGTGGTCCTTTGAGGAACTTGGCTCTCTGTCTCGCAAGTTTGCTAACA
TACTTTCCGAGGCGTGTAGCCTTCAGCGCGgtgaCcgcgtCattttAatATTGCCACG
GGTCCCCGAATGGTGGTTGGCCAATGTCGCGTGCCTCCGGACCGGAACAGT
TCTTATACCGGGCACAACGCAACTTACACAAAAGGATATACTTTATAGACTTC
AAAGTAGCAAGGCTAACTGCATTATTACCAACGATGTACTCGCACCCGCCGT
AGATGCAGTCGCCTCCAAGTGCGAAAACTTGCATTCAAAGCTTATCGTTTCT
GAGAACTCCCGGGAAGGATGGGGTAATCTCAAGGAACTGATGAAACATGCC
TCAGACTCTCATACTTGTGTGAAAACCAAACATAATGAGATTATGGCTATATT
CTTTACGTCCGGCACCAGTGGCTATCCCAAAATGACGGCACACACGCATAGC
TCATTCGGTCTTGGACTTAGTGTCAATGGTAGATTTTGGCTTGACCTGACTCC
AAGTGATGTTATGTGGAATACGTCAGACACTGGATGGGCTAAGTCCGCTTGG
AGCAGTGTCTTCAGTCCTTGGATTCAAGGTGCCTGCGTATTTACTCACCATCT
TCCCCGGTTTGAACCTACGAGTATTCTCCAGACATTGAGCAAGTACCCCATC
ACAGTGTTCTGCTCTGCACCAACGGTTTATAGGATGTTGGTTCAAAATGACAT
CACGAGCTATAAATTTAAATCCCTGAAACACTGCGTATCAGCGGGTGAACCT
ATCACACCAGATGTAACGGAAAAATGGCGGAACAAAACAGGACTTGATATCT
ACGAGGGGTATGGACAAACGGAGACGGTCTTGATATGCGGAAATTTCAAGG
GTATGAAGATTAAGCCTGGGTCAATGGGCAAGCCTTCCCCGGCCTTTGATGT
CAAAATCGTTGATGTAAATGGCAATGTCCTGCCCCCAGGTCAGGAAGGCGAT
ATAGGAATTCAGGTTCTTCCGAATAGGCCATTTGGGTTGTTCACGCATTATGT
AGACAACCCCTCCAAAACAGCTAGTACTCTTCGAGGAAATTTTTACATCACAG
GAGATAGGGGCTACATGGATAAAGACGGCTACTTTTGGTTCGTGGCGCGGG
CAGATGACGTTATACTGAGTAGTGGATACCGAATCGGGCCCTTCGAGGTAGA
GAATGCGTTGAATGAACACCCATCCGTGGCCGAGTCAGCAGTAGTCTCCTCC
CCTGATCCGATTCGCGGAGAGGTTGTTAAGGCATTTGTGGTACTCAATCCAG
ACTACAAATCTCACGATCAAGAACAACTTATAAAAGAGATACAAGAGCATGTG
AAAAAGACGACCGCTCCTTACAAATACCCCCGCAAGGTCGAATTTATACAAG
AGTTGCCGAAGACGATAAGCGGGAAGACTAAGAGGAACGAACTCCGGAAAA
AAGAATGGAAGACTATCTAAacccagctttcttgtacaaagtggtcccc
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7.5 Amino acid mapping ACSM1 versus ACSM2A

reference sequence

(1):

BCSM1

MVIEW

Identities normalised by aligned length.
Colored by: identity

cov
1 RCsSM1 100.0%
2 RCSMZR 98.3%
consensus/100%
consensus/90%
consensus/80%
consensus/70%
cov
1 ACsM1 100.0%
2 RCSMZR 98.3%
consensus/100%
consensus/50%
consensus/80%
consensus/70%
cov
1 ACsM1 100.0%
2 RCSMZR 98.3%
consensus/100%
consensus/90%
consensus/80%
consensus/70%
cov
1 RCsSM1 100.0%
2 RCSMZR 98.3%
consensus/100%
consensus/90%
consensus/80%
consensus/70%
cov
1 ACsM1 100.0%
2 RCSMZR 98.3%
consensus/100%
consensus/90%
consensus/80%
consensus/70%
cov
1 ACsSM1 100.0%
2 RCSM2R 98.3%
consensus/100%
consensus/90%
consensus/80%
consensus/70%
cov
1 ACsM1 100.0%
2 RACSMZR 98.3%
consensus/100%
consensus/90%
consensus/80%
consensus/70%
cov
1 ACsM1 100.0%
2 RCSM2R 98.3%
consensus/100%
consensus/90%
consensus/80%
consensus/70%

pid
100.0%
54.0%

pid
100.0%
54.0%

pid
100.0%
54.0%

pid
100.0%
54.0%

pid
100.0%
54.0%

pid
100.0%
54.0%

pid
100.0%
54.0%

pid
100.0%
54.0%

1

81

161

241

321

401

481

561

[ .

MOWLMRF---RTLWGIHKSFHNIHPAPSQLRCRELSEFGAPRWNDYEV.
MHWLRKVQCLCTLHCTQMSSRTLYIN-——————— SRQLVSLQWGHQEV.
.pphsu.pWsc.
..... pphsu.pWsc.
......... pphsu.pWsc.
......... pphsu.plsc.

MpWLh+h . .
MpWLh+h . .
MpWLh+h . .
MpWLh+h . .

.pTLWChphS.+sla.s.
.pTLWChphs . +sla.s.
.pTLWChphS . +sla.s
.pTLWChphs.+sla.s

. 1 . .
NGQGDEVEWSFREMGDLTRRVANVFTQTCGLQQGDHLALML
NGKGKELMWNFRELSENSQQARNVLSGACGLQRGDRVAVVL
NCpCGcElhWsFREhu- . oppsANVhotsCCLOpCD+1ALML
NCpCGcElhWsFREhu-. oppsANVhotsCCLOpCD+1ALRL
NCpCGcElhWsFREhu- . oppsANVhotsCCLOpCD+1ALML
NCpCGcElhWsFREhu- . oppsANVhotsCCLOpCD+1ALML

. . 2
KAKGIVTIDALASEVDSIASQC
KAKAIVAGDEVIQEVDTVASEC
KAKuIVshDtlhpEVDolASpC
KAKuIVshDtlhpEVDolASpC
KAKuIVshDtlhpEVDolASpC
KAKuIVshDtlhpEVDOlASpC

HSHGLA-LQPSFPCSREKLRSLKTSDVSWCLSDSGWIVATIWTLVE

RV
RV
RV
RV
RV
RV

EV.
EV.
EV.
EV.

EWWLVAVGCMRTGIIFI
EWWLVILGCIRAGLIFM
EWWLVh1GChRsClIFh
EWWLVh1GChRSGLIFh
EWWLVh1GChRsClIFh
EWWLVh1GChRsClIFh

SLKTKLLVSDHSREGWLDFRSLVKSASPEHTCVKSKTILDFMVIFFTSGTTGE:
SLRIKLLVSEKSCDGWLNFKKLLNEASTTHHCVETGSQEASAIYFTSGTSGL!
SL+hKLLVS-+5p-CWLSF+pL1ppASspHpCVcoto. -s . sIaFTSCToCh
SL+hKLLVS-+5p-CWLSF+pL1ppASspHpCVcoto. -s . sIaFTSCToCh
SL+hKLLVS-+5p-CWLSF+pL1ppASspHpCVcoto. -s . sIaFTSCToCh
SL+hKLLVE-+Sp-CWLSF+pL1ppASspHpCVeoto. -s.sIaFTSCToCh

- 3
WIAGCTVFIHHL
WALGACTFVHLL

EEFNFASYVLDYWAQKEKEGKRG
AKFNFASDVLDHWADMEKAGKRL
tCcFNFAS . VLDaWAPhEKtCKRh
tCcFNFAS . VLDaWAPhEKtGKRh
tCcFNFAS . VLDaWAPhEKtGKRh
tCcFNFAS . VLDaWAPhEKtGKRh

QFDTKVIIQTLLKY

. 80

N
s
s
s
s
s

: . 160
ATILLKAKDILYRLQLS
GTIQMKSTDILYRLOMS
UTT . hKupDILYRLOhS
UTI.hKupDILYRLOhS
UTT . hKupDILYRLOhS
UTT . hKupDILYRLOhS

KMAK
KMAE
KMAC
KMAC
KMAC
KMAC

. 320
INHFWG

HSYSSLGLKA--KMDAGWTGLQASDIMWTISDTGWILNILCSLME
..hstthpulpssDl.WslSDeCWIlshlhoLhE
. -hstthpulpssDl . WslsDoGWIlshlhoLhE
. -hstthpulpssDl . WslsDoGWIlshlhoLhE
..hstthpulpsspDl . WslsDoCGWIlshlhoLhE

HSau.h.Lps.
HSau.h._ Lps.
HSau.h._ Lps.
HSau.h.Lps.

VSSIYRMILQQDEFTSIRF
APIVYRMLLQODLSSYKF
ss. 1YRM1LOODhoSh+F

55 . 1YRM1LQQDhoSh+F
ss . 1YRM1L,OQDhoSh+F
ss . 1YRM1LOQDhoSh+F

ALEHCYTGGEVVL!
HLONCVTVGESLL!
tLppChTsCESLL

tLppChTsCEsS1L
tLppChTsCEsS1L
tLppChTsCEs1L

KFDPLVILKTLSSY
PFDshVILpTL.pY
PFDshVILlpTL.pY
PFDshVILlpTL.pY
PFDshVIlpTL.pY

IKSMMG
IpphhC
IpphhC
IpphhC
Ipphhc

WshGsssF1lEhL
WshGsssFlEhL
WshGsssFlEhL
WshCGsssFlEhL

. . . . 4 400
KDQEEWKRRTGLLLYENYGQSETGLICATYWGMKIKEGFMGKATEEY
ETLENWRAQTGCLDIRESYCQTETCLTCMVSKTMKIKEGYMGTARASCY
s .EpW+tpTCL. lhEsSYCQoETCLhChs . hsMKIKFCaMCpAsssY

€s.EpW+tpTCL. lhEsYCQoETCLhChs . hsMKIKFCaMCpAsssY
cs . EpW+tpTGL. lhEsYCQoETGLhChs . hsMKIK-CaMCpAsssY
cs.EpW+tpTCL. lhEsYCQoETCLhChs . hsMKIK-CaMCpAsSssY

VSLFMCYEGD
IGIFSGYVDN
lulF.sY.ss
lulF.sY.ss
lulF.sY.ss
lulF.sY.ss

NTEGNIGIRIK
GTEGDIGIRVK
STEGSIGIR1K
STEGSIGIR1K
STEGSIGIR1K
STEGSIGIR1K

DVQVIDDKGSIL
DVQIIDDKGNVL
DVQLIDDKGSLL
DVQLIDDKGSLL
DVQLIDDKGSLL
DVQLIDDKGSLL

VR
IR

1R
1R
1R

5
AVAESAVVGS
AVVETAVISS
AVsEoAV1us
AVsSEOAV1us
AVsSEOAV1us
AVsEoAV1us

AEVESALVEH
SEVENALMEH
UEVESALhEH
UEVESALhEH
UEVESALhEH
UEVESALhEH

YRIG
YRIG
YRIG
YRIG
YRIG
YRIG

KTITGKIERKELRKKETGQOM-———==
KTVTGKIQRAKLRDKEWKMSGKARAQ
KT1TCKIpRtcLRCKEht. ... .. ..
KT1TCKIpRtcLRCKEht. ... .. ..
KT1TGKIpRtcLRcKEht. ... .. ..
KT1TCKIpRtcLRCKEht. ... .. ..

EKTAKVECGDFYNTGDRGKMDEEGYICFLGRSDDIINASG
DKTAANTRGDFWLLGDRGIKDEDGYFQFMGRANDIINSSG
-KTAts.pGDFa. hGDRGhhDE-GYhpFhGRUSDIINUSG
-KTAts.pGDFa. hGDRGhhDE-GYhpFhGRUSDIINUSG
-KTAts.pGDFa. hGDRGhhDE-GYhpFhGRUSDIINUSG
-KTAts.pGDFa. hGDRGhhDE-GYhpFhGRUSDIINUSG

IRGEVVKAFIVLTPQFLSHDKDQLTKELQQHVKSVTA
VRGEVVKAFVVLASQFLSHDPEQLTKELQOHVKSVTA
1RGEVVKAF1VLsSsQFLSHD . -QLTKELQQHVKSVTA
1RGEVVKAF1VLs3QFLSHD . —-QLTKELQQHVKSVTA
1RGEVVKAF1VLs3QFLSHD . —-QLTKELQQHVKSVTA
1RGEVVKAF1VLsSsQFLSHD . -QLTKELQQHVKSVTA

. 480

RKVEFVSEL
RKIEFVLNL
RK1EFV.pL
RK1EFV.pL
RK1EFV.pL
RK1EFV.pL

YKY
YKY
YKY
YKY
YKY
YKY
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7.6 Amino acid mapping ACSM3 versus ACSM2A

Refersnce seguence

(1): NP_005613.2 ACSM3

Identities normalised by aligned length.
Colored by: identity

(S

(S

(S

(S

S

[

[

(S

NP 005613.2 ACSM3
NP_001295101.1 ACSM2A
consensus/100%
consensus/90%
consensus/80%
consensus/70%

NP _005613.2 ACSM3
NE_001295101.1_ACSM2A
consensus/100%
consensus/90%
consensus/80%
consensus/70%

NP_005613.2_ ACSM3
NP _001285101.1 ACSM2AR
consensus/100%
consensus/%0%
consensus/80%
consensus/70%

NP 005613.2 ACSM3
NP_001295101.1 ACSM2A
consensus/100%
consensus/%0%
consensus/80%
consensus/70%

NE_005613.2_ACSM3
NP 001285101.1 ACSM2ZA
consensus/100%

consensus/%0%
consensus/80%
consensus/70%

NP_005613.2_ACSM3
NP_001295101.1 ACSMZA
consensus/100%
consensus/%0%
consensus/80%
consensus/70%

NE_005613.2_ ACSM2
NE_001255101.1 ACSM2A
consensus/100%
consensus/%0%
consensus/80%
consensus/70%

NP 005613.2 ACSM3

NP 001295101.1 ACSMZA
consensus/100%
consensus/9%0%
consensus/80%
consensus/70%

cov
100.0%
96.9%

100.0%
96.9%

100.0%
96.9%

cov
100.0%
96.9%

100.0%
96.9%

cov
100.0%
86.9%

cov
100.0%
86.9%

cov
100.0%
66.9%

pid
100.0%
53.5%

pid
100.0%
53.5%

pid
100.0%
53.5%

pid
100.0%
53.5%

pid
100.0%
53.5%

pid
100.0%
53.5%

pid
100.0%
53.5%

100.0%
53.5%

1

81

161

321

401

481

561

[

MLARVTRKML!

RHAKCFQRLAIFGSV---RALHKDNRTAT PONFSNYESMKQDFKLGI FEYFNFAKDVLDQWTDKEKAGKK

80

=-MHWLREVQ--GLCTLWGTQMS SRTLY INSRQLV-=—====== SLOWGHQEVFAKFNFASDVLDHWADMEKAGKR

h+hLR+sp. . thhslaco. .
h+hLR+sp. . thhslaco. .

. -h+hLR+sp. . thhslacCo. ..

1

h+hLE+sp. . thhslaco. . .

.RsLahssRphs
.RsLahssRphs.
.RsLahssRphs.
.RsLahssRphs

AFWWINRNGEEMRWSFEELGSLSRKFANILSEACSLQRGDRVILIL
ALWWVNGKGKELMWNFRELSENSQQAANVLSGACGLORGDRVAVVL

AhWW1NtpGeEhhWSFCELUp .
AhWW1NtpGeEhhWsFeELup .
AhWW1NtpGcEhhWsFcELup.
AhWW1NtpCcEhhWsFcELUp.

SpPhAN1LS tACULORGDRVHh1LL
SpphAN1LS tACULQRGDRVAh1LL
SpphAN1LS tACULORGDRVIh1LL
SpPhANLLS tACULQRGDRVAh1LL

EWWLANVACLRTGTVLI
EWWLVILGCIRAGLIFM
.luclrRschlhh
.luclRschlhh
.luclRschlhh
-luClRsChlhh

EWWLS
EWWLs
EWWLs
EWWLs

DILYRLQSSKANCIITNDVLAFPAVDAVASKCENLHSKLIVSENSREGWGNLKELMKHASD SHTCVKTKENEIMATIFFTSG

2

. t1°thFNFAPDVLDPpWSDhEKACK+
. t1°thFNFAPDVLDPWSDhEKACK+
. t1°thFNFAPDVLDPpWSDhEKACK+
. t17thFNFAPDVLDPWSDhEKACK+

. 160
GTTQLTQK
GTIQMKST
CThQhppp
cThQhppp
CThohppp
CThohppp

240

DILYRLOMSKAKAIVAGDEVIQEVDTVASECPSLRIKLLVSEKSCDGWLNFKKLLNEASTTHHCVETGSQEASAIYFTSG

DILYRLY.SKApsIlssD.lh. tVDsVASeC.
DILYRLQ.SKApsIlssD.lh. tVDsVASeC.
DILYRLQ.SKApsIlssD.lh. tVDsVAScC.
DILYRLQ.SKApsIlssD.lh. tVDsVAScC.

TSGY!
TSGL!
T5ch
TSCh
T5ch
Ts5CGh

o

IKSMMGA
¥YrIpshhua

Ipshhuz
Ipshhui
Ipshhur

o

b 4

MCKFSPAFDVKIVDVNGNVL
MCTAASCYDVQIIDDKGNVL
MCpsussaDVPIlDSpGNVL
MCpsussaDVPIlDsSpCGNVL
MCpsussaDVpIlDsSpGNVL
MCpsussaDVPIlDSpGNVL

. 5
DDVILSSGYRIG.
NDIINSSGYRIG
sD1I.SSGYRIG
sD1I.SSGYRIG
sD1I.SSGYRIG
sD1I.SSGYRIG

KVEFIQEL
KIEFVLNL
K1EF1.pL
K1EF1.pL
K1EF1.pL
K1EF1.pL

FEVENALNEH

KTISGKTKRNELRKKEWKTI------
KTVTGKIQRAKLRDKEWKMSGKARAQ
KTloCKhpRsScLRCKEWKh. ... ...

KTloCKhpRscLRCKEWKh .
KTloGKhpRscLRcKEWEKh. . . .
KTloCKhpRscLRCKEWKh. ... ...

sL+.KL1

ITVECSAPTVYRMLVONDITSYKFKSLEKHCVSAGERPIT
IVYRMLLQQDLS SYKFPHLONCVTVGESLL
hVYRML1OpD1loSYKE . pLppCVosCtEslh

hVYRML1OpD1oSYKF . pLppCVosCGEslh
hVYRML1OpD1oSYKE . pLppCVosGEslh
hVYRML1OpDloSYKE . pLppCVosGEslh

GQEGDIGIQVLENR!

GTEGDIGIRVKEI
CPECDIGIPVh
GPEGDIGIPVh
GPEGDIGIpVh
CPECDIGIPVh

SVAESAVVSS
AVVETAVISS
UVSEOAV1SS
UVSEQAV1SS
UVSEOAV1SS
UVSEOAV1SS

R

.R

R
.R
R

hDCAS,

P-P~!

KMTAHTHS SFGLGLSVNGRFWLDLTPSDVMWNTSDTGWRKSAWS SVES.
KMAEHSYSSLGLKARMD -AGWTGLQASDIMWTISDTGWILNILCSLME
KMstHoassheLthphs . thithsLpssD1lMWshsDTCWhhshhsS1lhp
KMstHoasshGeLthphs. thiwhsLpssD1lMWshsDTCWhhshhsslhp
KMstHoassheLthphs . thithsLpssD1lMWshsDTCWhhshhsS1lhp
KMstHoasSsheLthphs. thithsLpssSD1MWshsDTCWhhshhsS1hp

FGLFTHYVDN.
IGIFSGYVDN.
hClFotyvDN
hclFotyvDn
hclrFotyvDn
hClFotyvDN

IRGEVVKAFVVLNFDYKSHDQEQLIKEIQEHVKKTTA
VRGEVVKAFVVLASQFLSHDPEQLTKELQQHVKSVTA!
1RGEVVKAFVVLsspahSHD . EQLhKELQPHVKDSTA
1RGEVVKAFVVLsspahSHD . EQLhKELQPHVKDSTA
1RGEVVKAFVVLsspahSHD . EQLhKELQPHVKDSTA
1RGEVVKAFVVLsspahSHD . EQLhKELQPHVKDSTA

3
WIQGACVFTHHL
WALGACTEFVHLL
Wh.CACsFsHRL
Wh.CGACsFsHRL
Wh.CACsFsHRL
Wh.GACsFsHhL

SKTASTLRGNFY ITGDRGYMDKDGYFWEVARA

DVIERWRNKTGLDIYEGYGQTETVLICGNFKGMKIK!
ETLENWRAQTGLDIRESYGQTETGLTCMVSKTMKIK!
-shEpWRspTCLDIhEUYCOTETSLhChs . KsMKIK

-shEpWRSpTCLDIhEUYCQTETSLhChs . KSMKIK!
-shEpWRSpTCLDIThEUYCGQTETSLhChs . KSMKTK!
-shEpWRSPTGLDIhEUYGQTETSsLhChs . KSMKIK!

sL+ . KL1VSEpSp-CWhNhKeLhpcASsoHpCVeTtppEh . ATaFTSC
sL+ . KL1VSEpSp-CWhNhKcLhpcASsoHpCVeTtppEh . ATaFTSC
HpCVeTtppEh.AIaFTSC
sL+ . KL1VSEpSp-CWhNhKcLhpcASsoHpCVeTtppEh . ATaFTSG

. 320
TSILQTLSK
LVILKTLSS
hsILpTLSP
hsILpTLSP
hsILpTLSP
hsILpTLSp

4 400
GS
GY
G.

G.
G.
G.

. 480

DKTAARNIRGDFWLLGDRGIKDEDGYFQFMGRA

sKTAUslRCGsFalhGDRGhhDEDGYF.
sKTAuslRCsFalhGDRCGhhDCDGYF.
sKTAuslRCGsFalhGDRCGhhDCDGYF.
sKTAUslRCGsFalhGDRGhhDEDGYF.

FhuRA
FhuRR
FhuRR
FhuRA

560

W
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7.7 Function of the candidate genes involved in Lipid metabolic processes.

Fig No. | Gene name Function of candidate gene/s in lipid metabolism
3.1.1. ACACAJ/ACC ACACA catalyzes the carboxylation of acetyl-CoA to form
(Acetyl-CoA malonyl-CoA (irreversible reaction), the committed metabolite
carboxylase 1) in FA synthesis; and fatty acid synthase (FASN) then
sequentially adds 2-carbon units until a long-chain fatty acid is
produced (Padanad et al., 2016). ACACA regulates both
biosynthesis and breakdown of long chain fatty acids. Two
isozymes, ACC1 and ACC2, mediate distinctive physiological
functions within the cell, with ACC1 localized primarily to the
cytosol and ACC2 to the mitochondria (Abu-Elheiga et al.,
2000).
3.1.2 ACOT2 ACOT?2 are a group of enzymes that catalyze the hydrolysis of
(Acyl-coenzyme acyl-CoAs to the free fatty acid and coenzyme A (CoASH),
A thioesterase 2, providing the potential to regulate intracellular levels of acyl-
mitochondrial) CoAs, free fatty acids and CoASH (Hunt, Rautanen, Westin,
Svensson, & Alexson, 2006). ACOT2 displays higher activity
toward long chain acyl CoAs (C14-C20) ACOT2 is involved in
enhancing the hepatic fatty acid oxidation in mitochondria
(Hunt et al., 2006; Jones & Gould, 2000).
3.1.3 ACSL3 The protein encoded by this gene is an isozyme of the long-
(Long-chain- chain fatty-acid-coenzyme A ligase family. Individual isozyme

fatty-acid--CoA

ligase 3)

has substrate specificity subcellular localization, and tissue
distribution. All the members of ACSL family convert free long-
chain fatty acids into fatty acyl-CoA esters, and thereby play a

key role in lipid biosynthesis and fatty acid degradation.
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Thus, ACSL3 also activates long-chain fatty acids for both
synthesis of cellular lipids, and degradation via beta-oxidation
(Coleman, Lewin, Van Horn, & Gonzalez-Bar6, 2002,
Nakahara et al., 2012). ACSL3 plays important role for the
incorporation of fatty acids into phosphatidylcholine, the major
phospholipid located on the surface of VLDL (very low density
lipoproteins) (Yao & Ye, 2008). Exogeneous fatty acids and de
novo fatty acid synthesis are the source of fatty acid in cells.
Once fatty acids are in the cell, ACSLs also promote their
retention by converting them into hydrophilic fatty acyl-CoA
esters so that cannot exit cells (Kamp & Hamilton, 2006).
ACSL enzymes are ubiquitously expressed across different
tissues, ACSL3 is mainly expressed in the endoplasmic
reticulum (ER) and lipid droplets(Grevengoed, Klett, &

Coleman, 2014; Soupene & Kuypers, 2008)

ACSL enzymes also been reported to participate in the
metabolic reprogramming of cancer cells. E.g., pharmacologic
inhibition of ACSLs results in apoptosis in a subset of TP53-
deficient cancer cells. ACSL3 play a role in the maintenance

of cancers expressing mutant KRAS (Padanad et al., 2016).

3.1.4.

ACSM1

(Acyl-coenzyme
A synthetase
ACSM1,

mitochondrial)

The function of ACSM1 and ACSM3 will be discussed in

more details in chapter 4.
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3.15

ACSM3

(Acyl-coenzyme
A synthetase
ACSM3,

mitochondrial)

3.1.6

ELOVLS

(Elongation of
very long chain
fatty acids

protein 5)

3.1.7

ELOVLY

(Elongation of
very long chain
fatty acids

protein 7)

Elongases of very long-chain fatty acids (ELOVL) catalyze the
rate-limiting condensation step in the elongation of fatty acids
including long-chain polyunsaturated fatty acids (LC-PUFA)
biosynthesis (Jakobsson, Westerberg, & Jacobsson, 2006;
Nugteren, 1965). Condensing enzyme that acts specifically
toward polyunsaturated acyl-CoA with the higher activity
toward C18:3(n-6) acyl-CoA. ELOVL5 has been identified and
functionally characterized as crucial enzymes involved in the
biosynthetic pathway of LC-PUFA. Importantly, functional
studies have shown that ELOVL5 can effectively elongate both

C18 and C20 PUFA (Castro, Tocher, & Monroig, 2016).

ELOVL7 is the family member of ELOVL which is
overexpressed in PCa and play critical role in lipid metabolism
(Tamura et al., 2009). ELOVL7 could affect fatty acid
composition in phospholipids and neutral lipids including
cholesterol ester in prostate cancer cells, possibly contributing
to de novo steroidogenesis in prostate cancer cells (Tamura et

al., 2009).

3.1.8

FASN

(Fatty acid

synthase)

FASN is a multienzyme protein that catalyzes the synthesis of
fatty acids (mainly the long-chain saturated fatty acid

palmitate) from acetyl-CoA and malonyl-CoA in the presence
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of nicotinamide adenine dinucleotide phosphate reduced form

(NADPH)(Javier A. Menendez & Ruth Lupu, 2007).

Upregulation of FASN in a common event in multiple cancers
and accumulating evidence suggests that it is a metabolic
oncogene with an important role in tumor growth and survival,
making it an attractive target for cancer therapy (Flavin,

Peluso, Nguyen, & Loda, 2010).

3.1.9 HACL1 Peroxisomal 2-OH acyl-CoA lyase involved in the cleavage
(2-hydroxyacyl- (C1 removal) reaction in the fatty acid alpha-oxydation in a
CoA lyase 1) thiamine pyrophosphate (TPP)-dependent manner (Foulon et
al.,, 1999; Fraccascia, Casteels, De Schryver, & Van
Veldhoven, 2011; Kitamura, Seki, & Kihara, 2017). Involved in
the degradation of 3-methyl-branched fatty acids like phytanic
acid and the shortening of 2-hydroxy long-chain fatty acids
manner (Foulon et al., 1999; Fraccascia et al., 2011; Kitamura
etal., 2017).
3.1.10 HSD17B4 HSDs play central roles in the biosynthesis and inactivation of
(Peroxisomal steroid hormones, but some of them are also involved in the

multifunctional

enzyme type 2)

mechanism of diverse non-steroidal compounds(Hoffmann &
Maser, 2007) . HSD17Bs are enzymes that regulate both
androgen and estrogen action, via oxidation of the C17 alcohol
to an inactive or less active ketone, or via reduction of the
ketone to an active steroid (dihydrotestosterone, testosterone,
or estradiol). Along with HSD17B2, HSD17B4 is capable of
oxidizing A5-androstenediol (the precursor of testosterone) to
dihydroepiandrosterone (DHEA)(Maltais, Luu-The, & Poairier,

2002) One of the HSD17B4 splice isoforms harbors enzymatic
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activity, which normally inactivates androgens and suppresses
AR signaling, and that specific loss of this transcript-encoded
enzyme enables the clinical development of CRPC and
HSD17B4 highly associated with progression from initiation of
ADT to the development of CRPC (Ross et al., 2008). In
addition, HSD17B (bifunctional enzyme) catalyzes the
formation of 3-ketoacyl-CoA intermediates from straight-chain,
2-methyl-branched-chain fatty acids bile acid intermediates.
HSD17B4 is essential for the oxidation of a wide range of
peroximal substrates (very long chain acyl CoAs, branched

chain acyl CoA) (Lines et al., 2014).

3.1.11 MAPKAPK2 This gene encodes a member of the Ser/Thr protein kinase
(MAP kinase- family. This kinase is regulated through direct phosphorylation
activated protein by p38 MAP kinase. In conjunction with p38 MAP kinase, this
kinase 2) kinase is known to be involved in many cellular processes

including stress and inflammatory responses, nuclear export,
gene expression regulation and cell proliferation. Heat shock
protein HSP27 was shown to be one of the substrates of this
kinase in vivo. Two transcript variants encoding two different
isoforms have been found for this gene.
Source: https://www.ncbi.nlm.nih.gov/gene/9261

3.1.12 MMAA The MMAA gene provides instructions for making a protein

(Methylmalonic
aciduria type A
protein,

mitochondrial)

that is involved in the formation of a compound called
adenosylcobalamin (AdoCbl). AdoCbl, which is derived from
vitamin B12 (also called cobalamin), is necessary for the
normal function of an enzyme known as methylmalonyl CoA

mutase. This enzyme helps break down certain proteins, fats
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(lipids), and cholesterol Research indicates that the MMAA
protein may play a role in one of the last steps in AdoCbl
formation, the transport of vitamin B12 into mitochondria
(specialized structures inside cells that serve as energy-
producing centers). Additional chemical reactions then convert
vitamin B12 into AdoCbl. Other studies suggest that the MMAA
protein may help stabilize methylmalonyl CoA mutase and
protect the enzyme from being turned off (inactivated). Source

https://ghr.nim.nih.gov/gene/MMAA GTPase, binds and

hydrolyzes GTP (Froese et al., 2010; Plessl et al., 2017).
Involved in intracellular vitamin B12 metabolism, mediates the
transport of cobalamin (Cbl) into mitochondria for the final
steps of adenosylcobalamin (AdoCbl) synthesis. Functions as
a G-protein chaperone that assists AdoCbl cofactor delivery
from MMAB to the methylmalonyl-CoA mutase (MMUT) and
reactivation of the enzyme during catalysis (Froese et al.,

2010; Plessl et al., 2017).

3.1.13

MORC2

(ATPase

MORC?2)

This gene encodes a member of the Microrchidia (MORC)
protein superfamily. The encoded protein is known to regulate
the condensation of heterochromatin in response to DNA
damage and play a role in repressing transcription. The protein
has been found to regulate the activity of ATP citrate lyase via
specific interaction with this enzyme in the cytosol of lipogenic
breast cancer cells. The protein also plays a role in lipogenesis
and adipocyte differentiation. Alternative splicing results in

multiple transcript variants encoding different isoforms

Source: https://ghr.nim.nih.gov/gene/MORC2
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3.1.14

PCCB

(Propionyl-CoA
carboxylase beta
chain,

mitochondrial)

The PCCB gene provides instructions for making part of an
enzyme called propionyl-CoA carboxylase, specifically, the
beta subunit of this enzyme. Six beta subunits come together
with six alpha subunits (produced from the PCCA gene) to form
a functioning enzyme. Propionyl-CoA carboxylase plays a role
in the normal processing of proteins. It carries out a particular
step in the breakdown of several protein building blocks (amino
acids) called isoleucine, methionine, threonine, and valine.
Propionyl-CoA carboxylase also helps break down certain
types of lipids (fats) and cholesterol. First, several chemical
reactions convert the amino acids, lipids, or cholesterol to a
molecule called propionyl-CoA. Using the B vitamin biotin,
propionyl-CoA carboxylase then converts propionyl-CoA to a
molecule called methylmalonyl-CoA. Additional enzymes
break down methylmalonyl-CoA into other molecules that are

used for energy. Source: https://ghr.nlm.nih.gov/gene/PCCB

This is one of the 2 subunits of the biotin-dependent propionyl-
CoA carboxylase (PCC), a mitochondrial enzyme involved in
the catabolism of odd chain fatty acids, branched-chain amino
acids isoleucine, threonine, methionine, and valine and other
metabolites (H. Jiang, Rao, Yee, & Kraus, 2005; Kalousek,
Darigo, & Rosenberg, 1980). Propionyl-CoA carboxylase
catalyzes the carboxylation of propionyl-CoA/propanoyl-CoA
to D-methylmalonyl-CoA/(S)-methylmalonyl-CoA (H. Jiang et
al., 2005; Kalousek et al., 1980). Within the holoenzyme, the
alpha subunit catalyzes the ATP-dependent carboxylation of
the biotin carried by the biotin carboxyl carrier (BCC) domain,

while the beta subunit then transfers the carboxyl group from
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carboxylated biotin to propionyl-CoA (By similarity). Propionyl-
CoA carboxylase also significantly acts on butyryl-
CoA/butanoyl-CoA, which is converted to ethylmalonyl-
CoA/(2S)-ethylmalonyl-CoA at a much lower rate (Kalousek et
al.,, 1980). Other alternative minor substrates include (2E)-

butenoyl-CoA/crotonoyl-CoA.

3.1.15

PCTP

(Phosphatidylcho
line transfer

protein)

PCTP is a «cytosolic Catalyzes the transfer of
phosphatidylcholine between membranes (Roderick et al.,
2002). PCTP promote the rapid intermembrane exchange of
phosphatidylcholines but no other phospholipid class (B. H.
Geijtenbeek, Smith, Borst, & Wirtz, 1996; Cohen & Green,
1995; Cohen, Green, Wu, & Beier, 1999; van Helvoort et al.,
1999; K. W. Wirtz & Zilversmit, 1968; K. W. A. Wirtz, 1991; M.
K. Wu, Boylan, & Cohen, 1999). PCTP, phosphatidylinositol
transfer protein (PI-TP) and sterol carrier protein 2 (SCP2)
account for most of the phospholipid exchange activity present
within the cytosol (Roderick et al., 2002). its highest level of
expression in humans is found in the liver, liver, placenta,

testis, kidney and heart (Cohen et al., 1999).

3.1.16

PRKAB2

(Protein Kinase
AMP-Activated
Non-Catalytic

Subunit Beta 2)

The protein encoded by this gene is a regulatory subunit of the
AMP-activated protein kinase (AMPK). AMPK is a heterotrimer
consisting of an alpha catalytic subunit, and non-catalytic beta
and gamma subunits. AMPK is an important energy-sensing
enzyme that monitors cellular energy status. In response to
cellular metabolic stresses, AMPK is activated, and thus
phosphorylates and inactivates acetyl-CoA carboxylase (ACC)

and beta-hydroxy beta-methylglutaryl-CoA  reductase
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(HMGCR), key enzymes involved in regulating de novo
biosynthesis of fatty acid and cholesterol. This subunit may be
a positive regulator of AMPK activity. It is highly expressed in
skeletal muscle and thus may have tissue-specific roles.
Multiple alternatively spliced transcript variants have been

found for this gene.

Non-catalytic subunit of AMP-activated protein kinase (AMPK),
an energy sensor protein kinase that plays a key role in
regulating cellular energy metabolism. In response to
reduction of intracellular ATP levels, AMPK activates energy-
producing pathways and inhibits energy-consuming
processes: inhibits protein, carbohydrate and lipid
biosynthesis, as well as cell growth and proliferation. AMPK
acts via direct phosphorylation of metabolic enzymes, and by
longer-term effects via phosphorylation of transcription
regulators. Also acts as a regulator of cellular polarity by
remodeling the actin cytoskeleton; probably by indirectly
activating myosin. Beta non-catalytic subunit acts as a scaffold
on which the AMPK complex assembles, via its C-terminus
that bridges alpha (PRKAAL or PRKAA2) and gamma subunits

(PRKAG1, PRKAG2 or PRKAG3).

Source: https://ghr.nim.nih.gov/gene/PRKAB2

3.1.17

PTGR2

(Prostaglandin

reductase 2)

PTGR2 catalyzes an NADPH-dependent reduction of the
conjugated a,3-unsaturated double bond of 15-keto-PGE2, a
key step in terminal inactivation of prostaglandins and
suppression of PPARy-mediated adipocyte differentiation (Y.

H. Wu et al., 2008).
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