PROTEIN ARGININE METHYLTRANSFERASE 5 IN CASTRATION-
RESISTANT AND NEUROENDOCRINE PROSTATE CANCER
by
Elena Wild
A Dissertation
Submitted to the Faculty of Purdue University

In Partial Fulfillment of the Requirements for the degree of

ey
O Q,
=1 %
Y A\~

:/U
@”

Department of Medicinal Chemistry and Molecular Pharmacology

N
o¥

West Lafayette, Indiana
December 2020



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Chang-Deng Hu, Chair
Department of Medicinal Chemistry and Molecular Pharmacology

Dr. Ourania Andrisani

Department of Basic Medical Sciences

Dr. Emily Dykhuizen
Department of Medicinal Chemistry and Molecular Pharmacology

Dr. Michael Wendt

Department of Medicinal Chemistry and Molecular Pharmacology

Approved by:
Dr. Zhong-Yin Zhang



This dissertation is dedicated to my parents, Vladimir Beketov and Dr. Nina Beketova,
and to my husband Todd Wild.

Always with love.



ACKNOWLEDGMENTS

First and foremost, | want to thank my thesis advisor and mentor, Dr. Chang-Deng Hu, for
the endless support and enthusiasm for research. His determination and guidance helped me so
much that | cannot find words to express my gratitude. | am deeply thankful to my thesis committee
members, Dr. Ourania Andrisani, Dr. Emily Dykhuizen, and Dr. Michael Wendt, for the insightful
discussions of my research and encouragement. | am also deeply thankful to my former thesis
committee member Dr. Alice Chang, who also was the head of my preliminary examination
committee, for all the helpful suggestions and discussions. | am also very thankful for the help of
the great collaborators of our lab, Dr. Wan, Dr. Jiang, and Dr. Huang, and their lab members.

| want to thank all past and present members of Dr. Hu’s lab, especially Sarah Kelsey, Dr.
Jake Owens, Sam Tinsley, and Andrew Asberry. Their support and friendship were incredibly
valuable throughout my studies. | would also like to thank all the other — so many! — friends | made
at Purdue, particularly “Lab Savages” crew and the Purdue Night Train Swing and Blues dance
club members. Making friends overseas was one of the best parts of my graduate journey. Blues
and swing dancing quickly became a huge part of my life and was a perfect way to have a small
break from the lab to meet people, have fun, and stay sane.

| am endlessly grateful to so many professors and instructors at the Lomonosov Moscow
State University, particularly to Dr. Nikolay Gusev, the head of my home Biochemistry
Department. His devotion to mentoring students and passion for biochemistry is an inspiration for
me. | am also very thankful to my research mentor Dr. Alexey Katrukha who gave me an
opportunity to begin my journey as a researcher. | also want to sincerely thank all my friends whom
I left in Russia and who still supported me from overseas, especially Dr. Maria Savvateeva and Dr.
Julia Sukhanova. | am incredibly glad we can stay in touch while being thousands of miles and
even more thousands of kilometers away.

My very special thanks to my parents Vladimir Beketov and Dr. Nina Beketova, for the
endless love, support, and encouragement. I miss seeing them in person very much. I am incredibly
lucky that the first people I ever knew — my parents — are scientists. Both as loving parents and
devoted researchers, their example and support were a deciding factor for choosing my path.

My very big thank you is to my husband, Todd Wild. | cannot imagine making it through

the graduate studies without your support, particularly in the latest months of thesis writing. |



would not be the person I am now without you. | cannot wait to see where the next adventures
with you and our puppy Tesla will bring us.

I would also like to acknowledge many funding sources that allowed me to work on the
following research. This work was supported by the grants: U.S. Army Medical Research
Acquisition Activity (W81XWH-16-10394), NCI RO1CA212403, Purdue University Center for
Cancer Research Small Grants, Purdue Research Foundation Research Grant, Indiana University
Simon Comprehensive Cancer Center (P30CA082709), Purdue University Center for Cancer
Research (P30CA023168), Walther Cancer Foundation, and Indiana University Precision Health
Initiative (PHI). | was also a recipient of the College of Pharmacy PRF Graduate Research
Fellowship, Purdue University Center for Cancer Research SIRG Graduate Fellowship, and

Bilsland Dissertation Fellowship.



TABLE OF CONTENTS

LIST OF FIGURES ...ttt sttt sttt b et 11
LIST OF ABBREVIATIONS ...ttt et e e e nnne s 13
y N S Y I 2 ¥ X O PR 18
CHAPTER 1. INTRODUCTION ....ooiiiiiiiieiiiie ettt sne s 19
1.1 Prostate in NOrmMal OrQanISIM .......c.coviiieiieiieieere e see e re et e e et ne e e sreeneeas 19
1.1.1 Prostate function and StIUCLUIE ..........cceruirieiieiieie e 19
1.1.2 Hormonal signaling in normal ProState ............c.ceoveieieieneiinieeeee e 20

1.2 PrOSEALE CANCET ...ccieieiieiiieetee ettt e e b et e s me e e e e b e e e ne e nnreenneennnas 21
1.2.1 Prostate CANCEr SEALISTICS .......ccviirieieiiierie s 21
1.2.2  Prostate CanCer dIAgNOSIS . ........uiuiirieierieitesie sttt e e bbb 22
1.2.3  Prostate CanCer treatMeNt..........ooouiiiiiiieie et 23

1.3 ADT leads to the deadly terminal stage of prostate CanCer ...........c.ccevvereieiereneseseneeans 25
1.3.1 ARsignaling in therapeutic resistance during CRPC progression .............cccccueeunene. 26
1.3.2 Neuroendocrine differentiation (NED) in therapeutic resistance of prostate cancer. 28
1.3.3 NEPC is the most aggressive form of prostate CanCer............ccocveveriveriesieseenennenn 29
1.3.4 Genetic aberrations in CRPC and NEPC ... 30

1.4 Protein arginine methyltransferase 5 (PRMTD5) in healthy organism and cancers ........... 32
1.4.1 PRMT5 enzymatic fUNCLION.........ccviiiieece e 32
1.4.2 PRMTS5 regulates various Cellular proCeSSES.........c.covereiereiirininieeie e 32

1.4.3 Regulation of PRMTS5 activity and target gene expression by interacting proteins.. 33

1.5 PRMT5-driven regulation of AR signaling in prostate Cancer ...........ccccccoeevveveiieeieenne 34
1.5.1 Epigenetic regulation of AR transCription. ..........ccccoevieieiiie i 34
1.5.2 Regulation of transcription factor-mediated AR transcription ..........ccccccoecvviverrnnnene. 35
1.5.3 Regulation of AR transcriptional activity and target gene expression ............c......... 37

1.6 Interplay of PRMT5 with epigenetic regulators in prostate cancer cells.............c........... 38
1.6.1 PRMTS5 and other arginine methyltransferases ..........cccoovevievie i 38
1.6.2 PRMTS5 and lysine methylation ............ccooeiiiiiiiiiicc e 39
1.6.3 PRMTS5 and lysSine aCetylation.........c.coeieiiiiiiiiniiieieie e 40
1.6.4 PRMTS and DNA Methylation.........cccccvoiiiiiiiiieiie et 41



1.7 Targeting PRMTS5 for prostate cancer therapy .........cccccveeeveeieeiiesiiene e se e seeseeeens 42

1.7.1 Targeting PRMTS5 to overcome AR reactivation............ccccccevveveiiieseennsie e 42
1.7.2 Targeting PRMTS5 for radioSensitization ............cocveeieieneiinnniseeee e 43
1.7.3 Possible approaches to target PRIMTS ..o 43
1.8 Conclusions and the scope of this diSSEration ...........ccccevieii i i 44
CHAPTER 2. PRMT5 ACTIVATES TRANSCRIPTION OF AR IN CRPC.......ccccocvviviiinnns 46
2.1 SUMIMAIY ..ottt ettt bt st e ke e st e e bt e e Rt e ekt e e st e e ebeeembeeabeeenbeenneeenes 46
p2 N 111 o To [0 Tod o] o USRI URTROPRRN 46
2.3 RESUITS ..ottt bbb nre s 47
2.3.1 PRMTS5 promotes growth of CRPC cells via epigenetic activation of AR expression .
................................................................................................................................... 47

2.3.2 Nuclear-localized PRMTS5 promotes cell proliferation and AR expression in prostate
CANCET CEIIS. ..ttt ettt bbb bbb e st et e bt nbenbenbeene e 52
2.3.3 Knockdown of PRMT5 suppresses CRPC tumor growth in mice ........cc.cccevevveenenn. 54
2.3.4 Targeting PRMT5 overcomes resistance to ASI treatment in CRPC cells and tumors.
................................................................................................................................... 55

2.4 DISCUSSION ....vetiteitieteeteesees et sttt bt et e et et et et e s b e b e st e s et e sbe b e sbeabeebe e s e ene et e benbenbenbeareas 60
2.4.1 PRMT5 may regulate AR signaling through multiple mechanisms.......................... 60
2.4.2 Cellular localization can determine the biological effect of PRMT5.............ccceeee. 62
2.4.3 Targeting PRMTS5 as a novel approach for prostate cancer treatment ..................... 63
2.5 Materials and MEtNOUS. ........cc.iiiiiiiiieee e e 64
2.5.1  Cell liNES aNd MBAGENTS ......eevieeieite ettt et et reesae e 64
2.5.2  Plasmid CONSIIUCTION........ueiiiieieerieee ettt enee e e neeenee e 64
2.5.3 Stable cell liNe geNeration...........cocoieiiiiriiieeee e 64
2.5.4  WESEEIN DIOtHING.....ccivieiiiiee et 65
2.5.5  Cell proliferation @SSAY .........cccueiieriiiiieieeite et ste ettt re e 65
2.5.6  Cell CYCIE @NAIYSIS ....ccuoiiiiiiiiiiee s 66
2.5.7 RNA isolation, reverse transcription, and quantitative real-time PCR..................... 66
2.5.8 Chromatin immunoprecipitation (ChIP) ........cccoiiiiiiiii e 66
2.5.9  Xenograft tUmOr groWth .........cooiiiiie e 67
2.5.10 Immunohistochemistry analysis of xenograft tUmors ............ccocerereneienc s, 68



2.5.11  StatiStiCal ANAIYSIS ...c.veivieieeieciee et 68
2.6 Supplemental FigureFigure S2.1. PRMT5 promotes growth of CRPC cells via epigenetic

ACTIVALION OF AR EXPIESSION. ...ttt ettt ettt b e bbb b b ene s 70
CHAPTER 3. PICLN PROMOTES PRMT5-MEDIATED ACTIVATION OF AR
TRANSCRIPTION ...ttt sttt st et e b seebe st e eseabeneeneaseneas 72

I R 101 0 0 0 = 1Y PR TP 72

K B0 101 (oo [0 Tox [ o RSP TT 72

B3 RESUIES. ..ttt nre e 73

3.3.1 MEPS50 is not required for PRMT5-mediated activation of AR transcription in CRPC
(01 £SO 73
3.3.2 plClIn participates in epigenetic activation of AR transcription ..........c.ccoccevvverevennene 76
3.3.3 pICIn may compete with MEPS50 for PRMTS5 binding..........cccoeveieieniieniienen 80
3.3.4 PRMT5 and pIClIn regulate the AR signaling independently of MEPS0 .................. 82
3.3.5 PRMT5 and pIClIn expression positively correlates with AR in CPRC patients....... 84
3.3.6  Knockdown of PRMTS5 or pICIn suppresses CRPC tumor growth in mice............... 88
B B [T 1 1] (oo RSSO 89
3.4.1 PRMTS5 interacts with plCIn to epigenetically activate AR transcription independently
OF IMIEPS0 ...ttt sttt sttt st e bt eene et 89
3.4.2 Competing PRMT5-interacting proteins may alter PRMTS5 activity ..........cc.ccceuee. 90
3.4.3 Targeting interaction of PRMT5 with specific binding partners may provide a better
approach for the CanCer thEraPY .........ccveiiiii e e 91
KT |/ [=11 T T LRSS TP 92
3.5.1  Cell liNeS and MBAGENTS .......eiueeieerieeeite sttt 92
3.5.2  Plasmid CONSIIUCTION........cueiiiiieiieie ettt e ettt enee e e neeenee e 92
3.5.3 Stable cell 1iNe geNEratioN...........ccoviiiiiiie e 93
3.5.4  WESEEIN DIOtHING.....cciviiiiiiiee e 93
3.5.5  Cell Proliferation @SSAY .........coveruerierieriiiiriesieieie ettt bbb 94
3.5.6  Cell CYCIE @NAIYSIS ....cuoiiiiiiciiiieee e 94
3.5.7 RNA isolation, reverse transcription, and quantitative real-time PCR..................... 94
3.5.8 Chromatin immunoprecipitation (ChIP) ........cccoviiiiiiii e 95
3.5.9 Bimolecular fluorescence complementation (BiFC) ..........ccccovvriiiiienenencnenenn 95



3.5.10  Xenograft tUmOr groWLtN ..........ccooiiiieceee e 96
3.5.11 Immunohistochemistry analysis of xenograft tumors ...........cccccccevvevieiieiicvecnenn, 96

3.5.12 Immunohistochemistry analysis of HNPC and CRPC prostate cancer tissue

IMUCTOBITAY'S ...ttt ekttt etttk b bt st e e e e bbb b e b b e s e e e bbbt bt bt e bt e e et e b e b et b e n e 97
3.5.13  Clinical data analySiS.........c.coeiieiiiiieiieie e 97
3.5.14  RNA-SEQ ANAIYSIS .. .icuiiiiieiecie ettt 98
3.5.15  StatistiCal @NalYSIS ........couiiiiiiieie e 99

3.6 SUPPIEMENTAL FIGUIES ..ot 100
CHAPTER 4. ROLE OF PRMT5/MEP50 IN PROSTATE NEUROENDOCRINE
DIFFERENTIATION ...ttt sttt ena et ene st nes 102
4.1 SUMIMAIY .otttk b et b et b ettt b e e bt e e nbe e b e e e e b e e neanne s 102
O 101 oo [0 Tox 1 oo OSSPSR STSRN 102
4.2.1 NEPC is often induced by prostate cancer therapy .........c.cccceecvvveiieeveiiese e 102
4.2.2 PRMT5 and MEP50 are necessary and sufficient for NED in vitro........................ 103
4.2.3 Mouse MOdels OF NEPC ........ccoooiiiiiiee e 104

A3 RESUIES ... ettt e e re e re e 105
4.3.1 PRMTH5 dissociates from AR promoter during NED in Vitro.........c.cccccoevveiieienee. 105
4.3.2 Generation of PB-PRMT5; PB-MEP50 transgenic Mice ...........cccocvevveeeeiecivesnnenne. 107

4.3.3 Co-overexpression of PRMT5 and MEP50 in mice prostate increases proliferation of
EPITNEHAI CRIIS ... 109
4.3.4 Co-overexpression of PRMT5 and MEP50 increases presence of prostate
intraepithelial NEOPIASIA .........cceeiuiiiiiice e 115

4.3.5 Co-overexpression of PRMT5 and MEP50 increases the number of NE-like cells in

IMICE PIOSTALES ....veertetete sttt ettt e bbbt b bt bt e bt et e et e b et e nbenbesbenne s 116
O I T o1 3] o] SRRSO 120
4.4.1 Reprograming of PRMT5 binding to the chromatin during NED..............cccoc.o...... 120
4.4.2 Co-overexpression of PRMT5 and MEP50 in vitro and in Vivo ... 121
4.4.3 Targeting PRMT5/MEP50 as a potential approach for NEPC therapy ................... 122
4.5 Materials and MEthOUS. ........coiiiiiieiee e 122
A.5.1  CeI CUIUIES ...ttt sttt 122
4.5.2 Chromatin immunoprecipitation (ChIP)-gPCR.........cccccoiiiiiiiiiicee e 123



4.5.3 Generation of PB-PRMT5; PB-MEP50 transgenic Mice ...........ccvevevevveneervesnenne 123

4.5.4 DNA isolation for mice genOtYPING .....ccveeereeiieiie e 124
455 GenOtYPING PCR ...t 124
4.5.6  IMMUNONISTOCHEMISIIY ..oovviiiiiiieie e e 125
4.5.7  StatiStiCal @NAIYSIS.......civeiiieiiiiee et e 125
CHAPTER 5.  FUTURE DIRECTIONS ....oooiiietie ettt 127
5.1 SUMIMAIY ...ttt ekttt h et ekt e e st e e sbe e e m b e e b e e e nb e e sbeeanbeesbeesnnaens 127
5.2 Elucidate additional mechanisms of PRMT5 function in CRPC...........cccoecviiiiinennnnne. 128
5.2.1 How does PRMTS5 activate AR transcription in CRPC?........ccccccevvvveieeieccie s 129
5.2.2 What are the target genes of PRMT5 IN CRPC? ........cccooveiiiie i 129
5.2.3 Does PRMTS5 activity contribute to the AR pre-mRNA splicing?...........ccocevvnenne. 130

5.3 Establish if targeting PRMTS5 is an effective approach for prostate cancer treatment ... 131

5.3.1 Do orally available PRMTS5 inhibitors effectively suppress xenograft growth in mice?

................................................................................................................................. 131

5.3.2 Does PRMTS5 targeting suppress growth in other models of prostate cancer?........ 131
5.4 Determine the mechanism of regulation of PRMTS5 activity by PRMT5-interacting proteins
......................................................................................................................................... 132

5.4.1 What are the structures of PRMT5:pICIn, PRMT5:MEP50:pICIn complexes?...... 132
5.4.2 How does the presence of interacting proteins change enzymatic activity of PRMT5?
................................................................................................................................. 133

5.4.3 How do MEP50 and pICIn contribute to the chromatin status? ............c.ccccevevveenee. 133
5.5 Further validate how PRMT5 and MEP50 contribute to NEPC development............... 134

5.5.1 What are the molecular targets and pathways of PRMT5/MEP50 during NED? ... 134
5.5.2 Can co-overexpression of PRMT5/MEP50 on the background of PTEN knockout

PrOMOLE NEPC? ... it e e e e e e e e nnree e 134
5.5.3 Can targeting PRMT5 or PRMT5/MEP50 prevent treatment-induced NED? ........ 135
APPENDIX A. LIST OF ANTIBODIES ...ttt 137
APPENDIX B. LIST OF OLIGONUCLEOTIDES........ccoie ettt 138
APPENDIX C. DATASETS USED FOR MRNA EXPRESSION ANALYSIS ......c.cccocceviean 140
REFERENGCES ......coo oottt sttt sttt sttt et et e se et et et e b e te e e enenne s 141

10



LIST OF FIGURES

Figure 1.1. Mechanisms of PRMT5-driven regulation of AR signaling in prostate cancer. ........ 36
Figure 2.1. PRMTS5 promotes growth of CRPC cells via epigenetic activation of AR expressiond
....................................................................................................................................................... 5

Figure 2.2. AR re-expression restores cell proliferation after PRMT5 knockdown in 22Rv1. .... 52
Figure 2.3. Nuclear-localized PRMT5 promotes cell proliferation and AR expression in LNCaP
L0 I Y PSR TRR 53
Figure 2.4. Knockdown of PRMTS5 or plCln suppresses CRPC tumor growth in mice............... 55
Figure 2.5. Targeting PRMT5 overcomes resistance to ASI treatment in CRPC cells and tumors.
....................................................................................................................................................... 57
Figure 2.6. PRMTS targeting and ASI have some additive effect in 22RV1. ... 59
Figure 2.7. Expression of AR and PRMT5 in 22RV1 XeN0grafts. .........ccocevvviriieienenencieseen 60
Figure 3.1. MEP50 is not required for PRMT5-mediated activation of AR transcription in CRPC
(01 | SRS SRR 74
Figure 3.2. pICIn participates in epigenetic activation of AR transcription...........cccccecevvrvrennnne 77
Figure 3.3. AR re-expression restores cell proliferation after pICIn knockdown in 22Rv1......... 79
Figure 3.4. pICIn may compete with MEP50 for PRMTS5 binding. .......c.ccocevvvevviiiiiecceceee 81
Figure 3.5. PRMTH5 and pIClIn regulate the AR signaling independently of MEP50. .................. 83
Figure 3.6. PRMTH5 and plCIn expression positively correlates with AR in CPRC patients. ...... 86
Figure 3.7. PRMT5 and plIClIn nuclear expression positively correlates with nuclear expression of
AR IN CRPC aNd HNPC LISSUBS. ...c.veviiiiitiiiierieieie ettt sttt seesbesnesrenns 88
Figure 3.8. Knockdown of pICIn suppresses CRPC tumor growth in mice. .........cccocvevvvveieennens 89
Figure 4.1. PRMT5/MEP50 complex is required for NED in LNCaP cells............cccceveiennnnee. 104
Figure 4.2. PRMTS binding to its target genes promoters changes drastically upon NED......... 107
Figure 4.3. Generation Of tranSgENIC MICE. ........cciiviiiiiiiieeiee et 108
Figure 4.4. Ki-67 staining in prostate tissues of PB-PRMT5; PB-MEP50, PB-PRMT5, PB-MEP50,
AN W IMECE. 1ttt b et s e bt e bt e s et bt ekt e st e et e e beenbeeneenbeeneesbeenbeentens 110

Figure 4.5. Co-overexpression of PRMT5 and MEP50 promotes proliferation of prostate epithelial
cells differently in AP, VP, @and DLP.........ccooiiiiiiie st 111

Figure 4.6. Co-overexpression of PRMT5 and MEP50 leads to increase in mouse GU organs
LT[0 o O RUR TSP PSPPI PPN 113

11



Figure 4.7. Representative images of normal prostate glands and PIN. ...........cccccceveviviinnnenee. 115

Figure 4.8. Co-overexpression of PRMT5 and MEP50 promotes PIN development in mouse

PIOSTALES. ...ttt ettt e e 116
Figure 4.9. CgA and NSE staining in prostate tissues of PB-PRMT5; PB-MEP50, PB-PRMTS5,
PB-MEPS0, QNG WT IMHCE. ..eeiiiiieiie ittt ettt ett s e s e bae e e s s bt e e s e s eabbe e e s ssbbaaeessabaaeeeaans 117
Figure 4.10. Co-overexpression of PRMT5 and MEPS50 promotes local NED..............c.cc....... 118

Figure 4.11. PRMTS5 and MEP50 expression tend to correlate with NE markers expression.... 119
Figure 5.1. Proposed model of PRMT5 function in prostate Cancer. .........cccccvcvevevieeseeieesnenne. 128

Figure 5.2. Breeding scheme to generate mice with prostate co-overexpression of PRMT5/MEP50
on the background of prostate-specific PTEN 10SS. ........ccccoviiiiiiiiiiiieseseee e 135

12



aDMA:
ADT:
AKT:
AML:
ANOVA:
AP:
AR:
AR-FL:
AR-V:
ARE:
ASI:
BiFC:
bp:
BPH:

BRCAL/2:

CAMP:
CBP:

cDNA:

CDS-FBS:

CFP:
CoA:
ChlP;

ChlP-seq:

LIST OF ABBREVIATIONS

asymmetrically dimethylated arginine
androgen deprivation therapy
protein kinase B

acute myeloid leukemia

analysis of variance

anterior (lobe of) prostate
androgen receptor

androgen receptor full length
androgen receptor variant
androgen response element
androgen signaling inhibitor
bimolecular fluorescence complementation
base pair

benign prostate hyperplasia
breast cancer (gene) 1/2

cyclic adenosine monophosphate
CREB-binding protein
complementary DNA
charcoal-dextran stripped FBS
cerulean fluorescent protein
chromogranin A

chromatin immunoprecipitation

chromatin immunoprecipitation (with) sequencing

13



CITED2: CBP interacting transactivator glutamine/asparagine rich C-terminal domain 2

COPRS5: cooperator of PRMT5
CREB: CAMP response element-binding protein transcription factor
CRPC: castration-resistant prostate cancer

CYP17Al:  cytochrome P450 family 17 subfamily A member 1

Da: Dalton

DAB: 3,3'-diaminobenzidine

DAVID: database for annotation, visualization and integrated discovery
DEG: differentially expressed gene

DET: differentially expressed transcript
DHT: dihydrotestosterone

DLP: dorso-lateral (lobe of) prostate
DMSO: dimethylsulfoxide

DNA: deoxyribonucleic acid

DNMT: DNA methyltransferase

Dox: doxycycline

DTT: dithiothreitol

EDTA: ethylenediaminetetraacetic acid
EGFR: epidermal growth factor receptor
EMT: epithelial-mesenchymal transition
ERG: ETS-related gene

ETS: erythroblast transformation specific
EZH2: enhancer of zeste homolog 2

FBS: fetal bovine serum

FDA: (US) Food (and) Drug Administration

14



FDR:
GAPDH:
GEM:
GEO:
GO:
HDAC:
HE:
HNPC:

IHC:

IVL:
KEGG:
KLK:
LBD:
LHRH:
MEP50:
MLL:
MMA:
MRNA:
MTAP:
NE:
NED:
NEPC:
NES:

NLS:

false discovery rate

glyceraldehyde 3-phosphate dehydrogenase
genetically engineered mouse

Gene Expression Omnibus

gene ontology

histone deacetylase

hematoxylin (and) eosin

hormone-naive prostate cancer
immunohistochemistry
immunoprecipitation

involucrin

Kyoto Encyclopedia of Genes and Genomes
kallikrein

ligand binding domain

luteinizing hormone-releasing hormone
methylosome protein 50

mixed lineage leukemia
monomethylarginine

messenger RNA
S-methyl-5'-thioadenosine phosphorylase
neuroendocrine

neuroendocrine differentiation
neuroendocrine prostate cancer

nuclear export signal

nuclear localization signal

15



NRG:
NSE:
PARP:
PB:
PBS:
PCR:
PIN:
PMSF:
PNPP:
PPI:

PRC2:

PROTAC:

PRMT:
PSA:
PSMA:
PTEN:
gPCR:
RB1:
RIOK1:
RNA:
RRID:
RT:
SAM:
SC:

shRNA:

non-obese diabetic-Ragl(null)-y chain(null)
neuron-specific enolase

poly (ADP-ribose) polymerase
probasin

phosphate buffered saline
polymerase chain reaction

prostate intraepithelial neoplasia
phenylmethylsulfonyl fluoride
para-nitrophenylphosphate
protein-protein interaction
polycomb repressive complex 2
proteolysis targeting chimera
protein arginine methyltransferase
prostate-specific antigen
prostate-specific membrane antigen
phosphatase and tensin homolog
quantitative PCR

retinoblastoma (protein) 1

right open (reading frame serine/threonine-protein) kinase 1
ribonucleic acid

research resource identifier

reverse transcription
S-adenosylmethionine

scramble control

short hairpin RNA

16



SNRNP:
TMA:
TMRSS2:
TSS:

VC:

VN:

VP:
WDRS:
WHO:
WT:

YFP:

small nuclear ribonucleoprotein

tissue microarray

transmembrane protease, serine 2
transcription start site

Venus fluorescent protein C-terminal part
Venus fluorescent protein N-terminal part
ventral (lobe of) prostate

WD repeat domain 5 (protein)

World Health Organization

wild type

yellow fluorescent protein

17



ABSTRACT

Prostate cancer is one of the most frequently diagnosed cancers and the second leading
cause of cancer-related deaths in male population. While localized prostate cancer can be
successfully treated with surgery or radiation therapy, the metastatic disease has no curable options.
Metastasis can be developed as a result of failed therapy of localized cancer or present at initial
diagnosis. As metastasis is the most common cause of prostate cancer-related death, developing
novel approaches and improving the efficiency of existing therapies for the metastatic prostate
cancer treatment will significantly improve patients’ survival.

The first-line treatment option for metastatic prostate cancer and localized prostate cancer
with high risk of recurrence is androgen deprivation therapy (ADT) that decreases androgen
receptor (AR) signaling. However, targeting AR signaling inevitably leads to AR reactivation and
cancer progression to the castration-resistant prostate cancer (CRPC) that has no curable treatment
options. Moreover, about 30% of CRPC cases progress to neuroendocrine prostate cancer (NEPC),
highly aggressive and lethal type of prostate cancer.

Recently my group has shown that protein arginine methyltransferase 5 (PRMT5) functions
as an activator of AR expression in hormone-naive prostate cancer (HNPC). In this dissertation, |
demonstrate that PRMTS5 also functions as an epigenetic activator of AR transcription in CRPC via
symmetric dimethylation of H4R3 at the AR promoter. This epigenetic activation is dependent on
pICIn, a PRMTS5 interaction partner involved in spliceosome assembly, and independent of MEP50,
the canonical cofactor of PRMT5. PRMT5 and pICin, but not MEP50, were required for the
expression of AR signaling pathway genes. In clinical samples of both HNPC and CRPC, nuclear
PRMTS5 and plClIn protein expressions were highly positively correlated with nuclear AR protein
expression. In xenograft tumors, targeting PRMTS5 or plCln significantly decreased tumor growth
and AR expression.

Overall, this work identifies PRMT5/pICIn as a therapeutic target for HNPC and CRPC

treatment that needs to be further evaluated in clinical setting.
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CHAPTER 1. INTRODUCTION

Fragments of the following chapter were submitted for publication in Cancer Gene Therapy as a
part of review article but were not published at the time of dissertation deposit.

1.1 Prostate in normal organism

1.1.1 Prostate function and structure

Prostate is a male reproductive gland that contributes to the production of seminal plasma
via secretion of alkaline fluid containing proteins such as prostate specific antigen (PSA) and other
kallikreins, metabolites such as citrate and spermine, trace elements such as zinc, and other factors
[1]. Prostatic secretion alongside with the secretions of other male accessory glands (seminal
vesicles and bulbourethral glands) is necessary for the sustaining of proper function of sperm cells
and male fertility [1].

The prostate gland surrounds the proximal urethra close to the base of the bladder and is
often described as “walnut-shape” organ [2]. Normal healthy prostate has size of approximately
3 x 3 x5 cm. There are three glandular zones in the prostate that differ by the embryological origins
and can be defined via histological and anatomical markers: central, transitional, and peripheral
zones [2,3]. Peripheral zone makes up approximately 70% of the prostate organ volume while the
rest 20% and 10% of volume contain transitional and central zone, correspondingly. The
importance of the distinction of these three zones is underscored by the differential emergence of
prostate-associated diseases: benign prostatic hyperplasia (BPH, the common age-associated
benign enlargement of the prostate) arises exclusively in the transitional zone while the prostate
carcinoma mostly arises in the peripheral zone [3].

In terms of microscopic anatomy and cell types composition, prostate consists of epithelial
cells that form glands and perform secretory function, and stromal cells that support the epithelial
cells via paracrine signaling and are critical for the normal prostate development [4]. Stroma
consists of resident mesenchymal cells, several types of immune cells, nerves, and extracellular
matrix proteins [5].

Within the epithelial compartment, there are three major cell types: basal (expressing

cytokeratin 14 and p63), luminal (expressing cytokeratin 8 and prostate-specific markers such as

19



Nkx3.1), and neuroendocrine (NE, expressing markers chromogranin A (CgA) and neuron-
specific enolase (NSE) among others) [6]. Luminal cells are the major secretory compartment of
the prostate, while basal cells support luminal cells phenotype and gene expression [6]. NE cells
make up to less than 1% of normal prostate cellular content and possess hybrid features of
epithelial, neural, and endocrine nature. These cells secrete various products, including, but not
limited to, serotonin, chromogranin peptides, calcitonin, neuropeptide Y, somatostatin, and
bombesin/gastrin releasing peptide [7]. NE cells cannot be identified via conventional hematoxylin
and eosin staining (HE), instead, they can be detected with immunochemistry staining. NE cells
bear long dendrite-like projections that extend to the nearby epithelial cells. Thus, it was
hypothesized that NE cells perform regulatory function to support luminal cells via paracrine
mechanism [7].

Interestingly, prostate epithelium cells produce energy via glycolysis, the property usually
attributed to cancer cells and not cells of the healthy organism. Thus, prostate epithelium and blood

cells are the only cells of healthy organism to produce energy using glycolysis pathway [1].

1.1.2 Hormonal signaling in normal prostate

Androgen/androgen receptor (AR) signaling is crucial for the prostate development and the
maintenance of prostate epithelium in adult prostate [8]. Luminal epithelium and stromal cells
express AR while basal epithelium cells are mostly AR-negative [8].

In mammals, there are two naturally occurring agonists of AR: testosterone, which is the
primary androgen produced by testes, and dihydrotestosterone (DHT), which is more potent in
terms of AR activation [9]. Testosterone is converted to DHT by the enzyme 5a-reductase in the
prostate. During the prostate development, activated by the DHT AR in the stroma of embryonic
urogenital sinus initiates prostatic development via paracrine signaling [10]. The lack of functional
5a-reductase in urogenital sinus results in the abnormal development of extremely small prostate
that does not have prostate epithelium [11] while inactivating AR mutations or AR knockout
completely abolish the formation of prostate [12].

In the adult prostate, AR signaling promotes maintenance of the prostate epithelium [13].
Normally, about 2% of prostate epithelium cells die every day, and this rate of cell death has to be
compensated by cell proliferation [14]. Castration, leading to drastic reduction of serum

testosterone and DHT, results in apoptotic death of approximately 70% of prostate epithelium

20



luminal cells although stromal and basal epithelium cells survive, and notably, stromal cells
express AR indicating that androgens are not required for the maintenance of stroma [13]. Thus,
prostate epithelium maintenance requires AR-dependent signaling from stromal cells, and in the
epithelial cells AR signaling activates secretion of metabolites and proteins described above [15].

AR belongs to a superfamily of nuclear steroid receptor transcription factors. In the absence
of agonists, AR is inactive and bound to the cytoplasmic chaperone proteins such as heat shock
protein 90 [16]. The binding of agonists causes conformational change resulting in the dissociation
of chaperones, exposure of nuclear localization signal (NLS), dimerization of AR, and nuclear
transportation of the dimer [17]. In the nucleus, AR dimer binds to the regulatory elements of genes
(androgen response elements, ARE) to regulate the transcription of its target genes [18] such as
PSA and TMPRSS2.

Structurally, AR protein has three functional domains: (1) N-terminal domain required for
transcriptional activation by AR; (2) a zinc finger DNA-binding domain; and (3) C-terminal
ligand-binding domain that are encoded by 8 exons of the AR gene located on the X chromosome
[19]. Ligand binding to the ligand-binding pocket of AR changes the conformation of receptor to
simultaneously promote interaction between N- and C- termini and DNA-binding domains of two
AR molecules, expose the NLS located next to DNA-binding domain, and allow binding of co-
activators such as p300 to the N-terminal domain. Interaction with co-activators causes chromatin
to shift into more open conformation at target genes regulatory elements thus facilitating the
transcription of target genes [20]. Although the mechanism of gene transcription activation by AR
is well characterized, AR can also facilitate transcriptional repression through a less described
mechanism [15]. Understanding of the mechanism of AR function both in healthy prostate and

disease stimulated development of AR-targeted therapies for the treatment of prostate cancer.

1.2 Prostate cancer

1.2.1 Prostate cancer statistics

Prostate cancer is the most frequently diagnosed non-skin cancer in males in United States
[21]. In American men population, prostate cancer is diagnosed in 1 out of 5 of all new cancer
cases [21]. Prostate cancer disproportionally affects people of African descent: Black people have

the highest prostate cancer mortality rate among all races [22]. Other risk factors for prostate cancer
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include age (majority of prostate cancer cases is diagnosed in men over 65 years old), family
history, and to less extent factors like diet, obesity, and smoking [23,24]. Although significant
progress of prostate cancer treatment has been made over the past 20 years decreasing the death
rate by approximately 52% (compared to 1993), the 5-year survival rate for patients with distant
metastasis is only 30%, and prostate cancer remains a second-leading cause of cancer death in men
in US [21]. In contrast, the 5-year survival rate for localized and regional prostate cancer among
all the races is over 99%. Thus, understanding the molecular mechanisms underlying the
development and survival of metastatic prostate cancer and improving the efficiency of existing

treatments and developing novel approaches for metastatic disease are urgently needed.

1.2.2 Prostate cancer diagnosis

Prior to 1980s, prostate cancer was mainly diagnosed through the observation of clinical
symptoms such as local pain, urinary and sexual dysfunction combined with digital rectal exam.
Lack of robust diagnostic system often caused a late diagnosis. Discovery of PSA presence in the
serum of prostate cancer patients in 1980 [25] led to the development of PSA test systems that are
widely used nowadays for early prostate cancer diagnosis. In case of healthy prostate, PSA can be
detected mostly in prostate tissue and seminal plasma with serum concentration typically below
2.5 ng/mL. For PSA levels 2.5 ng/mL to 4 ng/mL, it is usually up to a healthcare provider to assign
further testing based on the patient’s condition. PSA level of 4 ng/mL and higher usually indicates
a need for more detailed testing possibly including biopsies, imaging, genetic tests and others. PSA
level of >10 ng/mL indicate ~50% probability of prostate cancer presence [26].

If a biopsy is recommended, the prostate tissue gets examined, and in case of prostate
cancer detection, a grade will be assigned to determine further treatment option. Since the
development by Donald Gleason in 1966, Gleason scoring system (with modifications) remained
a cornerstone of prostate cancer management. In this system, the grade is assigned to the prostate
cancer tissue based on the glandular morphology and a level of differentiation within the tissue
[27]. Tissues with the score of 6 and below are well-differentiated (low-grade), 7 is moderately-
differentiated, and 8 to 10 are poorly differentiated. However, Gleason score cannot be applied to
the samples from distant metastasis of prostate adenocarcinoma. If there is a chance of prostate

cancer spreading outside of prostate, additional imaging (ultrasound, magnetic resonance imaging,
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bone scans, etc.) can be performed to determine the TNM score of cancer. TNM score describes
the primary tumor (T), spread to closely located lymph nodes (N), and presence of metastasis (M).

Prostate cancer progresses from clinical stage from | to stage IV. Stage | prostate cancer is
located in a part of the prostate, stage Il tumors typically spread in more than one part of prostate,
stage Il indicates cancer growth in nearby tissues but not the lymph nodes, and stage IV means
cancer growth in lymph nodes and other organs. Most common sites for prostate cancer metastasis
are bones, lungs, and bladder. Clinical staging combined with other factors will largely determine
the necessary treatment for the prostate cancer.

1.2.3 Prostate cancer treatment

The choice of treatment for every stage of prostate cancer is based on the risk of recurrence.
“High-risk” tumors have a high probability to recur even after the successful local therapy [28].
The updated The National Comprehensive Cancer Network guideline stratifies following risk
groups: very low, low, intermediate favorable, intermediate unfavorable, high, and very high.
Stratification of patients into risk groups is based on combination of TNM score, Gleason score,
and PSA level.

Clinical stages of prostate cancer | to Ill (localized disease) are usually managed using
active surveillance (for “low-risk” prostate cancer), or radical prostatectomy and radiation therapy,
often combined with androgen deprivation therapy (ADT) for “high-risk” prostate cancer [28,29].
Localized prostate cancer recurs in ~35% of cases and progresses to metastatic disease, which is
treated with ADT.

The effect of androgen deprivation on the prostate cancer was first described by Charles
Huggins and his student Clarence Hodges at the University of Chicago in 1941. Huggins and
Hodges treated prostate cancer patients with either surgical castration or estrogen injection and
observed a reduction of the tumor growth [30]. Twenty-five years later, for this landmark
discovery Charles Huggins was awarded a Nobel Prize in Physiology and Medicine. At the time,
the discovery was particularly important as the PSA test was not developed yet, and majority of
patients were present at late stage, often with metastatic disease. Since this breakthrough, various
methods for the suppression of circulating androgens production were developed in addition to
initially used surgical castration and estrogens treatment, both of which cause significant adverse

effects and decrease patients’ quality of life.
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Testosterone is mainly synthetized in testes (much smaller portion is produced in adrenal
cortex) in response to luteinizing hormone, production of which by pituitary gland is controlled by
luteinizing hormone-releasing hormone (LHRH) produced in hypothalamus. Both LHRH agonists
and antagonists are used to suppress the production of testosterone. The use of LHRH agonists for
the suppression of androgen production by testes is possible because of the negative feedback loop
regulation: high levels of testosterone reduce production of LHRH and luteinizing hormone. In
case of this therapy, androgen suppression is delayed by nearly 2 weeks. Additionally, about 10%
of patients treated with LHRH agonists experience sharp increase of testosterone level (so called
“flare’’) due to the initial increase of luteinizing hormone level. Flare causes patients to experience
bone pain and troubles with urinating [31]. Patients with high risk of clinical complications due to
the androgen flare are typically treated with LHRH antagonists: LHRH antagonists are able to
decrease androgen production within hours [32]. Nonetheless, both LHRH agonists and
antagonists do not affect production of androgens by the adrenal cortex thus decreasing the
efficiency of androgen level suppression.

Another approach to decrease the level of circulating androgens involves direct inhibition
of enzymes that participate in the cascade of reactions converting cholesterol to testosterone.
Steroid 17-[alpha]-hydroxylase/17,20 lyase (CYP17A1) is an enzyme involved in the critical step
of androgen biosynthesis and thus is a prominent target for the androgens level control [33].
Abiraterone acetate, a potent CYP17ALl inhibitor, was first approved by FDA for the prostate
cancer therapy in 2011. Notably, abiraterone acetate treatment blocks both testicular and adrenal
cortex production of androgens.

Finally, androgen signaling can be decreased by directly preventing binding of androgens
to AR and preventing AR translocation to the nucleus. These compounds are often called “anti-
androgens”; several generations of anti-androgens have been developed to date [34]. Although
bilateral orchiectomy remains in use worldwide, medical castration is used instead if possible, due
to the psychological effect and impact on the quality of life of surgical castration [35].

Beyond ADT, treatment options for metastatic disease are limited due to the emergence of
cancer resistance that | will discuss below. Often existing therapies for prostate cancer post-ADT
step will include cytotoxic agents for chemotherapy. The most commonly used agents are taxanes
docetaxel and cabazitaxel that stabilize microtubules and thus disrupt cell division, topoisomerase

inhibitor mitoxantrone that intercalates into DNA and cross-links it, and estramustine that disrupts
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microtubules [36]. However, chemotherapeutics often cause multiple significant adverse effects,
such as hair loss, nausea, diarrhea, and fatigue, among others, and provide improvement of overall
survival by only a few months [36].

Additionally, Sipuleucel-T, radium-223 dichloride, and PARP inhibitors are used for
certain patients alone or in combination with ADT or chemotherapy. Autologous cellular
immunotherapeutic vaccine Sipuleucel-T is used for prostate cancer that is post-ADT but does not
show significant cancer-related symptoms [37]. It should be noted that, overall, prostate cancer
cells express relatively low amount of tumor neo-antigens thus causing prostate cancer cells to be
less responsive to the immune checkpoint therapy [38]. Radium-223 dichloride is used for the
treatment of patients with only bone metastasis (no signs of visceral metastasis) as this radioactive
compound is selectively accumulated in bones similarly to calcium [39]. Poly (ADP)-ribose
polymerase (PARP) inhibitors olaparib and rucaparib are most beneficial for patients with
mutations in genes involved in the repair of DNA such as BRCA1 and BRCA2 and other defects
in DNA damage repair system. In fact, in May 2020 FDA approved the use of PARP inhibitors for
patients with metastatic disease post-hormonal therapy. Olaparib was approved for patients with
mutations in any out of 14 homologous recombination genes, and rucaparib was approved for
patients with mutations in BRCA1 or 2 [40].

Overall, ADT is the mainstay of prostate cancer therapy, being the first-line treatment
option for metastatic disease and used in combination with radiation or surgery for high-risk non-
metastatic disease. Thus, improving ADT outcomes and reducing side effects will have a major

impact on prostate cancer patients’ quality of life and survival.

1.3 ADT leads to the deadly terminal stage of prostate cancer

ADT exploits the unique dependence of prostate cancer cells on the androgen/AR
signaling. Decreasing the serum levels of circulating androgens to the <50 ng/dL (1.74 nmol/L),
the level achieved by surgical castration, significantly slows the tumor growth and alleviates
cancer-related symptoms, although patients can experience decreased bone density, sexual
dysfunction, and hot flashes. In spite of initial response, in 18-35 months prostate cancer inevitably
progresses despite the castrate level of serum androgens [41]. At this stage, the disease is called
“castration-resistant prostate cancer” (CRPC) and is incurable. This is opposed to the prostate

cancer pre-ADT that responds to the ADT well. At this pre-ADT stage prostate cancer is called
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“hormone-naive prostate cancer” (HNPC). CRPC was also historically referred to as “hormone-
refractory” or “androgen-independent”, based on the presumption that tumors maintain androgens
level as low as serum. Later discoveries suggest that CRPC tumors often maintain active AR
signaling lead to revision of this concept and corrected disease name.

1.3.1 AR signaling in therapeutic resistance during CRPC progression

Prostate cancer cells are able to overcome low levels of androgens and continue to
proliferate. Often tumors maintain active AR signaling even with the low level of serum androgens
while a smaller fraction of tumors evade ADT through non-AR related mechanisms [42]. This
maintenance of active proliferation in prostate cancer cells is possible due to AR signaling
reactivation that can occur via multiple mechanisms.

CRPC tumors tend to maintain higher expression of AR protein compared to normal
prostate tissues and HNPC tumors [43]. This, in turn, is also possible due to several mechanisms.
First, AR gene amplification is observed in 50-70% of CRPC cases and is extremely rarely
observed in HNPC tumors [44,45]. Second, long-term androgen depletion can lead to the
upregulation of AR mRNA resulting in increased AR protein expression [46]. Several authors
proposed alteration of miRNAs regulating AR mRNA in CRPC, also leading to increased AR
MRNA and protein expression [47-49]. Overall, high levels of AR protein hypersensitizes CRPC
cells to the low castrate serum levels of androgens [46].

In addition to alterations leading to increased AR protein, CRPC tumors often bear
activating point mutations of AR causing AR protein to be activated by weaker ligands such as
testosterone and other steroid hormones (estrogen, progesterone, and glucocorticoids among
others) or even get activated by antagonists (enzalutamide and bicalutamide). Activating AR
mutations can be found in up to 20% of CRPC tumors [50]. The most common activating AR
mutations include T878A or S, H875Y and L702H; these mutations can be observed in patients
treated with abiraterone and anti-androgens, and these mutations cause AR responsiveness to
antagonists and mentioned above ligands [51].

The function of AR as transcription factor is modulated by the interaction of AR with co-
activators and co-repressors. Over 150 of such co-regulators were identified for AR, and

dysregulation of co-activators and co-repressors has been implicated in the CRPC progression
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[20,52]. Often, AR co-activators are upregulated while co-repressors are downregulated, thus
allowing AR to continue signaling in the low level or androgens [53].

While serum testosterone level in patients post-ADT drops drastically, the prostate and
metastatic tumor levels of androgens may remain as high as 20% of androgens level before
treatment [54]. Prostate cancer cells are able to synthetize androgen precursors and convert them
to DHT. CRPC cells have several folds elevated levels of enzymes required for these reactions
compared to HNPC cells [55]. Although abiraterone treatment inhibits the key enzyme of androgen
synthesis, CYP17A1, CRPC cells can bypass this inhibition via expression of AR with gain-of-
function mutations, elevated levels of CYP17Al, and expression of ligand-independent
alternatively spliced variants of AR.

The alternatively spliced variants of AR (AR-Vs) lack ligand-binding domain and are able
to remain in active state in terms of nuclear translocation and transcription activation even in the
absence of androgens. Currently, over 20 of AR-Vs were described in prostate cancer cell lines,
xenograft tumors, and patients samples [56,57]. Some of these variants have disruptions in NLS
(mapped to exon 3 and 4) and tend to remain cytoplasmic [58]. However, other variants are able
to translocate into the nucleus and function as transcription factor. Very low levels of mRNA for
these variants can be detected in HNPC samples, but CRPC samples contain high levels of AR-Vs
MRNA and protein [44,59].

Out of the AR variants, AR-V7 (also sometimes referred to as AR3) has particular clinical
significance. AR-V7 can be detected in 18-28% of CRPC tissues [60], and AR-V7 high expression
indicates poor patients’ prognosis [60]. Tumors that express AR-V7 are more resistant to the anti-
androgen treatment. Although AR-V7 lacks NLS from exons 3-4, it actively gets translocated to
nucleus. It was suggested that unique C-terminus of AR-V7 translated from cryptic exon 3 of AR
gene contains NLS-like sequence [61]. It is still debated whether AR-V7 and other AR-Vs activate
unique sets of genes, or the same as full-length AR (AR-FL), or both [62-64].

Given that targeting LBD of AR is ineffective for prostate cancer tumors with AR-Vs
expression [65], there is a need for novel therapeutic approaches to target all AR variants. One
possible approach is targeting AR expression via AR protein degradation; such targeting
suppressed prostate cancer cell growth in several pre-clinical studies [66,67]. An AR degrader

utilizing proteolysis targeting chimeras (PROTAC) technology is currently in a Phase | clinical
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trial [68]. However, targeting AR signaling can be hampered by emergence of neuroendocrine
differentiation (NED).

1.3.2 Neuroendocrine differentiation (NED) in therapeutic resistance of prostate cancer

NED allows prostate cancer cells to bypass suppression of AR signaling during ADT and
to maintain cell proliferation and survival. During NED, prostate cancer cells that usually
demonstrate prostate luminal features [69] lose characteristic for prostate luminal cells AR/PSA
expression and acquire features that can be observed in normal NE cells such as expression of CgA
and NSE [7]. Due to this similarity, prostate cancer cells that acquired NE features are often called
NE-like cells. But, as opposed to normal prostate NE cells expressing basal markers such as
cytokeratin 5, prostate cancer NE-like cells express luminal cytokeratin 18 and other luminal
markers but lack basal markers [7]. These observations, along with genetics studies in prostate
cancer tumors showing that genetic aberrations are conserved between adenocarcinomas and
prostate tumors with NED, demonstrate that NE-like cells of prostate cancer might have luminal
origin [70].

However, the cellular origin of both NE-like cells and adenocarcinoma is still being heavily
debated [71,72] with evidences suggesting that both luminal and basal cells can serve as cells or
origin for adenocarcinoma or NE-like cells as demonstrated in genetically-engineered mouse
(GEM) models [73,74] and organoid culture [75,76].

As NE-like cells do not express AR and are not dependent on the AR signaling, they can
survive ADT and function at the castrate level of androgens. Furthermore, NE-like cells, due to
the endocrine ability, can maintain proliferation of tumor cells in paracrine manner. This ability is
highlighted by the observation that NE-like cells grafted in the flank of castrated mice stimulated
the growth of LNCaP xenografts in the opposite flank [77]. Additionally, NE-like cells are resistant
to apoptosis [78] and promote apoptotic resistance in the surrounding cells [79]. Thus, emergence
of NE-like cells and associated neuroendocrine prostate cancer (NEPC) presents a significant

therapeutic challenge.
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1.3.3 NEPC is the most aggressive form of prostate cancer

NEPC is a broad term used to describe a spectrum of prostate cancer conditions with NE-
like cells presence which can get confusing. According to the World Health Organization (WHO),
NEPC tumors can be classified into five subtypes: (1) adenocarcinoma with NE features (positive
for AR and PSA as normal adenocarcinoma but with elevated presence of NE-like cells); (2)
adenocarcinoma with Paneth-like cells NED (characterized by the presence of cells demonstrating
NE-like features and at the same time resembling Paneth cells of small intestine due to the presence
of eosinophilic granules); (3) carcinoid tumor (true “pure” NE tumor); (4) small cell carcinoma
(characterized by the presence of small cells with high nuclear to cytoplasmic ratio and nuclear
fragility); and (5) large cell NE carcinoma (rare type characterized by the presence of large groups
of cells with abundant cytoplasm and high mitotic rate) [80]. In practice, patients can be present
with tumors that do not exactly fit in the WHO classification such as mixed NE
carcinoma/adenocarcinoma and demonstrate a spectrum of both usual adenocarcinoma and NE
features often with distinct boundaries for each tumor type [81,82].

NEPC can develop spontaneously but these cases of carcinoid tumors are extremely rare,
representing less than 2% of prostate cancer cases, and tend to be extremely aggressive with overall
patients survival of less than a year [83]. Most often NEPC develops after the course of ADT, with
estimation of up to 30% of CRPC cases showing NED [84]. As NEPC cells express low levels of
AR and PSA, the prostate cancer progression to NEPC is easy to overlook when using PSA test.
Furthermore, it was suggested that increased use of androgen signaling inhibitors (ASIs)
abiraterone acetate and enzalutamide may promote NED and NEPC progression [85,86].

NEPC is the most lethal subtype of prostate cancer [87]: compared to adenocarcinoma with
median survival of about 10 years (often attributed to old age and not to the disease itself), the
median survival length for NEPC patients is only 7 months [88,89]. There are no curative treatment
options available for NEPC patients. Current therapeutic approaches include taxanes (cabazitaxel
and docetaxel) and platinum-based chemotherapy regimen, however, these treatment options
prolong patients’ survival by only 3-5 months and are associated with high toxicity [90].

Interestingly, ADT is not the only way to induce NEPC in prostate cancer. Previously, my
group has demonstrated that prostate cancer cells can transdifferentiate into NE-like phenotype
when exposed to ionizing radiation mimicking radiation therapy [91,92]. It was also shown that
multiple agents can induce NED in prostate cancer cell culture [93]. Importantly, NED is not
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exclusive for prostate cancer: for example, lung cancer cells post-EGFR inhibitors therapy are able
to undergo shift to a small cell phenotype which is also associated with mutations and
downregulation of EGFR [94]. Taken together, these evidences suggest that NED can be a

common mechanism of therapeutic resistance in cancer.

1.3.4 Genetic aberrations in CRPC and NEPC

As | mentioned above, genetic studies of AR-driven CRPC tumors and NEPC tumors
indicate the divergent evolution of NEPC cells from CRPC cells [95]. That is, NEPC cells share
multiple genetic aberrations with CRPC cells but have distinct epigenetic landscapes [96].

Phosphatase and tensin homologue (PTEN) tumor suppressor inactivation is one of the
most common alterations for primary prostate cancer, CRPC, and NEPC [97]. Most often, PTEN
inactivation is mediated by PTEN gene loss, however, in some cases inactivation is connected to
PTEN mutations and epigenetic silencing (Cancer Genome Atlas). Frequency of PTEN
inactivation is positively correlated with the tumor Gleason score and prostate cancer stage [98],
and homozygous PTEN deletion is often observed in metastatic prostate cancer [99]. Inactivation
of PTEN leads to the activation of PI3K/Akt signaling pathway and bypass of G; cell cycle check-
point [100]. In GEM model, prostate-specific deletion of PTEN led to the quick development of
metastatic prostate cancer [101].

PTEN inactivation is often associated with ETS fusions [45]. Fusions of genes of ETS
family with androgen-regulated genes are very common in all types of prostate cancer [102]. Out
of these rearrangements, fusion of prostate-specific androgen-regulated gene TMPRSS2 and ERG,
transcription factor from ETS family, is present in nearly 50% of all prostate cancer cases [102].
Mechanistically, presence of this fusion leads to aberrant androgen-dependent activation of ERG,
promoting prostate cancer cells proliferation. At the same time, ERG overexpression suppresses
NED and promotes AR signaling in GEM [103]. Interestingly, ERG rearrangements are unique
for prostate cancer and can be used for the identification the origin of metastatic tumor [104].

Another tumor suppressor often lost in advanced prostate cancer is TP53; this loss is
detected in 66.7% of NEPC and 31.4% of CRPC [105]. In GEM model, inactivation of p53 alone
led to the development of prostate intraepithelial neoplasia (PIN, the first step of prostate cancer
development) [106] suggesting that additional genetic rearrangements are required to initiate

prostate cancer. Notably, double inactivation of PTEN and p53 in GEM model led to the
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development of prostate tumors with spectrum of NE-like features which was not observed in mice
with PTEN inactivation only [107].

Loss of tumor suppressor RB1 is detected concurrently with TP53 loss in over 50% of
NEPC cases and only 13% of CRPC cases [105]. Moreover, concomitant inactivation of RB1 and
TP53 promoted formation of tumors with NE-like features in GEM model [108] suggesting
cooperative loss of these tumor suppressors in NED.

MYC and N-Myc were both implicated in the prostate cancer progression and lineage
plasticity [109]. MYC is a positive regulator of AR transcription and a prominent oncogene in
prostate cancer [110]. MYC is frequently amplified in both CRPC and NEPC, indicating that this
transcription factor is required in the earlier progression of prostate cancer [109]. On the opposite,
expression of N-Myc (encoded by MYCN gene) is higher in NEPC compare to non-NE-like tumors
of prostate [111]. N-Myc simultaneously interacts with AR and EZH2 to promote transcriptional
repression of AR target genes during prostate cancer neuroendocrine differentiation [111].

Overall, a plethora of studies attempted to described the role of PTEN, RB1, p53, Myc
family factors, and the combinations in progression of prostate cancer [106,108,111-113] showing
that as little as two of these factors can be required for some induction of NED. One recent study
examined in details the role of all 4 of these factors by “one-out” principle [76]. This study has
shown that MYC overexpression and PTEN inactivation are required for tumor formation while
RB1 and TP53 inactivation are required for NED. Combination of MYC overexpression, PTEN,
RB1, and p53 inactivation led to induction of tumors with strong NE-like features, and this is
common for NED in prostate and lung cells. Interestingly, MY C overexpression led to more robust
induction of NED than N-Myc overexpression (from a personal conversation at the SBUR
meeting, unpublished).

Discovery of master regulators of mentioned above aberrations will allow to design novel
therapeutic approaches for NEPC and CRPC treatment. Importantly, as many genetic aberrations
are shared between CRPC and NEPC while these two cancers demonstrate distinct phenotypes, it

is likely that epigenetic regulation plays critical role in progression of CRPC to NEPC.
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1.4 Protein arginine methyltransferase 5 (PRMTD5) in healthy organism and cancers

1.4.1 PRMTS5 enzymatic function

PRMTS5 belongs to a family of protein arginine methyltransferases (PRMTS), the enzymes
catalyzing transfer of the methyl group from S-adenosylmethionine (SAM) donor on the arginine
residues of various proteins [114]. Methylation of the arginine residue does not change the charge
of the residue but increases hydrophobicity and the size of the residue, decreases the potential of
the arginine guanidyl group to form hydrogen bonds with its partners, thus affecting protein-
protein, protein-DNA, and protein-RNA interactions of the substrate protein [115].

Guanidine group of the arginine residue has two terminal (o) nitrogen atoms and one 6
atom available for methylation resulting in total 5 possible positions for methylation. Based on the
ability to methylate certain nitrogen atoms in the arginine, PRMTs are classified into 4 types: (1)
type | PRMTs catalyze formation of ®-N®-monomethylarginine (MMA) and ®-N® N®-
asymmetric dimethylarginine (aDMA); (2) type II PRMTs catalyze formation of MMA and o-
NC NC-symmetric dimethylarginine (SDMA); (3) type 11l PRMTs catalyzes only formation of
MMA,; and (4) type IV PRMTs catalyze formation of 6-N-monomethylarginine [116]. Type 1V
PRMTs can be found only in yeasts. In humans, 9 PRMTs were identified: PRMT1, 2, 3, 4, 6, and
8 are type I, PRMT5 and 9 are type 11, and PRMT?7 is the only type 111 PRMT.

In terms of substrate preference, sequences rich in glycine and arginine (RG/RGG motifs)
are most commonly identified for PRMTSs [117] with the exception of PRMT4 preferring proline,
glycine, and methionine-rich motifs, and PRMT7 preferring arginine-any aminoacid-arginine
motifs in lysine-rich surroundings [118]. PRMTS5 is a distributive (non-processive) enzyme which
means that after the first methylation reaction monomethylated product is released, and

dimethylated product is formed in the second independent reaction [119].

1.4.2 PRMTS5 regulates various cellular processes

PRMT5-driven methylation is implicated in a variety of processes related to development,
healthy organism homeostasis, and disease state. PRMT5 homologues can be found in all
eukaryotic species [120]. PRMTS5 knockout in mice is embryonic lethal, indicating significant role
of PRMTS5 in developing organism. It was demonstrated that PRMT5 is important for embryonic
stem cell pluripotency [121]. Tissue-specific knockout identified role of PRMTS5 in nervous,
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muscular, and reproductive system and hematopoiesis [122]. PRMTS5 expression is higher during
the embryonic developmental stages and lower in most normal tissues in adults [121]. PRMTS5 has
been linked to multiple cancers, including breast cancer, colon cancer, leukemia, lung cancer,
lymphoma, melanoma, pancreatic, and prostate cancer [122,123], and high PRMT5 expression
correlates with worse patient overall survival prognosis and clinical outcomes [124,125].

Through the symmetric dimethylation of histones [114,120,126] and multiple signaling
molecules [126] PRMTS5 epigenetically and post-translationally regulates cell proliferation and
differentiation, cell cycle progression, DNA damage response (DDR), and cell death
[114,120,126]. PRMT5 methylates histones H2AR3 (H2AR3me2s), H3R2 (H3R2me2s), H3R8
(H3R8me2s), and H4R3 (H4R3me2s), and various signaling molecules such as NF-kB, EGFR,
p53, and others.

In general, PRMTS5 is considered an epigenetic repressor of target gene transcription via
symmetric dimethylation of histones H4R3, H3R8, and H2AR3 [114,120,126], however, recent
studies demonstrate that PRMT5 can function as activator of gene transcription via symmetric
dimethylation of H3R2, H3R8, and H4R3 [127-129].

1.4.3 Regulation of PRMTS5 activity and target gene expression by interacting proteins

PRMTS5 enzymatic activity is low in the absence of its interacting proteins. Methylosome
protein 50 (MEP50) is believed to be a critical PRMT5 cofactor facilitating substrate recognition
and positioning of substrate peptide via interaction with the N-terminal region of PRMT5
[119,130]. PRMT5 and MEP50 form a unique heterooctameric complex with 4 PRMT5 and 4
MEP50 molecules [119].

PRMTS5 can interact with several proteins in addition to MEP50, and these interacting
proteins may regulate the enzymatic activity and substrate specificity [131-135]. Studies utilizing
purified recombinant proteins suggest that MEP50 is an obligate cofactor of PRMT5 required for
methyltransferase activity while proteins such as RioK1 and pICln alter substrate specificity
[132,135]. However, in the context of prostate cancer, pIClIn [136] but not MEP50 [137] mediates
PRMTS5 activity towards histones at the promoters of PRMT5 target genes.

Recently, my group demonstrated that PRMT5 and pICIn bind to the promoters of multiple
DNA damage response genes to symmetrically dimethylate histone H4R3, and this recruitment of

PRMTS5/pICIn and histone methylation is enhanced upon DNA damage [136]. Mechanistically,
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while overall expression of pICIn and MEP50 did not change upon DNA damage, subcellular
distribution of pICIn and MEP50 changed oppositely: pICIn accumulated in the nucleus while
MEPS50 localized in the cytoplasm.

As plCIn and MEP50 can both enhance PRMTS5 activity and H4R3 methylation is involved
in both activation and repression of target gene expression [114,120,126,136], the composition of
its interacting proteins may likely determine the activation or repression of PRMT5 target gene
expression. Indeed, MEP50, pICIn, and PRMTS5 all bound to the promoter of PRMT5-repressed
gene involucrin [138] and mediated repression of involucrin transcription. Thus, it is likely that
MEP50 participates in transcriptional repression of PRMT5 target genes, whereas plCin

participates in transcriptional activation of PRMT5 target genes.

1.5 PRMT5-driven regulation of AR signaling in prostate cancer

Androgen/AR signaling is the major driver of the normal prostate function and prostate
cancer growth and progression [139]. Due to the critical role of AR signaling in prostate cancer,
AR remains the primary therapeutic focus for this disease. Indeed, androgen deprivation therapy
(ADT) suppresses the production of androgens or inhibition of AR itself and is the standard of care
for metastatic prostate cancer [140]. However, AR signaling plasticity leads to the emergence of
the therapeutic resistance and the development of castration-resistant prostate cancer (CRPC) via
multiple mechanisms of AR reactivation, including emergence of gain-of-function mutations, AR
gene amplification, and expression of ligand-independent splice variants [141]. Thus,
understanding the regulatory mechanisms of AR expression and activity is necessary to develop

novel approaches for the prostate cancer treatment.

1.5.1 Epigenetic regulation of AR transcription.

Epigenetic mechanisms mediate both positive and negative regulation of AR transcription
[142]. As early as 2000, it was demonstrated that the level of AR promoter DNA methylation
negatively correlates with AR expression [143]. Since then, multiple mechanisms such as histone
methylation and expression of non-coding RNAs were identified to contribute to AR transcription
[142]. The first report indicating the potential implication of histone methylation on AR
transcription was published in 2012 [144]. In this study, treatment of LNCaP cells with the
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inhibitor of multiple methyltransferases adenosine dialdehyde caused downregulation of AR
expression, decrease of H3K9 methylation, and inhibition of cell growth. However, that study did
not address the effect of general methyltransferases inhibition on the other methylation marks.

In 2017, it was shown that PRMT5 binds to the AR promoter and symmetrically
dimethylates H4R3 at the AR promoter in hormone-naive prostate cancer cell line LNCaP [137]
(Figure 1.1). Targeting PRMT5 via either pharmacological inhibition or short hairpin RNA
(shRNA)-mediated knockdown caused decrease of AR mMRNA and protein expression
accompanied by the decrease of cell proliferation in both cell culture and in LNCaP xenograft
model. It was demonstrated that transcription factor Sp1 recruits PRMT5 to the AR promoter as
PRMTS5 does not have a DNA binding domain. However, since expression of AR splice variants
and mutants is a major driver of prostate cancer progression, it will be necessary to investigate
whether PRMT5 also epigenetically regulates AR expression in CRPC. As PRMT5-driven
methylation of histones can also promote deposition of transcription activation marks such as
H3K4me3 [127,129,145], it will also be interesting to investigate the potential interplay between
arginine methylation and other chromatin modification marks in the context of AR transcription

regulation.

1.5.2 Regulation of transcription factor-mediated AR transcription

In addition to direct regulation of AR transcription by methylation of histones at the
proximal AR promoter, PRMT5 may also control AR transcription indirectly via modulation of
AR-regulating transcription factors (Figure 1.1). For example, Sp1l is a major transcription factor
to activate expression of AR [146]. In acute myeloid leukemia, PRMT5 downregulation causes
downregulation of Spl expression likely via de-repression of miRNA miR-29b [128].
Interestingly, Spl recruits PRMTS5 to the AR proximal promoter region to activate AR transcription
in prostate cancer cells [137]. Given that expression of miR-29b is significantly lower in prostate
cancer compared to normal tissues [147], it is likely that this positive feedback loop plays an
essential role in regulation of AR expression in prostate cancer cells.

Like Spl, c-Myc is another positive regulator of AR transcription and a prominent
oncogene in prostate cancer [110]. c-Myc can also recruit PRMT5 to its target genes in
glioblastoma [148]. Interestingly, c-Myc has been shown to upregulate PRMT5 transcription
[149], and, vice versa, PRMT5 has been shown to upregulate c-Myc expression [150] in

35



lymphoma, suggesting another potential positive feedback loop mechanism. N-Myc, another
transcription factor of Myc family, was implicated in progression of prostate adenocarcinoma to
neuroendocrine prostate cancer (NEPC) [151]. Importantly, N-Myc simultaneously interacts with
AR and EZH2 to promote transcriptional repression of AR target genes during prostate cancer
neuroendocrine differentiation [111]. In neuroblastoma, PRMTS5 functions as a key regulator of
N-Myc protein stability [152]. With the prominent role of N-Myc in NEPC, it will be interesting
to investigate if PRMT5 also regulates N-Myec stability in prostate cancer and if targeting PRMT5
can suppress the growth of NEPC via down-regulation of N-Myc expression.
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Figure 1.1. Mechanisms of PRMT5-driven regulation of AR signaling in prostate cancer.

PRMTS5 is implicated in the regulation of AR signaling at multiple steps: (1) PRMTS5 is recruited
to the AR promoter by Sp1 to symmetrically dimethylate H4R3 thus promoting AR transcription.
(2) PRMTS5 can modulate activity of transcriptions factors that regulate AR expression. (3)
PRMTS5 can function as an AR co-activator independently of its methyltransferase activity to
enhance activation of AR target gene expression. (4) PRMT5 can methylate AR in an ERG-
dependent manner leading to a decreased recruitment of AR to the AR target gene promoters of
differentiation-promoting genes leading to the increased cell proliferation. *mechanism (3) is
independent of PRMTS5 enzymatic activity.

36



Another transcription factor implicated in regulation of AR transcription in prostate cancer
is NF-kB. NF-xB was shown to be capable of both transcriptional activation and repression of AR,
indicating the context-dependent role of this protein [153,154]. In several models, NF-xB is
activated by PRMT5 methylation enhancing NF-xB binding to target genes [155,156]. Thus, it is
likely that in prostate cancer with PRMT5 overexpression [137], PRMT5 promotes AR expression
via NF-xB activation. Interestingly, p53 is implicated in regulation of AR expression as
transcriptional repressor [157], while PRMT5-mediated methylation inactivates p53 in lymphoma
model [158]. In summary, PRMT5 is involved in regulation of AR expression at several levels,
including direct transcription activation via association with AR promoter and modulation of AR-

regulating transcription factors.

1.5.3 Regulation of AR transcriptional activity and target gene expression

Apart from regulating AR expression, PRMT5 can regulate AR activity directly by
interacting with AR protein and modulating AR function as a transcription factor (Figure 1.1). The
study by Hosohata et al. [159] suggested that PRMT5 may function as an AR co-activator
independently of PRMT5 methyltransferase activity. Overexpression of either wild-type PRMT5
or the catalytically inactive PRMT5(R368A) mutant in PC3 cells enhanced luciferase activity of
an androgen-responsive element (ARE)-containing luciferase reporter.

However, later report by Mounir et al. [160] indicated that in VCaP cells, PRMT5-
mediated methylation of AR attenuated AR binding to a subset of AR target genes. This
methylation led to the repression of genes associated with prostatic epithelium differentiation and
promoted VCaP cell proliferation. The interaction of PRMT5 and AR was mediated by ERG and
only occurred in TMPRSS2-ERG-positive cell lines such as VCaP but not TMRSS2-ERG-
negative cell lines such as 22Rv1. However, PRMT5 may also interact with AR in TMRSS2-ERG-
negative PC3 via the PRMT5-interacting protein MEP50, which was also reported to act as AR
co-activator [161,162]. Taken together, these studies demonstrate that PRMT5 can regulate AR

activity via non-epigenetic mechanisms in a context-dependent manner.
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1.6 Interplay of PRMT5 with epigenetic regulators in prostate cancer cells

1.6.1 PRMTS5 and other arginine methyltransferases

Arginine methylation is a ubiquitous posttranslational modification across species [116].
Eleven arginine methyltransferases have been described to date, and their function has been
reviewed elsewhere [163,164]. However, PRMTS5 is the most widely studied type Il enzyme and
PRMTQ is the only other type Il enzyme. Out of these eleven enzymes, four were shown to
monomethylate and asymmetrically dimethylate the same histone residues as PRMT5: H2AR3 by
PRMT7, H3R2 by PRMT6, H3R8 by PRMT2, H4R3 by PRMT1, PRMT6, and PRMT7.

While PRMT1 and PRMTS5 depose different types of methylation marks (asymmetrical vs
symmetrical dimethylation) and possibly act in the opposite ways [165,166], inhibition of both
PRMT5 and PRMT1 had synergistic effect in lung and pancreatic cells [167]. However, their
potential competition was not explored in the context of prostate cancer. It remains to be
established if both enzymes inhibition is a better therapeutic approach, especially in
methylthioadenosine phosphorylase (MTAP)-deficient prostate cancer [168]. There is no direct
evidence suggesting interplay between PRMT2 and PRMT5, and their relationship remains to be
investigated. PRMT6 was suggested to be an oncogene in prostate cancer via activation of
P13K/Akt pathway, possibly by increasing asymmetrical dimethylation of H3R2 on the target gene
promoters [169]. Interestingly, PRMT6 knockdown increased AR expression in prostate cancer
cells, though whether PRMT®6 directly regulates AR transcription via asymmetrical dimethylation
of H3R2 or H4R3 remains to be determined [137]. However, PRMT5-driven symmetrical
dimethylation of H3R2 enhanced the binding of H3R2 by the epigenetic reader WDR5 [145,170],
while asymmetrical dimethylation of H3R2 (mark that is catalyzed by PRMT6) prevented the
binding of WDRS5 in biochemical assay [171]. These observations suggest that PRMT5 and
PRMTG6 may play opposite roles via regulation of target gene expression by depositing different
types of arginine methylation, at least on H3R2 in prostate cancer cells.

Role of PRMT7 was not explored in the context of prostate cancer. However, PRMT7
expression is detected in prostate cancer (Protein Atlas), and PRMT7-mediated H4R17
monomethylation can allosterically promote PRMT5-mediated H4R3 dimethylation [172].
Additionally, multiple evidences suggest at least partial overlap of PRMT7 function with PRMT5
function [145] while maintaining unique substrates for both enzymes [173]. Future research
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elucidating genome-wide differential binding of PRMT5 and PRMT7 and their substrates in
prostate cancer cells may establish whether co-targeting PRMT5 and PRMT7 is a better approach
than targeting single enzyme.

Apart from functional overlap in the epigenetic regulation, other arginine
methyltransferases might interact with PRMTS5 via post-translational modification of non-histone
substrates. PRMT4 (also known as co-activator-associated arginine methyltransferase 1, CARM1)
is an established co-activator of androgen receptor [174]. A 2006 study demonstrated that in
hormone-naive LNCaP cells, PRMT4 binding increased AR transcriptional activity and promoted
cell proliferation and survival. Since PRMT5 may also function as AR co-activator, as discussed
above [159], it will be beneficial to explore the possible combinational effect of PRMT4 and

PRMTS5 targeting on AR signaling.

1.6.2 PRMTS5 and lysine methylation

Histone lysine methylation is a histone post-translational modification that has been linked
to a variety of cellular processes such as transcription regulation, DNA replication, and DNA repair
[175]. In prostate cancer, polycomb repressive complex 2 (PRC2) and its enzymatic component
EZH2 is an established oncogene [176]. While direct PRMT5/PRC2 interaction was not
investigated in prostate cancer, in leukemia model, PRMT5 colocalized with PRC2 at the
promoters of tumor suppressors RBL2 and ST7, and PRMT5/PRC2 interaction was mediated by
BRD?7. This interaction was associated with transcriptional repression of RBL2 and ST7 [177].
Additionally, in lymphoma cells PRMT5 promotes expression of PRC2 through epigenetic
repression of RBL2 [178], which possibly can lead to even further suppression of genes co-
regulated by PRMT5 and PRC2. Based on in vitro evidence, it was suggested that SUZ12 directly
interacts with MEP50 to recruit PRMTS5 to histone H2A substrate [179].

However, contrary to the evidence that PRMT5 cooperates with PRC2 to repress gene
transcription, observation in AML cells demonstrated that PRMT5-driven histone H3R8
symmetric dimethylation prevented methylation of H3K27 by PRC2 and activated multiple gene
expression [180]. Taken together, these observations suggest that interaction of PRMT5 and PRC2,
and transcriptional outcome of this interaction is highly context-dependent. Given the importance

of PRC2 and EZH2 in prostate cancer, it is imperative to investigate this interaction in detail. EZH2
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also functions as an AR co-activator outside of PRC2 [181], thus exploring the effect of co-
targeting PRMT5 and EZH2 on AR signaling is warranted.

In addition to research on PRC2/PRMT?5 axis, significant research effort was devoted to
investigating the interplay of WDR5 and PRMT5. WDR5 recruits H3K4 methyltransferase
complexes MLL1-4 to chromatin and functions as an oncogene in prostate cancer to promote AR
recruitment to its target genes [182]. Despite well-characterized functional interaction of PRMT5
and WDRY5, this interaction has not been investigated in prostate cancer. It was demonstrated that
PRMT5-driven methylation of H3R2 in vitro [171], in lymphoma [145], lung cancer [129], and
ovarian cancer [183] cells enhances binding of WDR5 to promote H3K4 trimethylation and
activation of target gene transcription. On the contrary, in erythroleukemia cells and bone marrow,
PRMT5-driven recruitment of WDRS5 lead to transcriptional repression of y-globin gene
expression [170] again suggesting context-dependent outcome of PRMT5-driven histone
methylation. Elucidation of composition of PRMT5-containing protein complexes at the

regulatory elements of target genes may shed light on this discrepancy.

1.6.3 PRMTS5 and lysine acetylation

The connection between histone acetylation and gene expression modulation was
discovered as early as 1964, and since then, a variety of histone acetyltransferases and histone
deacetylases was described [184]. p300/CBP is a well-known co-activator of AR transcriptional
activity and was shown to be a potential driver of prostate cancer progression [185]. In prostate
cancer cells, PRMT5 was present in the same complex with p300/CBP and nucleolin, and this
interaction was facilitated by p300/CBP-interacting transactivator with E/D-rich carboxy-terminal
domain-2 (CITED2) [186]. The formation of the complex promoted methylation and acetylation
of nucleolin by PRMTS5 and p300/CBP, respectively, and subsequent nucleolin nuclear export to
promote AKT-mediated EMT and prostate cancer metastasis via increased translation of AKT
MRNA. Interestingly, PRMT5- and p300/CBP-containing complex also included both RIOK1 and
MEP50, though their functional involvement remains to be determined.

Another lysine acetyltransferase demonstrated to interact with and be regulated by PRMT5
is TIP60. Notably, both TIP60 and p300/CBP acetylate H4KS5. In vitro, acetylation of H4K5
enhances methylation of H4R3 by PRMT5/MEP50 complex [187]. However, another study
suggested that non-acetylated histone H4 was methylated by purified PRMTS5 in complex with
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Brgl or hBrm more efficiently than H4K5-acetylated H4 [188]. The same study also found that
PRMTH5 was present in a complex containing c-Myc, histone deacetylase (HDAC) 2, and Brgl on
the two Myc target gene promoters to repress gene transcription, demonstrating the interplay
between PRMT5-mediated histone methylation, histone acetylation/deacetylation, and chromatin
remodeling. As Brgl and PRMTS5 bind to the AR promoter and catalyze H4R3 dimethylation to
activate AR transcription [137], it will be interesting to examine status of H4K5 acetylation on the
AR promoter.

Support for the interplay between histone methylation and acetylation also comes from a
recent study demonstrating that in lymphoma, PRMT5-mediated H3R8 symmetric dimethylation
is coupled with HDAC2- or 3-mediated deacetylation at H2BK12, H3K9, H3K14, and H4K8 on
the promoter regions of three target miRNAs [150], which regulate expression of cyclin D1 and c-
Myc. Interestingly, methylation of H4R3 by PRMT5/MEP50 may also impact the acetylation of
H4KS5 by TIP60, at least in vitro [189]. In short, interplay between PRMT5-mediated methylation
and other marks has been explored extensively; future research will likely provide more insight
into complex epigenetic regulation. However, biochemical evidence from in vitro studies must be
cautiously taken as epigenetic regulation is heavily dependent on chromatic status and protein

complex composition in cells.

1.6.4 PRMT5 and DNA methylation

DNA methylation, mediated by DNA methyltransferases (DNMTSs), is essential for the
maintenance of various cellular processes such as DNA repair, recombination, replication, and
gene expression [190]. It was historically the first discovered epigenetic regulation mechanism
[191]. In cancer, including prostate cancer, alterations of DNA methylation often lead to promoter
hypo- and hypermethylation at oncogenes and tumor suppressor genes, respectively [190].
Although changes of DNA methylation status were well described in prostate cancer, and
accumulating evidence suggests connection between PRMT5 activity and such alterations, this
relationship has not been explored in prostate cancer specifically.

The direct relationship between PRMTS5-driven histone methylation and DNA methylation
was first observed in erythroid cells [192]. In this study, H4R3 methylation by PRMTS5 at the vy-
globin promoter caused recruitment of DNMT3a to the same region via interaction of H4R3me2s

with DNMT3a. Methylation of CpG islands in this region was PRMT5-dependent, a phenomenon
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also observed in gastric cancer [193]. However, it was not elucidated whether DNMT 3a interacted
with methylated histones or directly with PRMT5. In addition to potentially recruiting DNA
methylases to its target regions, PRMT5 can also be recruited to already methylated DNA regions.
In breast cancer cells, PRMT5/MEP50 was recruited to methylated DNA via interaction with
methyl CpG binding domain 2 (MBD2) protein and coincided with increased methylation of
histone H4R3 [194]. If both mechanisms are active in prostate cancer, it suggests a possible DNA
methylation — histone H4R3 methylation positive feedback loop. Future research needs to
investigate the relationship between other histone methylation marks mediated by PRMT5 and

DNA methylation status.

1.7 Targeting PRMTS5 for prostate cancer therapy

Although prostate cancer is a relatively well managed disease with 5-year overall survival
of about 99%, it remains a second-leading cause of cancer-related deaths in males in US.
Metastasis is the major cause prostate cancer death, and 30-50% of high-risk localized prostate
cancer cases relapse and progress to metastatic stage. Thus, improving outcomes of radiation
therapy and ADT to overcome radiation resistance and castration resistance will have a significant

positive impact on therapy results and patients’ lives.

1.7.1 Targeting PRMT5 to overcome AR reactivation

AR reactivation limits the therapeutic effect of ADT and ASI therapy [60,195]. Thus,
targeting AR protein expression through either enhanced degradation of AR or reducing AR
transcription or translation will be able to overcome AR reactivation. As it became evident, several
AR degraders were tested in pre-clinical models [66,67], and one of the AR degraders utilizing
PROTAC technology is in a Phase I clinical trial [68].

Quantification of the expression level of PRMT5 using tissue microarray (32 BPH tissues
and 40 prostate cancer tissues (20 with Gleason score 6 and 20 with Gleason score>7)) indicated
an equal increase of PRMT5 expression in both cytoplasm and nucleus in higher-grade tumors,
and PRMTS5 expression positively significantly correlated with AR expression in HNPC tumors
[137]. Given that PRMT5 may regulate AR expression and activity via multiple mechanisms as
both epigenetic activator and AR protein co-factor, exploring targeting PRMTS5 for CRPC therapy
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may provide a novel therapeutic approach. If PRMTS5 indeed activates AR transcription in CRPC,
targeting PRMT5 alone or in combination with ADT could possibly eliminate or at least
significantly reduce expression of AR, AR splice variants and gain-of-function AR mutants in

tumor cells, thus overcoming virtually all mechanisms of AR reactivation.

1.7.2 Targeting PRMTS5 for radiosensitization

ADT is commonly used with radiation therapy to sensitize tumor cells to the ionizing
radiation, and it was demonstrated that radiation therapy combined with ADT had better outcomes
compared to radiation therapy or ADT alone [196], possibly through downregulation of AR
signaling which in turn suppressed AR-activated DNA damage response genes [197-199].

Thus, as PRMT5 regulates AR expression in HNPC, and HNPC is treated with radiation
therapy, targeting PRMT5 can be used as radiosensitization approach. In fact, in 2019 Owens et
al. demonstrated that targeting PRMTS5 either through knockdown or enzymatic inhibition
sensitized prostate cancer cells to radiation independently of AR status [136]. It was shown that
PRMTS5 in complex with pICIn functions as epigenetic activator for a subset of DNA damage
response genes. With pending evaluation of PRMT5 targeting in pre-clinical models for radiation

therapy, targeting PRMT5 could be explored for prostate cancer radiosensitization.

1.7.3 Possible approaches to target PRMT5

As PRMTS is an enzyme, one possible approach to target PRMTS can be inhibition of its’
enzymatic activity. Five PRMTS5 inhibitors are currently being evaluated in clinical phase I trials
in the US: GSK3326595, INJ-64619178, PF-06939999, PRT543, and PRT811 (clinicaltrials.gov).
GSK3326595 and JNJ-6461917 are catalytic inhibitors of PRMT5, with GSK3326595 competing
with peptide substrates in the substrate binding pocket and JNJ-64619178 binding competitively
with both the SAM and substrate binding pockets (mechanisms of action of PF-06939999,
PRT543, and PRT811 were not disclosed).

Additionally, PROTAC-based approaches to degrade PRMT5 protein can be explored.
PROTAC PRMT5 degraders were reported and patented recently [200,201], however, these

degraders were not evaluated clinically yet.
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Finally, as PRMTS5 activity strongly depends on its interacting proteins, targeting specific
protein-protein interactions will likely achieve higher specificity and cause fewer adverse effects.

For example, targeting PRMT5/pIClIn may be explored as a promising radiosensitization approach.

1.8 Conclusions and the scope of this dissertation

Prostate cancer affects one out of seven men in United States and remains the second
leading cause of cancer death in men. The major cause of prostate cancer mortality is the
development of metastatic disease. Currently, ADT in a form of either surgical castration or
medical castration is the first-line treatment for the metastatic prostate cancer and the only
radiosensitizer for radiation therapy. ADT decreases levels of circulating androgens, and since
prostate cancer growth is dependent on androgens, tumors cease growth and shrink. In spite of
initial success in most patients, ADT eventually fails, and almost all patients develop castration-
resistant prostate cancer (CRPC).

AR reactivation through multiple mechanisms (such as AR gene amplification, increased
rate of AR transcription, increased stability of the AR protein, expression of ligand independent
splice variants or activating mutations of AR) is believed to be the main driving force of the tumor
progression. Recently it was demonstrated in my group that PRMT5 epigenetically activates AR
transcription in HNPC, however, whether CRPC cells utilize similar mechanism of AR expression
regulation was not elucidated yet.

NEPC is the most lethal type of prostate cancer and a significant clinical challenge. NEPC
typically arises from prostate adenocarcinoma during neuroendocrine differentiation (NED). NED
can be induced by the majority of prostate cancer treatments including ADT and ASI. Cells that
undergo NED are resistant to apoptosis and often lack AR expression. As such, NEPC is highly
resistant to virtually any therapy and is not detected by the PSA screening. It is estimated that
~30% of patients with metastatic prostate cancer develop NEPC, and there are no curative
treatments for this lethal disease. Thus, identification of novel therapeutic targets to prevent NED
in PC is in urgent need.

In this dissertation, | aimed to explore whether PRMT?5 is required for the cell growth of
AR-dependent CRPC due to the PRMT5-dependent activation of AR expression. If that is true,

targeting AR expression at the level of transcription through its potential regulator PRMT5 may
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provide a novel approach for CRPC therapy by eliminating virtually all possible mechanisms of
AR reactivation.

Interestingly, preliminary data from my group suggested that both PRMTS5 and its cofactor
MEPS50 are required for ADT- and ASI-induced NED in vitro. Co-overexpression of these proteins
together is sufficient to induce NED in HNPC cells. These exciting preliminary findings lead me
to explore a possibility that PRMT5/MEP50 complex functions as a regulator of NED in prostate

cancer and can participate in the NED induction.
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CHAPTER 2. PRMT5 ACTIVATES TRANSCRIPTION OF AR IN
CRPC

The following chapter was reproduced and modified with permission from:

Beketova E. et al. Protein arginine methyltransferase 5 promotes pICIn-dependent androgen
receptor transcription in castration-resistant prostate cancer. Cancer Research, 2020 (published
online first) doi: 10.1158/0008-5472.CAN-20-1228 [202].

2.1  Summary

The majority of advanced prostate cancer therapies aim to inhibit androgen receptor (AR)
signaling. However, AR reactivation inevitably drives disease progression to castration-resistant
prostate cancer (CRPC). Previously, my group identified protein arginine methyltransferase 5
(PRMTS5) as an activator of AR expression in hormone-naive prostate cancer. In this study |
demonstrate that PRMT5 functions as an epigenetic activator of AR transcription in CRPC. In vitro
and in xenograft tumors in mice, targeting PRMT5 suppressed growth of CRPC cells. My results
suggest that targeting PRMT5 may be explored as a novel therapy for CRPC treatment by
suppressing expression of AR and AR splice variants to circumvent AR reactivation.

2.2 Introduction

Prostate cancer remains the second leading cause of cancer death in American men [203].
The primary cause of prostate cancer mortality is the development of metastasis [204]. Currently,
androgen deprivation therapy (ADT), in combination with either docetaxel or abiraterone acetate,
is the first-line treatment for metastatic prostate cancer [205]. Because the growth of prostate
cancer cells is dependent on androgen receptor (AR) signaling, suppressing AR signaling via ADT
inhibits tumor growth. Despite initial positive response in the majority of patients, ADT eventually
fails, leading to the development of castration-resistant prostate cancer (CRPC) [206].

AR reactivation drives CRPC progression and occurs via multiple mechanisms (AR gene
amplification, expression of ligand-independent splice variants, or mutations of AR, and others)
[206]. For example, AR splice variant 7 (AR-V7) presents in 18-28% of CRPC tissues [60]. AR-
V7 expression correlates with poor patients’ prognosis [60]. Because AR-V7 lacks the ligand-
binding domain, it is constitutively active and can regulate transcription of AR target genes despite
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castrate levels of androgens [195]. Inhibitors that target AR signaling, such as enzalutamide,
demonstrate poor outcome towards CRPC that express AR-V7. Moreover, targeting full-length
AR (AR-FL) can increase AR-V7 expression, exacerbating the condition [195]. Thus, there is an
urgent need to develop therapeutic approaches to overcoming AR reactivation. Because my group
had recently shown that protein arginine methyltransferase 5 (PRMT5) activates AR transcription
in hormone-naive prostate cancer (HNPC) [137], | investigated whether PRMT5 also regulates the
transcription of AR and AR variants in CRPC.

PRMTS5 is a methyltransferase that catalyzes symmetrical dimethylation of arginine
residues in histones (H4R3, H3R8, H3R2, and H2AR3) to regulate the transcription of various
target genes [114,120,126,163]. While PRMT5 is generally considered an epigenetic repressor
[114,120,126,163], PRMT5 also functions as an epigenetic activator [136,137,180]. Here | provide
the evidence that PRMT5 promotes the growth of CRPC cells via epigenetic activation of
transcription of both AR-FL and AR-V7. Results from the in vitro and in vivo studies suggest that
targeting PRMT5 may present a promising approach for CRPC treatment.

2.3 Results

2.3.1 PRMTS5 promotes growth of CRPC cells via epigenetic activation of AR expression

To determine the role of PRMT5 in CRPC, | analyzed effect of PRMTS inhibition on the
growth of CRPC cell line 22Rv1, which expresses both full-length AR (AR-FL) and AR-V7.
Treatment of 22Rv1 cells with the PRMT5 inhibitor BLL3.3, also called CMP5 [137,207], reduced
cell proliferation compared to DMSO control (Figure 2.1A) and downregulated AR-FL and AR-
V/7 at protein and mRNA levels in 22Rv1 (Figure 2.1B-D). | also evaluated the effect of another
PRMTS5 inhibitor JNJ-64619178 (JNJ) which is currently in Phase | clinical trial for Non-Hodgkin
lymphoma and solid tumors [208]. Similarly, JNJ treatment significantly reduced cell growth and
downregulated AR-FL and AR-V7 expression (Figure 2.1E-H). To corroborate these findings, |
used lentivirus-based shRNA constructs (two separate ShRNA constructs per gene) to establish
doxycycline (Dox)-inducible PRMT5 knockdown cell lines in 22Rv1 (22Rv1-shPRMT5 and
22Rv1-shPRMT5#2). PRMT5 knockdown inhibited cell growth (Figure 2.11, Figure S2.1A) and
decreased expression of both AR-FL and AR-V7 (Figure 2.1J-L, Figure S2.1B-D) while

expression of scramble control (22Rv1-shSC) did not affect cell growth or protein expression
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(Figure 2.1M-P). Moreover, expression of several AR target genes [62] was suppressed upon
PRMTS5 knockdown (Figure S2.1E), consistent with the decreased AR expression. These results
suggest that PRMTS regulates cell growth, AR expression, and AR signaling in 22Rv1.

Because AR reactivation occurs via several mechanisms, | next determined whether
PRMTS5 regulates AR expression in other CRPC models. My group reported previously that
PRMTS5 targeting downregulates AR expression and inhibits growth in C4-2 cells, which model
CRPC via AR overexpression [137]. | further evaluated the effect of PRMTS inhibition in VCaP
cells which bear AR gene amplification [209] and LN95 cells which express AR splice variants
[210] and observed that both PRMT5 inhibitors BLL3.3 and JNJ suppressed cell growth and
downregulated AR expression (Figure S2.1F-M). Cell cycle analysis confirmed that PRMT5
knockdown caused Gi arrest in 22Rv1 (Figure 2.1Q), consistent with previous observations
[211,212]. No significant induction of cell death was observed (Figure S2.1N). Collectively, these
results suggest that PRMT5 promotes cell growth via activation of AR transcription in CRPC cells
with AR overexpression, AR gene amplification, or expression of AR splice variants.

To investigate whether PRMTS5 regulates AR expression via histone methylation at the AR
promoter, | performed chromatin immunoprecipitation (ChlIP)-assays in 22Rv1 using PRMT5-
specific antibody. PRMTS5 bound to the proximal region of the promoter (—493 to —226 bp from
transcription start site (TSS)) but not to the distal region (-4481 to -4308 bp from TSS) (Figure
2.1R). ChIP-gPCR analysis of H2AR3me2s, H3R2me2s, H3R8me2s, and H4R3me2s revealed
that H4R3me2s and H3R2me2s were highly enriched at the AR proximal promoter (Figure 1S).
Further, PRMT5 knockdown decreased these enrichments and PRMTS5 binding, confirming that
PRMT5 methylates H4R3 and H3R2 at the AR promoter (Figure S2.10). As observed in LNCaP
cells [137], Brgl and Sp1l also bound to the same region (Figure S2.1P). Taken together, these
findings demonstrate that PRMT5 activates AR transcription in CRPC cells by binding to the
proximal region of the AR promoter to methylate histones H4R3 and H3R2 in a similar manner as
in HNPC cells [137].

As | established that PRMTS5 epigenetically regulates AR transcription and is required for
CRPC cell proliferation, I next aimed to check whether the anti-proliferative effect of PRMT5
knockdown is mediated through the regulation of AR expression. For this purpose, | performed
AR rescue assays. | transfected 22Rv1-shPRMT5 and 22Rv1-shSC cells with the plasmid

encoding FLAG-AR expression or the empty vector control. Remarkably, exogenously expressed
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AR completely restored cell proliferation in 22Rv1-shPRMT5 cells but did not affect cell
proliferation in 22Rv1-shSC (Figure 2.2) as observed previously in LNCaP-shPRMT?5 cells [137].
This observation suggests that the inhibition of 22Rv1 cell proliferation upon PRMT5 knockdown
is primarily mediated through the downregulation of AR expression.
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Figure 2.1. PRMT5 promotes growth of CRPC cells via epigenetic activation of AR expression.

A, Growth curve (MTT assay) of 22Rv1 cells incubated with 10 uM PRMTS5 inhibitor (BLL3.3)
or equal volume of vehicle (DMSO) for 6 days. B-C, Representative western blot images (B) and
quantification (C) of protein expression in cell lysates from Day 6 of A. D, qPCR analysis of
gene expression in cells from Day 6 of A. E, Growth curve (MTT assay) of 22Rv1 cells
incubated with 10 uM PRMTS5 inhibitor (JNJ-64619178, referred to as JNJ) or equal volume of
vehicle (DMSO) for 6 days. F-G, Representative western blot images (F) and quantification (G)
of protein expression in cell lysates from Day 6 of E. H, qPCR analysis of gene expression in
cells from Day 6 of E. I, Growth curve (MTT assay) of 22Rv1 cells with doxycycline-inducible
PRMTS5 knockdown (22Rv1-shPRMT5) incubated in the presence (Dox (+)) or absence (Dox
(-)) of doxycycline for 6 days. J-K, Representative western blot images (J) and quantification (K)
of protein expression in cell lysates from Day 6 of I. L, gPCR analysis of gene expression in cells
from Day 6 of I. M, Growth curve (MTT assay) of 22Rv1 cells with doxycycline-inducible
scramble control expression (22Rv1-shSC) incubated in the presence (Dox (+)) or absence (Dox
(-)) of doxycycline for 6 days. N-O, Representative western blot images (N) and quantification
(O) of protein expression in cell lysates from Day 6 of M. P, qPCR analysis of gene expression
in cells from Day 6 of M. Q, Flow cytometry analysis of cells following PI staining at Day 6 of |
(sub-G1 cells were gated out). R, ChIP-gPCR for PRMT5 binding to the proximal or distal AR
promoter. S, ChIP-gPCR for the enrichment of the indicated histone methylations on the
proximal promote region of AR. For MTT, western blotting, cell cycle, and gPCR analysis,
statistical significance of group difference was determined for ‘DMSO vs BLL3.3’, ‘DMSO vs
IJNJ’, or ‘Dox (-) vs Dox (+)’. For ChIP-gPCR, values were normalized to the corresponding 19G
control, and indicated statistical significance of group difference was determined for ‘specific IP
vs IgG IP’. For all experiments, results are mean + SD from 3 independent experiments. For
western blotting of AR, the AR N-20 antibody (sc-816, Santa Cruz) was used. Student t-test with
Welch’s correction was performed to determine statistical significance of group difference. ns P
> 0.05, * P <0.05, ** P <0.01, *** P <0.001.
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Figure 2.1 continued
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2.3.2 Nuclear-localized PRMT5 promotes cell proliferation and AR expression in prostate
cancer cells

Results of the study by Gu et al. [213] suggested distinct roles of PRMTS5 in the cytosol
and nucleus. To investigate this further, I examined whether nuclear-localized PRMT5 promotes
cell proliferation. Antonysamy et al. reported that PRMTS protein tended to aggregate in the
absence of its cofactors [119]. Thus, | reasoned that overexpression of PRMT5 alone may promote
aggregate formation and decrease the cellular amount of active PRMTH5 leading to reduced cell
proliferation which was previously observed in LNCaP cells by Gu et al. [213]. In line with this, |
performed overexpression of mutant shRNA-resistant PRMT5 fused with nuclear localization
signal (NLS) or nuclear export signal (NES) or without signals in LNCaP or 22Rv1 cells on the
background of PRMTS5 knockdown. Consistent with previous report by Gu et al., NLS-PRMT5
decreased while NES-PRMT5 promoted cell proliferation in WT cells (Figure 2.3A, D).
Conversely, NLS-PRMT5 promoted while NES-PRMTS5 decreased cell proliferation in LNCaP-
ShPRMTS and 22Rv1-shPRMT5 (Figure 2.3A, D). In cells with PRMT5 knockdown, NLS-
PRMTS5 promoted AR expression at both protein (Figure 2.3B, E) and mRNA level (Figure 2.3C,
F). These observations further confirm that nuclear-localized PRMT5 promotes cell proliferation

and AR expression in prostate cancer cells.
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Figure 2.2. AR re-expression restores cell proliferation after PRMT5 knockdown in 22Rv1.

A, 22Rv1 cells with Dox-inducible expression of scramble control (22Rv1-shSC) or PRMT5
ShRNA (22Rv1-shPRMTH5) were treated with Dox and transfected with either empty vector
(+EV) or plasmid for FLAG-AR expression (+AR). MTT assay was performed at Day 1 and Day
4 of treatment. B, Western blot analysis of protein expression in cell lysates at Day 4 of A.
Statistical analysis for A was performed using Brown-Forsythe and Welch ANOVA followed by
Dunnett's T3 multiple comparisons test. ns P > 0.05, * P < 0.05, ** P < 0.01.
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Figure 2.3. Nuclear-localized PRMT5 promotes cell proliferation and AR expression in LNCaP
and 22Rv1.

A-C, Wild-type LNCaP (LNCaP-WT) or LNCaP with Dox-inducible knockdown of PRMT5
(LNCaP-shPRMT5) were transfected with empty vector (+EV), or constructs for overexpression
of PRMTS5 (+P5), nuclear-localized PRMT5 (+NLS), or cytoplasmic PRMT5 (+NES). A, Alive

cell number was analyzed using Trypan Blue staining after 4 days of transfection. B,

Representative western blot and quantification of protein expression in cell lysates from A. C,

gPCR analysis of AR expression in cells from A. D, Wild-type 22Rv1 (22Rv1-WT) or 22Rv1
with Dox-inducible knockdown of PRMT5 (22Rv1-shPRMTS5) cells were similarly transfected

with the plasmids indicated in A. Alive cell number was analyzed using Trypan Blue staining
after 4 days of transfection. E, Representative western blot and quantification of protein
expression in cell lysates from D. F, gPCR analysis of AR expression in cells from D. For
western blot, statistical significance of group difference was determined for comparison with
‘WT’ group. For Trypan Blue staining and qPCR, statistical significance of group difference was
determined for comparison with ‘+EV’ group. For all experiments, results are mean = SD from
at least 3 independent experiments. For western blotting of AR, the AR N-20 antibody (sc-816,
Santa Cruz) was used. Brown-Forsythe and Welch ANOVA was performed to determine
statistical significance of group difference. ns P > 0.05, * P < 0.05, ** P < 0.01.
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2.3.3 Knockdown of PRMT?5 suppresses CRPC tumor growth in mice

To determine whether targeting PRMTS5 can suppress the growth of CRPC tumors in vivo,
| implanted 22Rv1-shPRMT5 and 22Rv1-shSC cells subcutaneously into male, pre-castrated NRG
mice. When the average tumor volumes reached 100 mm?, shRNA expression was induced by Dox
treatment, and tumor growth was monitored. PRMT5 knockdown significantly suppressed tumor
growth (Figure 2.4A), consistent with the suppression of AR expression in xenograft tumors
(Figure 2.4B). Analysis of cleaved caspase-3 staining suggested no induction of apoptosis by
PRMT5 knockdown (Figure 2.4C), confirming in vitro findings. Ki-67 analysis showed that
tumors with PRMT5 knockdown had significantly lower proliferative index compared to scramble
control tumors (Figure 2.4D). Taken together, these results suggest that PRMT?5 also regulates AR
expression and the growth of CRPC tumors in vivo.
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Figure 2.4. Knockdown of PRMTS5 or pICIn suppresses CRPC tumor growth in mice.

22Rv1 cells with Dox-inducible knockdown of PRMT5 (shPRMT5) or scramble control (shSC)
were injected subcutaneously into the right flanks of surgically castrated male NRG mice.
Tumor-bearing mice were treated with doxycycline in drinking water once tumors reached ~100
mm?3. A, Tumor growth curves were determined and compared between treatment groups
(ANOVA; **** P <(0.0001). B-D, At the end of treatment, tumors were resected and probed for
AR, PRMTS5, cleaved caspase-3 and Ki-67 using IHC. Presented are representative images (B)
and the quantification of the percentage of positively stained cells out of the total number of cells
(C and D). Scale bar indicates 40 um. Results are mean + standard deviation (n = 10 per group).
C and D, Student t-test was performed to determine statistical significance. ns P > 0.05, ** P <
0.01.

2.3.4 Targeting PRMTH5 overcomes resistance to ASI treatment in CRPC cells and tumors

As androgen signaling inhibitor (ASI) treatment is a mainstay of CRPC treatment, |
examined whether targeting PRMT?5 is an effective approach to overcome the resistance to ASI.
Since intracellular androgen synthesis by prostate cancer cells is one of the AR reactivation
mechanisms in CRPC, and 22Rv1 produces CYP17A1 [214], | also treated 22Rv1 cells with the
CYP17ALl inhibitor abiraterone. First, I performed MTT assay with 22Rv1 cells treated with either
PRMTS5 enzymatic inhibitors (BLL3.3 or JNJ-64619178) or ASI (abiraterone or enzalutamide)
alone, in combination, or vehicle (DMSO). Notably, the combinational treatment decreased cell
growth more effectively than either of drugs alone (Figure 2.5A). However, using the Chou-
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Talalay method and software CompuSyn (http://www.combosyn.com/) to analyze the drug
interaction, the combinational indexes for BLL3.3/abiraterone and BLL3.3/enzalutamide pair were
0.91 and 0.92, and for JNJ-64619178/abiraterone and JNJ-64619178/enzalutamide were 0.94 and
0.91 (Figure 2.6), respectively, indicating that PRMTS5 inhibition in combination with ASI can
achieve additive effect.
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Figure 2.5. Targeting PRMT5 overcomes resistance to ASI treatment in CRPC cells and tumors.

A, Growth curve (MTT assay) of 22Rv1 cells incubated with 10 uM PRMTS5 inhibitor (BLL3.3
or JNJ-64619178, referred to as JNJ) or 10 pM of either abiraterone acetate (Abi) or
enzalutamide (Enz), or equal volume of vehicle (DMSQO) for 6 days. Cell proliferation assays
were performed at the indicated time points, and OD550 values were normalized to values from
Day 0 for each cell line. ANOVA test with Welch’s correction was performed to determine
statistical significance. Stars represent significant difference with DMSO group, squares
represent significant difference of “Abi” vs “Abi + BLL3.3”, “Abi vs Abi + INJ”, “Enz” vs “Enz
+ BLL3.3”, or “Enz vs Enz + JNJ” groups. Results are mean = SD from 3 independent
experiments. B, 22Rv1 cells with Dox-inducible knockdown of PRMTS5 were injected
subcutaneously into right flanks of surgically castrated male NRG mice. Once tumors reached
~100 mm?, tumor-bearing mice were treated with doxycycline in drinking water, or abiraterone
acetate per oral 200 mg/kg/day, or enzalutamide 25 mg/kg/day, or combination. Tumor growth
curves were determined and compared between groups (ANOVA; *, P < 0.05). C, Survival of
tumor—bearing mice is represented as Kaplan—Meier plot. D-F, At the end of treatment, tumors
were resected and probed for cleaved caspase-3 and Ki-67 using IHC. Shown are representative
images of IHC staining (D) and the quantified percentage of positively stained cells out of the
total number of cells counted (E, F). Results are mean + standard deviation (n = 10 per group).
Student t-test was performed to determine statistical significance of difference vs “Control”
group. ns P > 0.05, *** P < 0.001, **** P < 0.0001.
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Figure 2.5 continued
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Next, I implanted 22Rv1-shPRMT5 cells in the castrated male mouse as described in
Chapter 2.3.3 to evaluate the observed in vitro effect. After average tumor volumes reached 100
mm?3, PRMT5 knockdown was initiated (Dox), or treatment with ASI (abiraterone acetate or
enzalutamide) started. Consistent with previous findings that 22Rv1 xenografts tumors in mice are
resistant to ASI [215,216], treatment of mice with either drug alone did not affect tumor growth
(Figure 2.5B and C). However, PRMT5 knockdown significantly suppressed tumor growth and

showed better survival.
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Figure 2.6. PRMTS targeting and ASI have some additive effect in 22Rv1.

MTT assay of 22Rv1 cells incubated with indicated concentrations of PRMT5 inhibitor (BLL3.3
or JNJ-64619178, referred to as JNJ) or either abiraterone acetate (Abi) or enzalutamide (Enz)
for 72 hours.

Although combinational treatment was not more effective than PRMT5 knockdown alone
in terms of tumor growth suppression (Figure 2.5B), Ki-67 analysis suggested that combination of
PRMTS5 knockdown with ASI showed a better inhibition of tumor cell proliferation (Figure 2.5D
and E). Thus, PRMTS5 targeting alone is effective to overcome the resistance of CRPC tumors to
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ASI in mice. The lack of additive effect of PRMT5 knockdown and ASI on tumor growth in the

xenograft model is likely due to the fact that PRMT5 knockdown and ASI both act on the same

AR signaling pathway. Alternatively, incomplete knockdown of PRMTS5 in xenograft tumors may

be an attributing factor (Figure 2.7).

Analysis of cleaved caspase-3 staining suggested no significant induction of apoptosis by

ASI treatment or PRMT5 knockdown (Figure 2.5F), confirming the in vitro findings. Taken

together, these results suggest that PRMT5 targeting is an effective treatment approach for ASI-

resistant CRPC.
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Figure 2.7. Expression of AR and PRMT5 in 22Rv1 xenografts.

22Rv1 cells with Dox-inducible knockdown of PRMT5 were injected subcutaneously in right
flanks of surgically castrated male nude mice. Once tumors reached ~100 mm?3, tumor-bearing
mice were treated with doxycycline in drinking water, or abiraterone acetate per oral 200
mg/kg/day, or enzalutamide 25 mg/kg/day, or combination. At the end of treatment tumors were
resected and probed for AR and PRMT5. Representative IHC images are shown. Scale bar

indicates 100 pum.

2.4 Discussion

2.4.1 PRMT5 may regulate AR signaling through multiple mechanisms

PRMTH5 has emerged as a putative oncogene in multiple human cancers [120]. Although

earlier studies suggested that PRMT5 promotes proliferation of cancer cells via epigenetic

repression of tumor suppressors [114,120,126,163], recent study by my group suggested that
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PRMTS5 epigenetically activates AR transcription in HNPC [137]. Because AR drives prostate
cancer development and progression, | investigated whether PRMT5 also regulates AR expression
in CRPC. | present the evidence demonstrating that PRMT?5 activates transcription of AR and AR-
V7 in multiple CRPC cell lines. First, knockdown or pharmacological inhibition of PRMTS in
several CRPC cell lines (22Rv1, VCaP, C4-2 and LN95) reduced the expression of AR and AR-
V7 at both mRNA and protein levels. Second, PRMT5 bound to the proximal promoter of AR and
methylated H4R3 and H3R2. Third, transcriptomic analysis confirmed that PRMT5 regulated AR
signaling in CRPC cells. Finally, PRMT5 expression positively correlates with the expression of
AR and AR-V7 in CRPC tissues. Collectively, PRMT5 is overexpressed in prostate cancer tissues,
and PRMT5-driven regulation of AR transcription is conserved in HNPC and CRPC cells.

PRMT5 may also regulate AR signaling through a non-epigenetic mechanism [159,160].
TMPRSS2-ERG fusion is present in ~50% of prostate cancer cases, and AR-driven expression of
this fusion promotes prostate cancer growth [217]. In TMPRSS2-ERG-positive VCaP cells, mass
spectrometry identified PRMT5 as an interacting protein of ERG [160]. Mechanistically, ERG
mediated both the methylation of arginine 761 on AR by PRMT?5 and the recruitment of PRMT5
to the AR target gene promoters. PRMT5-catalyzed methylation of AR attenuated AR binding to
a subset of AR target genes, resulting in transcriptional repression of genes associated with
prostatic epithelium differentiation. Thus, PRMTS5 promoted cell proliferation in TMPRSS2-ERG-
positive cells. However, PRMT5 knockdown did not inhibit growth of TMPRSS2-ERG-negative
22Rv1 cells. This contrasts with the observations that both pharmacological inhibition and
knockdown of PRMTS5 significantly decreased proliferation of several CRPC cell lines, including
TMPRSS2-ERG-negative 22Rv1l and C4-2. This discrepancy could be due to the use of
heterogeneous pool of shRNA-expressing cells in their study whereas here single-cell-derived
stable clones that express ShRNAs targeting different regions of PRMT5 were used.

In another study, ectopic overexpression of either PRMT5 or catalytically inactive
PRMT5(R368A) mutant in TMPRSS2-ERG-negative PC3 cells enhanced luciferase activity of an
androgen-responsive element-containing luciferase reporter [159], suggesting that PRMT5 might
also function as a co-activator of AR independent of its methyltransferase activity. As PRMT5
may regulate prostate cancer cell growth via direct regulation of AR signaling and indirect
modulation of other AR regulators, future investigation of these additional mechanisms will

provide a full picture of PRMT5-driven regulation of prostate cancer cell growth. Further, genetic
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analysis for the role of PRMT5 in prostate cancer development and progression in mouse models

will provide evidence to validate PRMT5 as a therapeutic target for CRPC.

2.4.2 Cellular localization can determine the biological effect of PRMT5

PRMTS5 has a variety of interacting partners and substrates that can be located both in the
nucleus (for example, histones within the chromatin) and in the cytoplasm (for example, Sm
proteins). Moreover, it appears that PRMT5 sub-cellular localization and translocation is critical
during early embryonic phases [218]. Additionally, multiple groups discovered that localization
of PRMTS5 correlates with cancer stage and prognosis in several types of cancer [219-222] with
contradicting results suggesting either nuclear or cytoplasmic PRMT5 can be associated with
worse cancer prognosis, although, overall, high nuclear PRMTS5 expression was detected in more
aggressive tumors. Further, Gu et al. [213] suggested distinct roles of PRMTS5 in the cytosol and
nucleus in prostate cancer cells.

To investigate the cellular effect of PRMT5 localization, | performed overexpression of
PRMTS5 with different localization signals on the background of PRMT5 knockdown in HNPC
and CRPC cells. My results indicate that nuclear-localized PRMT5 promotes both cell
proliferation and AR expression (Figure 2.3). Furthermore, my group has previously shown that
nuclear expression of PRMT5 is higher in HNPC tumors with higher Gleason score [137]. Overall,
these results suggest that nuclear PRMT5 promotes cancer cells proliferation and survival.

However, it is still not clear how PRMTS5 is translocated to the nucleus and why this
translocation can be higher in prostate cancer cells, especially given that PRMTS5 itself does not
have any strong nuclear-localization signals [213]. Several proteins were suggested to function as
shuttling partners of PRMTS5 in different models, including BLIMP-1 in mouse primordial germ
cells [223], AJUBA in osteosarcoma cells [224], and nucleolin in prostate cancer cells [225].

Interestingly, Owens et al. has recently shown that upon DNA damage, PRMT5 is
upregulated and nuclear translocation of pIClin, an interacting protein of PRMT5, is enhanced,
leading to the epigenetic activation of several DNA-damage response genes. Thus, it would be
interesting to investigate the correlation of PRMT5-interacting proteins and PRMT5 expression in
nucleus and cytoplasm of prostate cancer cells in connection with AR expression. | will present

these results in Chapter 4 of this dissertation.
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2.4.3 Targeting PRMTH5 as a novel approach for prostate cancer treatment

Although targeting AR signaling remains a mainstay of CRPC treatment [206], the
inevitable emergence of resistance via AR reactivation limits the therapeutic effect of ASI [60,195].
Targeting AR protein expression instead may provide an alternative approach for the CRPC
treatment and potentially overcome multiple AR reactivation mechanisms. In fact, targeting AR
expression by promoting AR degradation effectively suppressed prostate cancer cell growth in
several pre-clinical studies [66,67]. One of the AR degraders utilizing PROTAC technology is in
a Phase | clinical trial [68].

Given that epigenetic landscapes of CRPC and HNPC are largely distinct [226], the
conserved role of PRMT5 in epigenetic activation of AR transcription in HNPC and CRPC is
interesting and significant [137]. As the vast majority of HNPC and CRPC demonstrate
dependency on the AR signaling, targeting PRMT5 may offer an alternative or even more effective
treatment for both HNPC and CRPC. In fact, PRMTS5 targeting alone effectively suppressed CRPC
growth. Additionally, since AR reactivation promotes resistance to the next generation ASI, |
explored whether targeting PRMT5 can overcome this resistance. Indeed, PRMT5 inhibition in
combination with ASI showed additive effect on the proliferation of CRPC cells in vitro.
Interestingly, PRMT5 knockdown alone showed suppression of 22Rv1 xenograft tumor growth in
mice as well as combination treatments, indicating that targeting PRMT5 might be an effective
approach to overcoming resistance to ASI.

Five PRMTS5 inhibitors are currently in clinical trials for leukemia and solid tumors
(clinicaltrials.gov). As PRMT5 is an essential gene in normal organism processes, such as
hematopoiesis and keratinocyte differentiation [227,228], targeting PRMT5 may cause adverse
effects. If so, targeted prostate-specific membrane antigen-based delivery of PRMTS5 inhibitors
will likely provide an alternative to suppress AR expression in prostate cancer specifically [229].
Alternatively, targeting PRMT5/pICIn interaction may provide another promising approach for

both HNPC and CRPC by suppressing or even eliminating AR expression.
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2.5 Materials and Methods

2.5.1 Cell lines and reagents

LNCaP, 22Rv1, VCaP, COS-1, and 293T cells were purchased from ATCC (Manassas,
VA, US). LN95 cells were a kind gift from Dr. Jun Luo of Johns Hopkins University. Frozen
cultures were recovered and expanded in complete media (LNCaP and 22Rv1 in RPMI1640
(Corning, NY, US), LN95 in RPMI1640 without phenol red (Corning, NY, US), 293T, COS-1,
and VCaP in DMEM (Corning, NY, US)) supplemented with 10% FBS (Atlanta Biologicals,
Lawrenceville, GA, US) or for LN95 charcoal-stripped FBS (Corning, NY, US), 2 mM L-
glutamine (Corning, NY, US), and 100 units/mL penicillin and 100 pg/mL streptomycin (Gibco,
Gaithersburg, MD, US)). Cells were not passaged more than 30 times. Long-term storage, cell
authentication and mycoplasma contamination check were described previously [136]. Methocel
A4M was purchased from Sigma (St. Louis, MO, US), abiraterone acetate and enzalutamide were

purchased from MedChemExpress (Monmouth Junction, NJ, US).

2.5.2 Plasmid construction

Plasmids for the doxycycline (Dox)-inducible knockdown of genes of interest were
generated by cloning short hairpin RNA (shRNA) targeting the gene of interest mMRNA into
EcoRI/Agel sites of the pLKO-tet-ON vector (Addgene #21915). The full list of used shRNA
sequences, including the scramble control (SC) sequence, is in Appendix B. For overexpression of
AR, AR cDNA was cloned into the pCMV vector containing FLAG tag.

2.5.3 Stable cell line generation

Lentiviral transduction was used for the generation of cell lines with Dox-inducible
expression of shRNA that targets PRMT5 mRNA or scramble control (SC). Two shRNA
sequences that target different regions of the mMRNA were used. The full list of used shRNA
sequences, including the SC sequence, is in Appendix B. Briefly, 293T cells were co-transfected
with corresponding pLKO-tet-ON-shRNA plasmids (described above) and envelope and
packaging plasmids (pHR’-CMV-8.2AVPR, Addgene #8455, and pHR’-CMV-VSV-G, Addgene
#8454) using FuGENE HD reagent (Promega, Madison, W1, US) according to the manufacturer’s
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protocol. Viral particles were harvested 48 h later and used to infect 22Rv1 cells in the presence
of 0.01 mg/mL polybrene, and 48 h later selection of infected cells was initiated by applying 2
pg/mL puromycin. After selection, single-cell derived stable cell lines were generated using
limiting dilution cloning by diluting cell suspension to 2 cells per mL and plating 250 uL cell
suspension per well of 96-well plate [230]. The knockdown was confirmed via western blot for
the PRMT5 and qPCR with PRMT5-specific primers.

2.5.4 Western blotting

For protein level analysis, cells were trypsin-dissociated and lysed in RIPA buffer (10 mM
Tris-HCI, pH 8.0, 5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 140 mM NaCl, 5 pg/mL of each chymostatin, leupeptin, pepstatin A, and
antipan, and 1 mM PMSF) for 30 min on ice. The insoluble fraction was separated by
centrifugation at 12000 x g for 10 min at 4°C. Total protein concentration was measured using the
Bradford method. Twenty g of total cell lysate was loaded on 10% or 15% SDS-polyacrylamide
gel, separated, and then transferred to nitrocellulose membrane. Antibodies against AR (1:2000
dilution, Santa Cruz Biotechnology), PRMT5 (1:1000, Millipore), B-actin (1:1000, Sigma-
Aldrich), and secondary sheep anti-mouse IgG ECL antibody HRP conjugated (1:1000, GE
Healthcare) and secondary donkey anti-rabbit 1gG ECL antibody HRP Conjugated (1:1000, GE
Healthcare) were used for western blotting probing. Membranes were visualized with Bio-Rad
ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, US). The intensity of bands was
determined with Image Lab software (Bio-Rad, Hercules, CA, US) and normalized to
corresponding loading controls. All used antibodies, catalog numbers, and RRID are listed in

Appendix A.

2.5.5 Cell proliferation assay

The cell proliferation assay was performed using MTT reagent (Sigma, St Louis, MO, US).
Cell medium was removed, and 70 pL of MTT solution (0.5 mg/mL) was added into each well
and incubated at 37°C for 4 h. At the end of incubation, the MTT solution was removed, then 130
uL of DMSO was added into each well and incubated at 37°C for another 15 min. The absorbance
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value was then read at 550 nm using the BioTek Synergy™ 4 Microplate Reader (BioTek
Instruments, Winooski, VT, US).

2.5.6 Cell cycle analysis

Approximately 10°® cells were trypsinized, filtered through a 70 pm mesh to remove
aggregates, and fixed in 1000 puL 70% v/v ethanol overnight at 4°C. After that, cells were washed
in PBS and incubated in 300 pL of staining solution (20 ug/mL propidium iodide and 20 pg/mL
RNase A in PBS) overnight at 4°C. Cells were analyzed with Guava EasyCyte Flow Cytometer
(Guava Technologies, Hayward, CA, US), and at least 20000 live cells were counted per sample.
Data were subsequently analyzed using FlowJo software. Sub-G: cells were gated out, and
proportions of cells in different stages of the cell cycle were determined using Dean-Jett-Fox
modeling [231].

2.5.7 RNA isolation, reverse transcription, and quantitative real-time PCR

For analysis of gene expression at the mRNA level, total cell RNA was isolated using
TRIzol Reagent (Ambion, Carlsbad, CA, US). At least 1 ug of total RNA was used for the reverse
transcription (RT) using the High Capacity cDNA Reverse Transcription Kit (Promega, Madison,
WI, US) and random primers according to manufacturer’s instruction. gPCR was conducted using
FastStart Universal SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA, US) in a
QuantStudio 6 system (Applied Biosystems, Foster City, CA). Expression levels of genes were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level and were calculated
using the 274" method [232]. All RT-gqPCR primers are listed in Appendix B.

2.5.8 Chromatin immunoprecipitation (ChIP)

First, cross-linking was performed by adding 270 uL of 37% formaldehyde per 10 mL
media directly into cell culture media and incubating plates at room temperature for 10 min. Then,
1.12 mL of 1.25 M glycine was added per 10 mL media to stop the cross-linking, and plates were
incubated at room temperatures for additional 5 min. All next steps were performed on ice. Cells
were scraped off the plates, washed twice in cold PBS, and resuspended in the
immunoprecipitation (IP) buffer with protease and phosphatase inhibitors: 50 mM Tris-HCI pH
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7.4,150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% NP-40, 0.5 mM DTT, 5 ug/mL of each
chymostatin, leupeptin, pepstatin A, and antipan, 0.5 mM PMSF, 30 mM PNPP, 10 mM NaF, 0.1
mM NazVOg4, 0.1 mM NasMoOs, 10 mM B-glycerophosphate. Cells were sonicated using Branson
Model 250 Sonifier at Output 4, 90% duty cycle to generate ~500 base pairs chromatin fragments.
Chromatin fragments size was verified using agarose/ethidium bromide gel.

Two micrograms of each of antibodies against PRMT5 (Millipore), H2ZAR3me2s (Abcam),
H3R2me2s (EpiGentek), H3R8me2s (Abcam), H4R3me2s (Abcam) were used to
immunoprecipitate protein-DNA complexes for the subsequent isolation of DNA using Chelex
[233]. DNA immunoprecipitated with naive rabbit or mouse 1gG served as a control. The co-
immunoprecipitated DNA was quantified by gPCR using gene-specific primers. All used
antibodies are listed in the Appendix A, and ChIP-qPCR primers are listed in the Appendix B.

gPCR was conducted using FastStart Universal SYBR Green Master Mix (Thermo Fisher
Scientific, Waltham, MA, US) in a QuantStudio 6 system (Applied Biosystems, Foster City, CA,
us).

2.5.9 Xenograft tumor growth

Animal experiments were performed in the Biological Evaluation Facility of the Purdue
University Center for Cancer Research and approved by the Purdue University Animal Care and
Use Committee. Six to eight weeks old male non-obese diabetic-Ragl(null)-y chain(null) (NRG)
mice were castrated, and 14 days later 2 x 10° cells of 22Rv1-shPRMTS5 or -shSC in 100 pL of
RPMI-1640 media were mixed with 100 pL of Matrigel (200 pL total) and injected subcutaneously
into the right lower flank (10 mice/group). After tumor volumes reached ~100 mm?, mice were
treated with Dox (1 mg/mL in drinking water) to induce the expression of ShRNA or treated 5
days/week with ASI in 0.5% Methocel orally (abiraterone acetate 200 mg/kg/day, enzalutamide
25 mg/kg/day), or in combination. Control group mice were similarly treated with vehicle. Tumor
growth was measured every 2-3 days, and tumor volume was calculated using %2 x L x W x H
without blinding method. When control tumors reached ~2000 mm?3, tumors were resected for
immunohistochemistry (IHC) analysis.
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2.5.10 Immunohistochemistry analysis of xenograft tumors

Paraffin embedment and slide preparation of tumor samples were performed at the Purdue
Histology Research Laboratory.

Samples were deparaffinized and rehydrated by incubating slides overnight at 37°C, and
then for 2 h at 65°C, followed by incubation in Xylenes solution and a range of ethanol
concentration from 100% to 30%, and finally in Millie-Q water at room temperature. Endogenous
peroxides were inactivated by incubation of slides in 3% H20, for 10 min at room temperature.
Antigen retrieval was performed by incubating slides soaked in 10 mM Tris pH 10 on boiling
water bath for 30 min. Slides were then blocked with 5% non-fat milk solution in PBS for 1 h at
room temperature with shaking. Antibodies against AR (1:100, Santa Cruz Biotechnology),
PRMTS5 (1:100, Millipore), Ki-67 (1:500, BD Biosciences), or cleaved caspase-3 (1:500, Cell
Signaling Technology) were applied on sections overnight in 5% non-fat milk in PBS. After 3
washes in PBS, sections were probed with corresponding secondary HRP-conjugated antibodies
diluted (1:100) in 5% non-fat milk in PBS for 1 h at room temperature. Following another triple
washing of slides with PBS, the chromogenic reaction was performed with DAB peroxidase kit
(Vector Laboratories, Inc., Burlingame, CA, US), and then slides were counter-stained with
hematoxylin-eosin (HE) solution (Vector Laboratories, Inc.). The slides were subsequently
dehydrated and mounted using VectaMount™ permanent mounting medium (Vector Laboratories,
Inc.). Image analysis and quantification were performed using ImmunoRatio online software [234].

2.5.11 Statistical analysis

Unless stated otherwise, results are presented as mean + SD. Analysis of low-throughput
data was performed using GraphPad Prism 8.00 (GraphPad Software, La Jolla California US,
www.graphpad.com). For qPCR experiments, the analysis was performed on Ct values of genes
normalized to the Ct value of GAPDH loading control. For ChIP-gPCR experiments, the analysis
was performed on Cr values of specific IP normalized to the C+ value of non-specific IgG control.
For western blotting experiments, the analysis was performed on protein band intensity normalized
to B-actin loading control band intensity. MTT assay was performed at indicated time points, and
OD550 values were normalized to values from Day 0 for each cell line. For the comparison of two

sample groups, unpaired two-tailed t-test with Welch’s correction was used. A p value less than
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0.05 was considered significant and marked by asterisk in the figures (*, p < 0.05; **, p < 0.01;
and *** p < 0.001) while ns represents insignificant p-value (p > 0.05).

For animal studies, the group size was calculated based on pilot experimental data using
G*Power software [235]. Based on preliminary data, a 2-fold decrease of growth upon the PRMT5
knockdown with SD of 0.25 was expected (where 1 is no knockdown group growth). To detect
0.25-fold change at the power level 80%, alpha level 0.05, and sample effect 0.5, the sample size
of a group should be 10 mice.
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2.6 Supplemental Figure S2.1. PRMT5 promotes growth of CRPC cells via epigenetic
activation of AR expression.

A, Growth curve (MTT assay) of 22Rv1 cells with doxycycline-inducible PRMT5 knockdown
(22Rv1-shPRMT5#2) incubated in the presence (Dox (+)) or absence (Dox (-)) of doxycycline
for 6 days. B-C, Representative western blot analysis (B) and quantification (C) of protein
expression in cell lysates from Day 6 of A. D, qPCR analysis of gene expression in cells from
Day 6 of A. E, qPCR of AR target genes in 22Rv1-shPRMT5 cell line after 6 days of PRMT5
knockdown. F, Growth curve (MTT assay) of VCaP cells incubated with 10 uM PRMT5
inhibitor (BLL3.3) or equal volume of vehicle (DMSO) for 9 days. G-H, Representative western
blot analysis (G) and quantification (H) of protein expression in cell lysates from Day 9 of F. I,
gPCR analysis of gene expression in cells from Day 9 of F. J, Growth curve (MTT assay) of
LN95 cells incubated with 10 uM PRMTS5 inhibitor (BLL3.3 or JNJ) or equal volume of vehicle
(DMSO) for 6 days. K-L, Representative western blot analysis (K) and quantification (L) of
protein expression in cell lysates from Day 6 of J. M, gPCR analysis of gene expression in cells
from Day 6 of J. N, Trypan blue cell viability analysis in 22Rv1-shPRMT5 cells after 6 days of
PRMTS5 knockdown. O, ChIP-gPCR analysis of histone methylation and PRMTS binding at the
proximal AR promoter at Day 6 of PRMT5 knockdown was performed with indicated
antibodies. P, ChIP-gPCR analysis with antibodies of indicated specificity was performed using
22Rv1 cells lysates. Specific primers for the proximal region of AR promoter was used. For
MTT, western blotting, cell cycle, and gPCR analysis, statistical significance of group difference
was determined for ‘DMSO vs BLL3.3” or ‘Dox (-) vs Dox (+)’. For ChIP-gPCR, values were
normalized to the corresponding IgG control. For O, statistical significance of group difference
was determined for ‘Dox (-) vs Dox (+)’. For P, indicated statistical significance of group
difference was determined for ‘specific IP vs IgG IP’. For all experiments, results are mean = SD
from 3 independent experiments. For western blotting of AR, the AR N-20 antibody (sc-816,
Santa Cruz) was used. Student t-test with Welch’s correction was performed to determine
statistical significance of group difference. ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure S 2.1 continued
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CHAPTER 3. PICLN PROMOTES PRMT5-MEDIATED ACTIVATION
OF AR TRANSCRIPTION

The following chapter was reproduced and modified with permission from:

Beketova E. et al. Protein arginine methyltransferase 5 promotes plCIn-dependent androgen
receptor transcription in castration-resistant prostate cancer. Cancer Research, 2020 (published
online first) doi: 10.1158/0008-5472.CAN-20-1228 [202].

3.1  Summary

PRMTS5 is an emerging epigenetic enzyme that regulates multiple targets in normal
organism and cancer. Activity of PRMTH5 is highly dependent on the presence of its interacting
proteins. Here, | present the evidence that pICIn, and not MEP50, is the interacting protein of
PRMTS5 to activate AR transcription. pICIn binding was detected at the AR promoter, and plICin
was required for the PRMT5-mediated methylation of histone H4R3. Knockdown of pICin
decreased prostate cancer cell proliferation in vitro and in xenograft, and decreased AR signaling
similarly to PRMT5 knockdown. Expression of pICIn highly correlated with PRMT5 and AR
expression in prostate cancer patients’ samples at the protein and mRNA level, and pICln mRNA
expression negatively correlated with patient’s survival. Taken together, these results suggest that

targeting PRMT5/pICIn may be explored for CRPC treatment.

3.2 Introduction

PRMTS5 is a methyltransferase that can symmetrically dimethylate arginine residues in
histones (H4R3, H3R8, H3R2, and H2AR3) to regulate transcription of target genes
[114,120,126,163]. While PRMT5 is generally considered an epigenetic repressor, PRMT5 also
functions as an epigenetic activator [136,137,180]. Although in vitro studies suggest that PRMT5
interacting proteins methylosome protein 50 (MEP50) and methylosome subunit pICIn enhance
PRMT5 enzymatic activity [130,236], how these proteins cooperate with PRMT5 to regulate gene
transcription and substrate selection in vivo remains unknown.

MEPS50 functions as a PRMT5 cofactor facilitating substrate recognition and positioning
via interaction with the N-terminal region of PRMTH5 to form a heterooctameric complex [119,130].
Since both pICIn and MEP50 can enhance PRMT5 activity towards SmD3 protein in vitro

72



[135,237], pICIn may interact with PRMT5 similarly as MEP50 does to activate PRMT5
methyltransferase activity or alter substrate specificity. Indeed, my group has recently
demonstrated that pICIn, but not MEP50, cooperates with PRMTS5 to activate transcription of DNA
damage response genes [136]. Here | provide the evidence that PRMT5 promotes the growth of
CRPC cells via epigenetic activation of transcription of both AR-FL and AR-V7 in a pICIn-
dependent, but MEP50-independent, manner. Results from the in vitro and in vivo studies suggest

that targeting PRMTS5 may present a promising approach for CRPC treatment.

3.3 Results

3.3.1 MEP50 is not required for PRMT5-mediated activation of AR transcription in CRPC
cells

MEPS50 is considered a canonical cofactor of PRMT5 [114,120,126,163]. To evaluate the
role of MEP50 in PRMT5-driven activation of AR transcription, | established Dox-inducible
MEP50 knockdown stable cell lines in 22Rv1l (22Rv1-shMEP50 and 22Rv1-shMEP50#2).
Unexpectedly, MEP50 knockdown affected neither AR-FL/AR-V7 expression (Figure 3.1A-C,
Figure. S3.1A-C) nor the expression of AR target genes (Figure S3.1D). However, MEP50
knockdown de-repressed expression of involucrin (IVL) mRNA (Figure 3.1C), confirming that
PRMTS5/MEP5S0 represses VL transcription [238].

To determine whether this lack of MEP50 role in regulating AR expression is unique for
CRPC cells, | then examined the effect of MEP50 knockdown in LNCaP. Again, MEP50
knockdown did not impact AR expression (Figure 3.1D-F), and MEP50 did not bind to the AR
promoter (Figure 3.1G-H), though MEP50 antibody efficiently immunoprecipitated MEP50
(Figure S3.1E) and MEP50 bound to the IVL promoter (Figure 3.1G-H). Additionally, MEP50
knockdown in 22Rv1 did not significantly change H4R3me2s and H3R2me2s levels at AR
proximal promoter (Figure S3.1F). Notably, MEP50 knockdown decreased the total cellular level
of H3R2me2s but did not significantly affect the total level of H4R3me2s (Figure S3.1G). Contrary
to the lack of cell death following PRMT5 knockdown (Figure S2.11), MEP50 knockdown induced
both cell death (Figure 3.11) and Gz-cell cycle arrest (Figure 3.1J) in 22Rv1 cells, indicating that
PRMT5 and MEP50 might have distinct roles in cell proliferation. Taken together, MEP50 does
not appear to participate in the regulation of AR transcription by PRMTS5.
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Figure 3.1. MEP5O0 is not required for PRMT5-mediated activation of AR transcription in CRPC
cells.

A-B, Representative western blot images (A) and quantification (B) of protein expression in cell
lysates of 22Rv1 cells with doxycycline-inducible MEP50 knockdown (22Rv1-shMEP50)
incubated in the presence (Dox (+)) or absence (Dox (-)) of doxycycline for 6 days. C, qPCR
analysis of gene expression in cells from A. D-E, Representative western blot images (D) and
quantification (E) of protein expression in cell lysates of LNCaP cells with doxycycline-
inducible MEP50 knockdown (LNCaP-shMEP50) incubated in the presence (Dox (+)) or
absence (Dox (-)) of doxycycline for 6 days. F, gPCR analysis of gene expression in cells from
D. G-H, ChIP-gPCR assay of MEP50 binding to the proximal AR promoter or control gene 1VL
promoter was performed with non-specific 1gG binding as a control in 22Rv1 (G) and LNCaP
(H) cells. I, Trypan blue cell viability analysis in 22Rv1-shMEP50 cells after 6 days of MEP50
knockdown. J, Flow cytometry analysis of cells following PI staining at Day 6 of MEP50
knockdown in 22Rv1-shMEP50 (sub-G;: cells were gated out). For western blotting, cell cycle,
cell viability, and gPCR analysis, statistical significance of group difference was determined for
‘Dox (-) vs Dox (+)’. For ChIP-qPCR, values were normalized to the corresponding IgG control,
and indicated statistical significance of group difference was determined for ‘specific IP vs IgG
IP’. Results are mean + SD from 3 independent experiments. For western blotting of AR, the AR
N-20 antibody (sc-816, Santa Cruz) was used. Student t-test with Welch’s correction was
performed to determine statistical significance. ns P > 0.05, * P < 0.05, ** P < 0.01, *** P <
0.001.
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Figure 3.1 continued
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3.3.2 plClin participates in epigenetic activation of AR transcription

The surprising finding that MEP50 was not involved in AR transcription regulation in
HNPC and CRPC cells prompted me to search for PRMT5-interacting proteins (pICin, RIOK1,
and COPRb) that might cooperate with PRMT5 to regulate AR transcription [132,134,135].

Using ChIP-qPCR with protein-specific antibodies and primers specific to the AR proximal
promoter region, | found that only plICIn, but not RIOK1 and COPRS5, bound to the same AR
proximal promoter region as PRMT5 did (Figure 3.2A).

Next, | established Dox-inducible pICIn knockdown cell lines in 22Rv1 and LNCaP cells
(22Rv1-shpICIn and LNCaP-shplClIn) to further interrogate a role of pICIn in AR regulation.
Indeed, pICIn knockdown significantly decreased cell proliferation (Figure 3.2B and C) and AR
expression at both protein and mRNA levels in 22Rv1 (Figure 3.2D-F) and LNCaP (Figure 3.2G-
). Consistent with its effect on AR expression, plICIn knockdown decreased plCin binding and the
H4R3me2s level at the AR promoter (Figure 3.2J). However, plCIn knockdown did not affect
PRMTS5 binding nor the H3R2me2s level (Figure 3.2J). Consistently, at the total cellular level,
pICIn knockdown decreased H4R3me2s but did not affect H3R2me2s (Figure S3.2). In contrast,
PRMTS5 knockdown decreased pICIn binding to the AR promoter (Figure 3.2K). These results
suggest that PRMTS5 recruits pICin to the AR promoter, and PRMT5/pICIn interaction is required
for H4R3 methylation in this region.
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Figure 3.2. pICIn participates in epigenetic activation of AR transcription.

A, ChIP-gPCR assay for binding of PRMT5-interacting proteins to the proximal AR promoter in
22Rv1 cells. Values were normalized to 1gG control. B-C, Growth curve (MTT assay) of 22Rv1
(B) or LNCaP (C) cells with Dox-inducible pICIn knockdown (shplICIn). D-E, Representative
western blot images (D) and quantification (E) of protein expression in 22Rv1 after 6 days of
pICIn knockdown. F, gPCR analysis of gene expression in 22Rv1 after 6 days of pICin
knockdown. G-H, Representative western blot images (G) and quantification (H) of protein
expression in LNCaP after 5 days of pICIn knockdown. I, gPCR analysis of gene expression in
LNCaP after 5 days of pICIn knockdown. J, ChIP-gPCR assay for pICIn and H4R3me2s
presence at the proximal AR promoter in 22Rv1 upon plCin knockdown. K, ChIP-gPCR assay
for pIClIn presence at the proximal AR promoter upon PRMT5 knockdown. L, Trypan blue cell
viability analysis in 22Rv1-shpICin cells after 6 days of pICIn knockdown. M, Flow cytometry
analysis of fixed and stained with propidium iodide 22Rv1-shpICin cells after 6 days of pICIn
knockdown. For MTT, western blotting, cell cycle, and gPCR analysis statistical significance of
group difference was determined for ‘Dox (-) vs Dox (+)’. For ChIP-qPCR, values were
normalized to the corresponding IgG control, and indicated statistical significance of group
difference was determined for ‘specific IP vs IgG IP’ (A) or ‘Dox (-) vs Dox (+)’ (J, K). For all
experiments, results are mean + SD from 3 independent experiments. For western blotting of
AR, the AR N-20 antibody (sc-816, Santa Cruz) was used. Student t-test with Welch’s correction
was performed to determine statistical significance. ns P > 0.05, * P < 0.05, ** P < 0.01, *** P <
0.001.
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Contrary to PRMT5 knockdown that caused G: cell cycle arrest and did not cause cell
death, pICIn knockdown induced cell death (Figure 3.2L) and G cell cycle arrest in 22Rv1 cells
(Figure 3.2M). Thus, pIClIn has additional roles in cell proliferation and survival independently of
PRMTS5. Nonetheless, these results demonstrate that pICln is required for PRMT5-mediated H4R3
methylation to activate AR transcription.

As | established that PRMT5/pICIn epigenetically regulate AR transcription and are both
required for CRPC cell proliferation, I next aimed to check whether the anti-proliferative effect of
pICIn knockdown is mediated through the regulation of AR expression. For this purpose, |
performed AR rescue assays similarly as described in Chapter 2. | transfected 22Rv1-shplCIn and
22Rv1-shSC cells with the plasmid encoding FLAG-AR expression or the empty vector control.
Remarkably, exogenously expressed AR completely restored cell proliferation in 22Rv1-shplCin
cells but did not affect cell proliferation in 22Rv1-shSC (Figure 3.3A for proliferation data and B
for western blot confirmation of protein expression). This observation suggests that the inhibition
of 22Rv1 cell proliferation upon pICIn knockdown is primarily mediated through downregulation

of AR expression.

B

= SC+EV —_— 22Rv1- 22Rv1-
== SC+AR — shSC shpICIn
o == shplCin+EV 1 ka +EV +AR +EV +AR
== shplCIn+AR
L & FLAG (AR)

95
72-‘- % s | pICIn

43| — — | 3-actin

Fold change (cell growth)

T
Day 1 Day 4

Figure 3.3. AR re-expression restores cell proliferation after pICIn knockdown in 22Rv1.

A, 22Rv1 cells with Dox-inducible expression of scramble control (22Rv1-shSC) or pICin
shRNA (22Rv1-shplICIn) were treated with Dox and transfected with either empty vector (+EV)
or plasmid for Flag-AR expression (+AR). MTT assay was performed at Day 1 and Day 4 of
treatment. B, Western blot analysis of protein expression in cell lysates at Day 4 of A.
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3.3.3 plCIn may compete with MEP50 for PRMT5 binding

To investigate whether pICIn binds to the N-terminal region of PRMT5 as MEP50 does
[119,130], I utilized the bimolecular fluorescence complementation (BiFC) assay [239]. Co-
expression of PRMT5(NT292)-VN155 and VC155-pICIn in COS-1 cells resulted in YFP
fluorescence, indicating that pICln interacted with N-terminal fragment of PRMT5 (Figure 3.4A).
To determine whether pICIn might bind to a similar site in PRMT5 as MEP50 does, | used the
BiFC competition assay, in which VN155-PRMT5 and VC155-MEP50 were co-expressed with
MEPS50 or plICIn. Indeed, overexpression of MEP50 or pICIn similarly decreased BiFC efficiency
of the PRMT5-MEP50 BIiFC interaction (Figure 3.4B-D), suggesting that pICIn may indeed
function as a cofactor by binding to the N-terminus of PRMTS5 like MEP50 [119].
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Figure 3.4. pICIn may compete with MEP50 for PRMT5 binding.

A, COS-1 cells were co-transfected with BiFC plasmids to co-express VC155-pICIn and VN155-
PRMT5(NT292) along with the plasmid expressing CFP as a transfection control. Images were
taken 48 h post-transfection. YFP fluorescence indicates reconstituted Venus as a result of
PRMT5/pICIn interaction. 20x magnification. B-D, COS-1 cells were co-transfected with BiFC
plasmids to co-express VC155-MEP50 and VN155-PRMT5(NT292) and the plasmid expressing
MEP50 (+MEP50) or pICIn (+plClIn) as well as the plasmid expressing CFP as a transfection
control. B, Representative images were taken 48 h post-transfection. C, Quantification of
PRMT5/MEP50 BiFC efficiency (ratio of Venus/CFP fluorescence intensities) from B. D,
Western blot analysis of protein expression in lysates of cells from B. Probing is indicated on the
left, and detected proteins are indicated on the right. Results are mean = SD from 3 independent
experiments. Student t-test with Welch’s correction was performed to determine statistical
significance between groups. ns P > 0.05, * P < 0.05, ** P < 0.01.
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3.3.4 PRMTS5 and pIClIn regulate the AR signaling independently of MEP50

The above results suggest distinct regulatory roles of PRMT5, MEP50, and pICin in cell
proliferation, cell cycle progression, and cell death. To further understand the roles of these
proteins in genome-wide gene regulation, RNA-seq of 22Rv1 cells with and without knockdown
of PRMTS5, MEP50, or pICIn was performed. Differentially expressed transcript (DET) analysis
identified 6,730 out of 23,334 genes which had at least one DET upon PRMTS5 knockdown,
including 3,426 genes with upregulated transcripts and 3,304 genes with downregulated ones
(Figure 3.5A). Following MEP50 knockdown, 447 upregulated and 626 downregulated
differentially expressed genes (DEGs) overlapped with the PRMT5-knockdown DEGs (Figure
3.5A). Notably, pICIn knockdown led to more overlapped genes with the PRMT5-knockdown
DEGs, including 1,033 upregulated and 1,361 downregulated genes (Figure 3.5A).

To confirm the regulation of the AR signaling by PRMT5 and pIClIn, the enrichment of
different sets of DEGs involved in AR signaling pathway, Gene Ontology G0:0030521, was
identified. Consistently, genes of this pathway were significantly over-represented among
PRMT5- and pICIn-knockdown DEGs but not among MEP50-knockdown DEGs (Figure 3.5B).
Compared to fold changes (in log scale with base 2) of selected AR signaling pathway DEGs
identified by mRNA-seq (left panel in Figure 3.5C), qPCR analysis confirmed that PRMT5 and
pIClIn, but not MEP50, similarly regulate the expression of AR signaling pathway genes (right
panel in Figure 3.5C). These results suggest that PRMT5 and plCIn co-regulate AR signaling in a
MEP50-independent way.

The GO enrichment analysis explored many GO terms and KEGG pathways significantly
enriched in DEGs downregulated after the knockdown of PRMT5 or pICIn or MEP50 (Figure
3.5D). For example, GO:0051301 “cell division”, GO:0007049 “cell cycle”, and GO:0000086
“G2/M transition of mitotic cell cycle” were shared by repressed genes after PRMT5/pICIn/MEP50
knockdown. GO functions associated with G1/S phase regulation were notably over-represented
in DEGs downregulated by PRMT5- or MEP50-knockdown, but not in the plCIn-knockdown
group, for instance, GO:0000082 “G1/S transition of mitotic cell cycle”, GO:0000083 “regulation
of transcription involved in Gi/S transition of mitotic cell cycle”, and GO:0006270 “DNA
replication” among others. This was consistent with the cell cycle analysis results (Figure 2.2Q,

3.13, 3.2M).
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Figure 3.5. PRMTH5 and plClIn regulate the AR signaling independently of MEP50.

A, RNA-seq analysis of 22Rv1 cells upon 6 days of sShRNA-mediated knockdown of PRMT5
(shPRMT5), MEP50 (shMEP50), or pICIn (shpICln). Venn diagrams indicate overlap of
upregulated and downregulated DEGs among three experiments. B, Presence of AR signaling
pathway (G0:0030521) among identified up- and downregulated DEGs. C, Heatmap indicating
expression fold change (FC, log) of individual AR signaling pathway genes down-regulated
upon knockdown of PRMT5 (shPRMT5), MEP50 (shMEP50), and pICIn (shplCIn) from RNA-
seq analysis (left panel) and qPCR validations (right panel). D, Gene ontology (GO) analysis of
DEGs that were downregulated upon knockdown of PRMT5 (shPRMT5-down), pIClin (shplCin-
down), and MEP50 (shMEP50-down). Presented are selected GO terms significantly enriched in
the DEG sets related to cell-cycle regulation, DNA replication, transcription, and
phosphorylation. The color of each dot indicates the fold enrichment for the GO term, whereas
the size of the dot indicates g-value (FDR-corrected p-value) of statistical significance of the
enrichment.
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Noticeably, PRMT5- or MEP50-knockdown DEGs could be different, even though they
were associated with the same GOs or KEGG pathways. But PRMT5 and plICin tended to mediate
the same DEGs involved in some GOs and KEGG pathways, e.g. GO:0006351 “transcription,
DNA-templated” and GO:0006355 “regulation of transcription, DNA-templated” (Figure 3.5D).
Interestingly, pICIn appears to have additional roles in regulating phosphatidylinositol signaling
and NF-kB signaling in prostate cancer independently of PRMT5 (Figure 3.5D). Taken together,
this genome-wide gene expression analysis confirms the role of PRMT5/pICIn in AR signaling in
prostate cancer and reveals distinct regulatory roles of PRMT5, MEP50, and pICIn in various

cellular processes such as cell cycle progression.

3.3.5 PRMTS5 and plICIn expression positively correlates with AR in CPRC patients

To investigate the clinical relevance of described above findings, | examined the expression
of AR, PRMTS5, pICIn, and MEP50 in HNPC and CRPC tissues. Nuclear PRMTS5 and pICin
expression was the highest in CRPC tissues with elevated AR expression (Figure 3.6A), and
nuclear PRMTS5, pICIn, and MEP50 expression correlates positively with AR expression (Figure
3.6B). In general, correlation with AR expression was higher for PRMT5 and pICIln compared to
MEP50 (Figure 3.6B, Figure 3.7A-D). Notably, when samples were stratified by top and bottom
50% of AR staining (AR"9" and AR'®"), the nuclear PRMT5/pIClIn expression was lower in AR
tissues compared to ARM9" (Figure 3.7E and F). However, PRMT5/MEP50 correlation was similar
between AR and ARMI" groups (Figure 3.7G-1). Consistent with the nuclear PRMT5/AR
expression correlation in HNPC tissues [137], nuclear pICIn expression also positively correlated
with both nuclear PRMT5 and AR expression in these tissues (Figure 3.7J and K). These results
further suggest that PRMT5 and pIClIn are strongly associated with higher AR expression.

Next, 34 datasets from GEO and cBioportal including a total of 3425 HNPC and 1199
CRPC cases with mRNA expression profiles were retrieved. PRMT5/AR and plCIn/AR
correlations were significantly higher than MEP50/AR correlation, confirming the role of
PRMTS5/pICIn in AR signaling (Figure 3.6C). Interestingly, comparable PRMT5/pICIn and
PRMTS5/MEP5S0 correlations were observed, consistent with their distinct cellular roles. These
results further support the finding that PRMT5 cooperates with plCin to activate transcription of
AR in HNPC and CRPC tissues.
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I further investigated the relationship of PRMTS and pICIn mRNA expression with patients’
survival in CRPC [86]. Notably, patients with high expression of either PRMTS5 or pICIn had lower
survival (Figure 3.6D). These findings support that expression levels of PRMT5 and pICIn may
affect patient outcomes or potential responses to therapy, indicating their role in prostate cancer
progression.
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Figure 3.6. PRMTS5 and pIClIn expression positively correlates with AR in CPRC patients.

A-B, AR, AR-V7, PRMTS5, plICIn, and MEP50 protein expressions were analyzed by IHC in
metastatic CRPC samples. A, Representative IHC images of AR, AR-V7, PRMTS5, pICIn, and
MEP50 expression. Scale bar indicates 100 um. B, Spearman correlations of protein-level
expression of AR, AR-V7, PRMTS5, pICIn, and MEP50 in CRPC tissues. C, Spearman
correlations of MRNA expression levels between AR, PRMTS5, pICIn, and MEP50. The mRNA
expression data for 4624 patient samples were obtained from 34 published datasets. Each dot
denotes one dataset, representing the gene expression correlation between the pair of selected
MRNAs. The dot color indicates the sample size of corresponding dataset. D, Kaplan-Meier
curves comparing influences of MRNA expression levels of PRMT5 and pICln, respectively, on
patients’ survival. Red curves represent patients with high (top 50%) expression of PRMTS and
pIClIn, whereas blue ones are groups with low (bottom 50%) expression. The mMRNA expression
and patient survival data were downloaded from the cBioportal SU2C-PCF dataset.
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Figure 3.7. PRMT5 and pIClIn nuclear expression positively correlates with nuclear expression of
AR in CRPC and HNPC tissues.

A-K, Correlation analysis (Spearman) of corresponding protein pairs in CRPC and HNPC tissue
microarrays (A-1, CRPC tissue microarray; J and K, HNPC tissue microarray). For E-F, H-I
same analysis was performed for data stratified based on AR expression. ns P > 0.05.

3.3.6 Knockdown of pICIn suppresses CRPC tumor growth in mice

To determine whether targeting PRMT5 cofactor pICin can suppress the growth of CRPC
tumors in vivo, | implanted 22Rv1-shpICin, and 22Rv1-shSC cells subcutaneously into male, pre-
castrated NRG mice. When the average tumor volumes reached 100 mm?, shRNA expression was
induced by Dox treatment, and tumor growth was monitored. pICIn knockdown significantly
suppressed tumor growth (Figure 3.8A), consistent with the suppression of AR expression in
xenograft tumors (Figure 3.8B). Analysis of cleaved caspase-3 staining suggested slight induction
of apoptosis by pICIn knockdown (Figure 3.8C), confirming in vitro findings. Ki-67 analysis
showed that tumors with pICIn knockdown had significantly lower proliferative index compared
to scramble control (Figure 3.8D). Taken together, these results demonstrate that PRMT5 and

pIClIn also regulate AR expression and the growth of CRPC tumors in vivo.
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Figure 3.8. Knockdown of pICIn suppresses CRPC tumor growth in mice.

22Rv1 cells with Dox-inducible knockdown of pICIn (shpICIn) or scramble control (shSC) were
injected subcutaneously into right flanks of surgically castrated male NRG mice. Tumor-bearing
mice were treated with doxycycline in drinking water once tumors reached ~100 mm?3. A, Tumor
growth curve was determined and compared between treatment groups (ANOVA; **** P <
0.0001). B-D, At the end of treatment, tumors were resected and probed for cleaved caspase-3
and Ki-67 using IHC. Presented are representative images (B) and the quantification of the
percentage of positively stained cells out of the total number of cells (C, D). Scale bar indicates
40 um. Results are mean + standard deviation (n = 10 per group). C, D, Student t-test was
performed to determine statistical significance. ns P > 0.05, ** P < 0.01, *** P < 0.001.

3.4 Discussion

3.4.1 PRMT5 interacts with plICIn to epigenetically activate AR transcription
independently of MEP50

The finding that PRMT5 epigenetically activates AR transcription prompted me to examine
whether MEP50, a canonical cofactor of PRMT5 [120], participates in the activation of AR
transcription by PRMTS5. Surprisingly, MEP50 was not present at the AR promoter, and MEP50
knockdown did not affect AR expression in LNCaP and 22Rv1 cells. This led to the discovery of
pICIn as a potential cofactor of PRMTS5 to activate AR transcription. Transcriptomic analysis of
PRMTS5, pICIn and MEP5O0 target genes further confirmed that plCin, but not MEP50, cooperates
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with PRMT5 to regulate AR signaling in CRPC tissues (Figure 3.5). Interestingly, pIClIn also
cooperates with PRMT5 to activate transcription of multiple DNA damage response genes upon
ionizing radiation (IR) independent of MEP50 [136]. Thus, pICIn rather than MEP50 might be
required for the activation of PRMT5 target genes. In contrast, MEP50 might form a complex with
PRMTS5 and plICin to repress gene transcription. For example, IVL promoter was co-occupied by
PRMT5, MEP50, and pIClIn, and knockdown of either MEP50 or pICIn increased I\VVL expression
(Figure 3.1C) [136]. Future studies may examine whether the co-occupancy of target gene
promoters by PRMT5 and PRMT5-interacting proteins, e.g. MEPS50, pICIn, RIOK1, and COPRS5,
determines the transcriptional activation versus repression.

Several studies also demonstrated that PRMT5 may activate transcription of individual
genes in a variety of tissues and conditions [136,159,160,216,217,240]. Consistent with recent
transcriptomic analysis in LNCaP cells showing that majority of identified DEGs (1136 out of
2035) was downregulated upon PRMT5 knockdown [136], similar number of upregulated and
downregulated DEGs was identified in this study upon PRMTS5 knockdown in 22Rv1 cells. Thus,
PRMTS5 likely functions as an epigenetic activator or repressor for different target genes. This
notion is also supported by two recent transcriptomic studies in lung cancer cells A549 [241] and
leukemia cells MOLM-13 [180]. Because PRMT5 interacts with many chromatin remodelers
[114], future studies focusing on the interplay between PRMT5 and PRMT5-interacting proteins
including cofactors and other chromatin remodelers will likely shed new light on the epigenetic
mechanism of PRMT5-mediated transcriptional regulation of target gene expression.

3.4.2 Competing PRMT5-interacting proteins may alter PRMT5 activity

Results from my group indicate that the binding of plCIn may decrease the binding of
MEP50 to PRMT5(Chapter 3.3.3). Additionally, it was shown in my group that RIOK1, another
interacting protein of PRMTS5, can also decrease binding of MEP50 to PRMT5 in competition
BiFC assay similar to pICIn as shown in the Figure 3.4 (RIOK1 data not shown). On the contrary,
Guderian et al. demonstrated that RIOK1 competes with pICIn but not MEP50 [132], although this
data was generated using recombinant proteins in vitro. Furthermore, structural modeling data
from Stopa et al. study [120] indicates that RIOK1 and Menin (PRMT5-interacting protein that
recruits PRMT5 into MLL complex) can replace MEP50 in PRMT5:MEP50 complex. These

observations raise an interesting possibility that balance of expression level and cellular
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distribution of PRMT5-interacting proteins, likely in addition to expression and localization of
PRMTS5 itself, may regulate PRMTS5 activity to drive methylation of specific epigenetic and non-
epigenetic factors. Here, | observed strong nuclear expression of plCin and PRMTS5 that were
significantly correlated with AR expression (Figure 3.6 and 3.7). Importantly, Owens et al.
observed that distribution of pICIn changes upon radiation treatment in LNCaP cells to promote
pIClIn nuclear localization by that promoting H4R3 methylation at the promoters of DNA damage
response genes [136]. However, the mechanism of pIClIn nuclear translocation upon DNA damage
IS not established.

In non-transformed cells pICIn is predominantly cytoplasmic and functions as chaperone
for Sm protein assembly to assist formation of small nuclear ribonucleoproteins (SNnRNPs) [242].
At the same time pICIn can be present in the nucleus as well, but nuclear pICln is not a part of
snRNPs and does not get shuttled into cytoplasm together with Sm proteins [242]. On the contrary,
in cancer cells pICIn can be predominantly nuclear-localized [132]. Thus, further elucidation of
mechanism of plCIn function and translocation in the nucleus as well as structural studies of
PRMT5-pICIn and PRMT5-MEP50-pIClIn interaction is required.

On the other hand, RIOK1 appears strongly cytoplasmic in cancer cells [132]. Notably,
RIOK1 is not expressed in prostate cancer (https://www.proteinatlas.org/ENSG00000124784-

RIOK1/pathology) and is rather associated with RAS-driven cancers such as colorectal, gastric,

and lung tumors [243,244]. Given the important cytoplasmic role of PRMT5 in post-translational
regulation of signaling molecules, it will be important to investigate the role of RIOK1 role in
regulation of PRMT5 activity, particularly in the context of prostate cancer progression to the

neuroendocrine phenotype.

3.4.3 Targeting interaction of PRMT5 with specific binding partners may provide a better
approach for the cancer therapy

Although targeting PRMT5 enzymatic activity or protein expression can be explored as
therapeutic approach for prostate and other cancers treatment (in fact, five PRMT5 enzymatic
inhibitors are in clinical trials for cancer treatment right now), it is possible that targeting all
PRMTS5 activity can have significant side effects in the body. Targeted delivery, for example,
PSMA-based approaches, could overcome this obstacle. Alternatively, targeting specific protein-
protein interactions (PPIs) will allow to achieve higher precision and efficiency of therapy. For
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example, targeting PRMT5-pIClIn interaction can decrease AR signaling for HNPC and CRPC
therapy without significantly interrupting other PRMTS5 functions. Elucidation of the function of
specific interacting partners of PRMT5, as well as the structure of the complex will allow to
develop this specific targeting approach. As PRMT5 functions within larger epigenetic complexes,
further elucidation of PRMT5 interactome will significantly advance drug development for
PRMTS5 targeting.

3.5 Methods

3.5.1 Cell lines and reagents

LNCaP, 22Rv1, COS-1, and 293T cells were purchased from ATCC (Manassas, VA, US).
Frozen cultures were recovered and expanded in complete media (RPMI11640 (Corning, NY, US),
supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville, GA, US), 2 mM L-glutamine
(Corning, NY, US), and 100 units/mL penicillin and 100 pg/mL streptomycin (Gibco,
Gaithersburg, MD, US)). Cells were not passaged more than 30 times. For long-term storage, cells
were frozen in freezing media (80% fresh complete media, 10% conditioned complete media, 10%
DMSO v/v). Cell authentication and mycoplasma contamination check were performed as

described previously [136].

3.5.2 Plasmid construction

Plasmids for the doxycycline (Dox)-inducible knockdown of genes of interest were
generated by cloning short hairpin RNA (shRNA) targeting the gene of interest mRNA into
EcoRI/Agel sites of the pLKO-tet-ON vector (Addgene #21915). The full list of used shRNA
sequences and scramble control (SC) sequence is in the Appendix B. Plasmids for BiFC analysis
of the PRMT5:pICIn interaction were generated by cloning the N-terminal 1-292 fragment of
PRMTS5 fused with the N-terminal 1-155 fragment of Venus fluorescent protein into the pCMV
vector containing the Myc-tag (p)CMV-Myc-PRMT5(NT292)-VN155) and the complementary C-
terminal fragment of Venus fused with pICIn into the pCMV vector containing the HA-tag
(PCMV-HA-VC155-pICIn). Plasmids for BiFC analysis of the PRMT5:MEP50 interaction were
generated by cloning the N-terminal 1-155 fragment of Venus fused with the N-terminal 1-292
fragment of PRMT5 into the pCMV vector containing the Myc-tag (pPCMV-Myc-VN155-
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PRMT5(NT292)) and the complementary C-terminal fragment of YFP fused with MEP50 into the
pCMV vector containing the HA-tag (pPCMV-HA-VC155-MEP50). For overexpression of pICIn,
pICIn cDNA was cloned into the pCMV vector containing HA-tag (pCMV-HA-pICln).

3.5.3 Stable cell line generation

Lentiviral transduction was used for the generation of cell lines with Dox-inducible
expression of ShRNA that target genes of interest. For each gene, two ShRNA sequences that target
different regions of the mRNA were used. The full list of ShRNA sequences and scramble control
sequence is in the Appendix B. Briefly, 293T cells were co-transfected with corresponding pLKO-
tet-ON-shRNA plasmids (described above) and envelope and packaging plasmids (pHR’-CMV-
8.2AVPR, Addgene #8455, and pHR’-CMV-VSV-G, Addgene #8454) using FUGENE HD reagent
(Promega, Madison, WI, US) according to the manufacturer’s protocol. Viral particles were
harvested 48 h later and used to infect 22Rv1 or LNCaP cells in the presence of 0.01 mg/mL
polybrene, and 48 h later selection of infected cells was initiated by applying 2 pg/mL puromycin.
After selection, single-cell derived stable cell lines were generated using limiting dilution cloning
by diluting cell suspension to 2 cells per mL and plating 250 uL cell suspension per well of 96-
well plate [230]. The knockdown was confirmed via western blot for the protein of interest and

gPCR with gene-specific primers.

3.5.4 Western blotting

For protein level analysis, cells were trypsin-dissociated and lysed in RIPA buffer (10 mM
Tris-HCI, pH 8.0, 5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 140 mM NaCl, 5 pg/mL of each chymostatin, leupeptin, pepstatin A, and
antipan, and 1 mM PMSF) for 30 min on ice. The insoluble fraction was separated by
centrifugation at 12000 x g for 10 min at 4°C. Total protein concentration was measured using the
Bradford method. Twenty ug of total cell lysate was loaded on 10% or 15% SDS-polyacrylamide
gel, separated, and then transferred to nitrocellulose membrane. Antibodies against AR (1:2000
dilution, Santa Cruz Biotechnology), PRMTS (1:1000, Millipore), B-actin (1:1000, Sigma-
Aldrich), pICIn (1:2000, Abcam), MEP50 (1:500, Cell Signaling Technology), and secondary
sheep anti-mouse IgG ECL antibody HRP conjugated (1:1000, GE Healthcare) and secondary
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donkey anti-rabbit IgG ECL antibody HRP Conjugated (1:1000, GE Healthcare) were used for
western blotting probing. Membranes were visualized with Bio-Rad ChemiDoc Touch Imaging
System (Bio-Rad, Hercules, CA, US). The intensity of bands was determined with Image Lab
software (Bio-Rad, Hercules, CA, US) and normalized to corresponding loading controls. All used

antibodies, catalog numbers, and RRID are listed in Appendix A.

3.5.5 Cell proliferation assay

The cell proliferation assay was performed using MTT reagent (Sigma, St Louis, MO, US).
Cell medium was removed, and 70 pL of MTT solution (0.5 mg/mL) was added into each well
and incubated at 37°C for 4 h. At the end of incubation, the MTT solution was removed, then 130
uL of DMSO was added into each well and incubated at 37°C for another 15 min. The absorbance
value was then read at 550 nm using the BioTek Synergy™ 4 Microplate Reader (BioTek
Instruments, Winooski, VT, US).

3.5.6 Cell cycle analysis

Approximately 10° cells were trypsinized, filtered through a 70 pm mesh to remove
aggregates, and fixed in 1000 pL 70% v/v ethanol overnight at 4°C. After that, cells were washed
in PBS and incubated in 300 pL of staining solution (20 pg/mL propidium iodide and 20 pg/mL
RNase A in PBS) overnight at 4°C. Cells were analyzed with Guava EasyCyte Flow Cytometer
(Guava Technologies, Hayward, CA, US), and at least 20000 live cells were counted per sample.
Data were subsequently analyzed using FlowJo software. Sub-G: cells were gated out, and
proportions of cells in different stages of the cell cycle were determined using Dean-Jett-Fox
modeling [231].

3.5.7 RNA isolation, reverse transcription, and quantitative real-time PCR

For analysis of gene expression at the mRNA level, total cell RNA was isolated using
TRIzol Reagent (Ambion, Carlsbad, CA, US). At least 1 ug of total RNA was used for the reverse
transcription (RT) using the High Capacity cDNA Reverse Transcription Kit (Promega, Madison,

WI, US) and random primers according to manufacturer’s instruction. gPCR was conducted using

FastStart Universal SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA, US) in a
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QuantStudio 6 system (Applied Biosystems, Foster City, CA). Expression levels of genes were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level and were calculated
using the 2724“T method [232]. All RT-qPCR primers are listed in Appendix B.

3.5.8 Chromatin immunoprecipitation (ChIP)

First, cross-linking was performed by adding 270 uL of 37% formaldehyde per 10 mL
media directly into cell culture media and incubating plates at room temperature for 10 min. Then,
1.12 mL of 1.25 M glycine was added per 10 mL media to stop the cross-linking, and plates were
incubated at room temperatures for additional 5 min. All next steps were performed on ice. Cells
were scraped off the plates, washed twice in cold PBS, and resuspended in the
immunoprecipitation (IP) buffer with protease and phosphatase inhibitors: 50 mM Tris-HCI pH
7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% NP-40, 0.5 mM DTT, 5 pg/mL of each
chymostatin, leupeptin, pepstatin A, and antipan, 0.5 mM PMSF, 30 mM PNPP, 10 mM NaF, 0.1
mM NazVOg4, 0.1 mM NasMoOs, 10 mM B-glycerophosphate. Cells were sonicated using Branson
Model 250 Sonifier at Output 4, 90% duty cycle to generate ~500 bp chromatin fragments.
Chromatin fragments size was verified using agarose/ethidium bromide gel.

Two micrograms of each of antibodies against PRMT5 (Millipore), MEP50 (Cell Signaling
Technology), RIOK1 (Bethyl), COPR5 (Novus Biological), pICIn (Abcam), H2AR3me2s
(Abcam), H3R2me2s (EpiGentek), H3R8me2s (Abcam), or H3R3me2s (Abcam) were used to
immunoprecipitate protein-DNA complexes for the subsequent isolation of DNA using Chelex
[233]. DNA immunoprecipitated with naive rabbit or mouse 1gG served as a control. The co-
immunoprecipitated DNA was quantified by gPCR using gene-specific primers. All used
antibodies are listed in the Appendix A, and ChIP-qPCR primers are listed in the Appendix B.

gPCR was conducted using FastStart Universal SYBR Green Master Mix (Thermo Fisher
Scientific, Waltham, MA, US) in a QuantStudio 6 system (Applied Biosystems, Foster City, CA,
us).

3.5.9 Bimolecular fluorescence complementation (BiFC)

BiFC plasmids (250 ng each) encoding a protein of interest fused to the N- or C-terminal
fragment of the Venus fluorescent protein (VN155 or VC155) and 100 ng of the plasmid encoding
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the Cerulean fluorescent protein (CFP, as a positive control for transfection) were co-transfected
into COS-1 cells and BiFC efficiency (YFP/CFP) was analyzed essentially as described previously
[239]. For BiFC competition assay, 500 ng of the plasmid encoding a PRMT5 interacting protein
(MEP50 or pICIn) or empty vector control were co-transfected to analyze the inhibition of
PRMT5:MEP50 interaction. Results are presented as median £ SD from three independent

biological replicates.

3.5.10 Xenograft tumor growth

Animal experiments were performed in the Biological Evaluation Facility of the Purdue
University Center for Cancer Research and approved by the Purdue University Animal Care and
Use Committee. Six to eight weeks old male non-obese diabetic-Ragl(null)-y chain(null) (NRG)
mice were castrated, and 14 days later 2 x 10° cells of 22Rv1-shpICIn or -shSC in 100 pL of RPMI-
1640 media were mixed with 100 pL of Matrigel (200 pL total) and injected subcutaneously into
the right lower flank (10 mice/group). After tumor volumes reached ~100 mm?3, mice were treated
with Dox (1 mg/mL in drinking water) to induce the expression of ShRNA. Tumor growth was
measured every 2-3 days, and tumor volume was calculated using %2 x L x W x H without blinding

method. When control tumors reached ~2000 mm?, tumors were resected for IHC analysis.

3.5.11 Immunohistochemistry analysis of xenograft tumors

Paraffin embedment and slide preparation of tumor samples were performed at the Purdue
Histology Research Laboratory.

Samples were deparaffinized and rehydrated by incubating slides overnight at 37°C, and
then for 2 h at 65°C, followed by incubation in Xylenes solution and a range of ethanol
concentration from 100% to 30%, and finally in Millie-Q water at room temperature. Endogenous
peroxides were inactivated by incubation of slides in 3% H20, for 10 min at room temperature.
Antigen retrieval was performed by incubating slides soaked in 10 mM Tris pH 10 on boiling
water bath for 30 min. Slides were then blocked with 5% non-fat milk solution in PBS for 1 h at
room temperature with shaking. Antibodies against AR (1:100, Santa Cruz Biotechnology),
PRMT5 (1:100, Millipore), Ki-67 (1:500, BD Biosciences), or cleaved caspase-3 (1:500, Cell

Signaling Technology) were applied on sections overnight in 5% non-fat milk in PBS. After 3

96



washes in PBS, sections were probed with corresponding secondary HRP-conjugated antibodies
diluted (1:100) in 5% non-fat milk in PBS for 1 h at room temperature. Following another triple
washing of slides with PBS, the chromogenic reaction was performed with DAB peroxidase kit
(Vector Laboratories, Inc., Burlingame, CA, US), and then slides were counter-stained with
hematoxylin-eosin (HE) solution (Vector Laboratories, Inc.). The slides were subsequently
dehydrated and mounted using VectaMount™ permanent mounting medium (Vector Laboratories,

Inc.). Image analysis and quantification were performed using ImmunoRatio online software [234].

3.5.12 Immunohistochemistry analysis of HNPC and CRPC prostate cancer tissue
microarrays

Antibodies against AR (Agilent), AR-V7 (RevMab Biosciences), PRMT5 (Millipore
Sigma), MEP50 (Cell Signaling), and pICIn (Abcam) were used for staining according to
manufacturers’ protocol. The tissue staining in the TMA was semi-quantified blindly (with tissues
deidentified) as follows: the intensity of staining was scored from O (no staining) to 3 (high
staining), and the proportion of cells showing expression was scored from 0 (no cells stained) to
10 (all cells stained). The staining score was derived by multiplying the intensity of staining by
the proportion of cells with this staining level. The staining was scored separately in the nucleus
and the cytoplasm. Spearman correlation analysis was used to determine the correlation of protein

expression.

3.5.13 Clinical data analysis

Gene expression profiles of 34 prostate cancer data sets were obtained from Gene
Expression Omnibus (GEO) [245], cBioportal [246,247], and Oncomine [248] (see Appendix C
for datasets detail) with total of 4624 samples. Gene expression levels of datasets from GEO were
log> transformed and median centered. Gene expression profiles from cBioportal were downloaded
with annotation of “mRNA_median_Zscores”. If one gene had multiple gene expression files in
the same dataset, the sum of all corresponding mRNA levels was used to represent the expression
level of the gene. Spearman’s rank correlation coefficients were calculated to evaluate the
correlations of specific gene pairs. Wilcoxon Rank Sum test was used to compare the differences

between groups of correlations for all 34 datasets.
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The clinical information and gene expression data for prostate cancer [86] were
downloaded from cBioPortal [246,247] for the survival analysis. Patients were divided into two
groups based on the top and bottom 50% quantile of expression levels for selected genes. Survival
probability was computed in R using the survfit function in the R package survival. Kaplan-Meier
plots were generated using the ggsurvplot function of package survminer.

Construction of CRPC tissue microarray (TMA) containing samples from 20 patients and
HNPC TMA containing samples from 72 HNPC patients (32 with BPH, 20 with prostate cancer
Gleason score 6, and 20 with prostate cancer Gleason score>7) was described previously
[137,249].

3.5.14 RNA-seq analysis

22Rv1 cells with Dox-inducible knockdown of PRMT5, MEP50, pICIn (22Rv1-shPRMTS5,
-ShMEP50, -shpICln) were grown in absence or presence of Dox (1 pg/mL) for 6 days. Dox was
replenished every 48 h. At the end of treatment, cells were harvested, and TRIzol reagent (Ambion,
Carlsbad, CA, US) was used for total RNA isolation. RNA integrity and purity were confirmed
using agarose gel (no degradation or contamination) and Agilent 2100 (RNA integrity number >
6.8). At least 1 pg of total RNA was used for DNA library preparation with NEB Next Ultra 11 kit
(New England Biolabs, Ipswich, MA, US). The sequence reads were mapped to the UCSC human
genome hg38 using RNA-seq aligner STAR (v2.5) [250] with the following parameter: “--
outSAMmapqUnique 60”. Then, uniquely mapped sequencing reads were assigned to transcripts
using featureCounts (v1.6.2) [251] based on GENECODE GRCh38 release 25 annotation gtf file.
The low expressed transcripts were filtered out from further analysis if their read count per million
(CPM) > 0.5 in less than three samples. TMM (trimmed mean of M values) method was adopted
to perform cross-sample normalization on transcript expressions. Finally, the differential
expression analysis between WT and shRNA treated samples was performed by using edgeR
(v3.20.8) [252,253]. Differentially expressed transcripts (DETs) were determined if their p-values
were less than 0.01 after multiple test correction with false discovery rate (FDR) adjustment. The
unique genes with differentially expressed transcripts were identified as differentially expressed
genes (DEGSs). In order to distinguish Gene Ontology (GO) functions and KEGG pathways
significantly over-represented in DEGs, DAVID [254,255] was used to perform functional

enrichment analysis on up- or down-regulated DEG sets, respectively.
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Raw data is deposited in GEO, accession number GSE154951.

3.5.15 Statistical analysis

Unless stated otherwise, results are presented as mean + SD. Analysis of high-throughput
data is described above and analysis of low-throughput data was performed using GraphPad Prism
8.00 (GraphPad Software, La Jolla California US, www.graphpad.com). For qPCR experiments,
the analysis was performed on Cr values of genes normalized to the Ct value of GAPDH loading
control. For ChIP-gPCR experiments, the analysis was performed on Ct values of specific IP
normalized to the Ct value of non-specific IgG control. For western blotting experiments, the
analysis was performed on protein band intensity normalized to B-actin loading control band
intensity. MTT assay was performed at indicated time points, and OD550 values were normalized
to values from Day O for each cell line. For the comparison of two sample groups, unpaired two-
tailed t-test with Welch’s correction was used. A p value less than 0.05 was considered significant
and marked by asterisk in the figures (*, p < 0.05; **, p < 0.01; and ***, p < 0.001) while ns
represents insignificant p-value (p > 0.05).

For animal studies, the group size was calculated based on pilot experimental data using
G*Power software [235]. Based on preliminary data, a 2-fold decrease of growth upon the PRMT5
knockdown with SD of 0.25 was expected (where 1 is no knockdown group growth). To detect
0.25-fold change at the power level 80%, alpha level 0.05, and sample effect 0.5, the sample size
of a group should be 10 mice.
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3.6 Supplemental figures
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Figure S3.1. MEP50 is not required for PRMT5-mediated activation of AR transcription in
CRPC cells.

A-B, Representative western blot analysis (A) and quantification (B) of protein expression in cell
lysates of 22Rv1 cells with doxycycline-inducible MEP50 knockdown (22Rv1-shMEP50#2)
incubated in the presence (Dox (+)) or absence (Dox (-)) of doxycycline for 6 days. C, qPCR
analysis of gene expression in cells from A. D, gPCR of AR target genes in 22Rv1-shMEP50

cells after 5 days of MEP50 knockdown. E, western blot analysis of immunoprecipitates of
MEP50 from LNCaP cell lysate. F, ChIP-qPCR analysis of histone methylation at the proximal
AR promoter at Day 6 of MEP50 knockdown was performed with indicated antibodies. G,
Representative western blot analysis and quantification of H4R3me2s and H3R2me2s in cell
lysates of 22Rv1-shMEP50 incubated in the presence (Dox (+)) or absence (Dox (-)) of
doxycycline for 6 days. For ChIP-gPCR, values were normalized to the corresponding 1gG
control. For western blotting, ChIP-gPCR, and gPCR analysis, statistical significance of group
difference was determined for ‘Dox (-) vs Dox (+)’. Results are mean + SD from 3 independent
experiments. For western blotting of AR, the AR N-20 antibody (sc-816, Santa Cruz) was used.
Student t-test with Welch’s correction was performed to determine statistical significance. ns P >
0.05, * P <0.05, ** P < 0.01, *** P < 0.001.
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Figure S3.2. Representative western blot analysis and quantification of H4R3me2s and
H3R2me2s in cell lysates of 22Rv1 cells with doxycycline-inducible plCIn knockdown (22Rv1-
shpIClIn) incubated in the presence (Dox (+)) or absence (Dox (-)) of doxycycline for 6 days.
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CHAPTER 4. ROLE OF PRMTS5/MEP50 IN PROSTATE
NEUROENDOCRINE DIFFERENTIATION

Results presented in this Chapter were not published at the moment of the dissertation deposit.

4.1 Summary

Prostate cancer is one of the most frequently diagnosed non-skin cancers and a second-
leading cause of cancer-related death in males in United States. Neuroendocrine prostate cancer
(NEPC) is the most lethal subtype of prostate cancer: compared to prostate adenocarcinoma with
the median survival of about ten years, the median survival length for NEPC patients is less than
a year. There are no curative treatment options available for NEPC patients. The major cause of
NEPC emergence is neuroendocrine differentiation (NED) of prostate cancer cells in response to
the treatment. Preliminary results from my group indicate that PRMT5 and MEP50 together are
necessary and sufficient to induce NED in prostate cancer cells in vitro. Here, | present evidence
that co-overexpression of PRMT5 and MEP50 in mouse prostate induces NED in prostate cells in
vivo. Co-overexpression of PRMT5/MEP50 increased proliferative index of prostate tissues.
Furthermore, in vitro, during ADT-induced NED PRMTS5 dissociates from AR promoter and does

not function as an epigenetic activator of AR transcription.

4.2 Introduction

4.2.1 NEPC is often induced by prostate cancer therapy

Prostate cancer is estimated to cause 33,330 deaths in US in 2020 [21] in spite of significant
progress made for prostate cancer treatment. The major cause of prostate cancer mortality is
metastasis, which can be present at the time of diagnosis or develop as a result of localized prostate
cancer recurrence after the local therapy (radiation or surgery). About 50% of high-risk localized
prostate cancer cases recur within 5 years following therapy [256].

Androgen deprivation therapy (ADT) is a standard of care for patients with metastatic
disease. Additionally, ADT is used as a radiosensitizer for radiation therapy of high-risk localized
prostate cancer. ADT aims to decrease the serum level of circulating androgens and thus reduce
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the activity of androgen receptor (AR) signaling in prostate cancer cells. Nearly 100% of patients
receiving ADT will experience reduction of prostate cancer growth and associated symptoms.
However, all cases of prostate cancer eventually become resistant to ADT.

One of the mechanisms of ADT resistance is neuroendocrine differentiation (NED). During
NED, prostate cancer cells become independent of AR signaling and acquire neuroendocrine (NE)-
like features such as expression of chromogranin A (CgA) and neuron-specific enolase (NSE).
These NE-like cells are highly resistant to apoptosis and promote growth and apoptotic resistance
in other prostate cancer cells via paracrine signaling [82]. NE-like cells share multiple genetic
alterations with CRPC cells, at the same time the phenotype of cells of these two cancer types is
vastly different, and the transdifferentiation process is reversible [257]. Because of these
observations, it was suggested that epigenetic shift can be the driving force of NEPC progression.

As PRMTS5 functions as an epigenetic activator of AR expression in CRPC in pICIn-
dependent and MEP50-independent manner, and NE-like cells are typically AR-negative, | sought
to investigate the status of PRMT5, MEP50, pIClIn, and associated histone methylations at the AR
promoter and control PRMT5/MEP50 repressed gene (IVL).

4.2.2 PRMT5 and MEP50 are necessary and sufficient for NED in vitro

Initially, my group identified PRMTH5 as an interacting protein of CREB, a transcriptional
regulator of radiation-induced NED [258]. Preliminary data from my group indicates that PRMT5
and the canonical cofactor of PRMT5 methylosome protein (MEP50) are upregulated in HNPC
LNCaP cells upon ADT-induced NED (mimicked by the treatment of cells with charcoal-dextran-
stripped FBS (CSS-FBS)-containing media) (Figure 4.1A).

Co-overexpression of PRMT5 and MEP50 in LNCaP cells induced NED in LNCaP cells
(Figure 4.1B), while co-overexpression of catalytically inactive PRMT5 mutant with MEP50 or
PRMTS5 with interaction-deficient MEP50 mutant does not induce NED (Figure 4.1B). These
observations indicate that PRMT5 and MEP50 are sufficient for NED induction, and their
interaction is required for this process.

Moreover, doxycycline (Dox)-induced knockdown of either of these proteins prevents
ADT-induced NED of LNCaP (Figure 4.1C and D) suggesting that PRMT5/MEP50 complex is
necessary for NED in LNCaP cells.
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Figure 4.1. PRMT5/MEP50 complex is required for NED in LNCaP cells.

A, LNCaP cells were cultured in regular media (FBS) or in androgen-depleted media (CDS-FBS)
for 4 or 14 days, and cell lysates were analyzed with western blot. B, LNCaP cells were
transfected with the combination of empty vectors (pMyc pHA), vectors for myc-PRMT5 and
HA-MEP50 expression, or in combination with catalytically inactive PRMT5 (PRMT5-R368A)
and interaction deficient mutant MEP50 (MEP50-D99A). After 72 h, the percentage of NE-like
cells was quantified. C, D, LNCaP cells with Dox-inducible PRMT5 (C) or MEP50 (D)
knockdown were treated with CDS-FBS for 4 days with or without Dox (Dox+ and Dox-,
correspondingly), and percentage of NE-like cells was quantified. NE-like cells were defined as
cells with neurite-like extension at least twice longer than cell body diameter. ** P < 0.01, *** P
< 0.001.

These results were generated by Xuehong Deng, unpublished.

4.2.3 Mouse models of NEPC

Animal models of NEPC are extremely important for fundamental understanding of
molecular mechanisms of NED to develop novel therapeutic approaches for NEPC therapy.
Multiple models of NEPC were developed in genetically engineered mice [259]. Overwhelming
majority of these models rely on the expression of viral antigens, such as SV40 large and small T
antigens to induce tumor formation [259]. In these models, viral antigens promote tumor
progression by inhibiting function of RB1 and p53 [259]. Another GEM model involves
conditional knockout of RB1 and p53 in mouse prostate epithelium [106]. Thus, the existing mouse
models of NEPC rely on direct or indirect inactivation of RB1 and p53 which does not adequately
represent clinical progression of treatment-induced NEPC [260].

Since co-overexpression of PRMT5 and MEP50 mediates treatment-induced NED in vitro,
| sought to investigate the potential of combined prostate-specific overexpression of PRMT5 and

MEP50 to induce NEPC in the mouse model to mimic treatment-induced NED.
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4.3 Results

4.3.1 PRMTS5 dissociates from AR promoter during NED in vitro

My group has established that PRMT5 function as an epigenetic activator of AR
transcription in LNCaP cells via binding to the AR promoter and symmetrically dimethylating
histone H4R3 [137]. As NE-like cells are typically AR-negative, | sought to investigate whether
binding of PRMTS5 to the AR promoter changes after NED. To this end, | utilized the model of
NED in which LNCaP cells are treated with media containing charcoal-dextran-stripped FBS
(CDS-FBS) [261]. Treatment of FBS with charcoal and dextran removes lipophilic molecules
including steroid hormones and factors such as estradiol, prostaglandins, vitamin B, and androgens.
Although CDS-FBS is depleted of multiple hormones and not only androgens and thus results of
treatment of cells with such media would reflect more complicated effect rather than effect of only
androgen depletion, supplementation of the CDS-FBS media with DHT at the moment of NED
induction prevents NED in LNCaP cells [261]. Thus, CDS-FBS media treatment of LNCaP can
be used as in vitro model for NED induction.

To investigate the binding of PRMT?5 and its cofactors to the specific chromatin loci during
NED, | used chromatin immunoprecipitation assay with following quantitative polymerase chain
reaction (ChIP-gPCR) in LNCaP cells treated with CDS-FBS media for 7 days (NED-LNCaP) and
LNCaP cultured in the regular media (WT-LNCaP). | also analyzed the presence of PRMT5-
mediated methylation marks (H2AR3me2s, H3R2me2s, H3R8me2s, and H4R3me2s) as an
indicator of PRMT5 enzymatic activity in the region of interest.

NED-LNCaP demonstrated reduced binding of PRMT5 to the proximal region of the AR
promoter (—493 219 to —226 bp from transcription start site (TSS)) compared to the WT-LNCaP
(Figure 4.2A). Consistently, methylation levels of H3R2 and H4R3 were decreased (Figure 4.2A).
At the same time, binding of pICIn (that is recruited to the proximal AR promoter by PRMT5 as
described in Chapter 3 of this dissertation) was also decreased. Binding of MEP50 or presence of
other PRMT5-catalyzed methylation marks were not affected (Figure 4.2A). Taken together, these
results indicate that upon NED PRMT5 dissociates from AR promoter, and this dissociation is
accompanied by a decrease of plCIn binding and H4R3me2s and H3R2me2s level.

As a control for PRMTS5 and associated methylation binding | used a distant region of AR
promoter (-4481 to 220 -4308 bp from TSS). ChIP-gPCR assay for this region indicated no
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significant change of PRMT5 or cofactors binding and PRMT5-mediated methylation (Figure
4.2B).

Since PRMTS5 functions as both activator for AR and repressor for IVL (as discussed in
Chapter 3), | next determined whether PRMT5 presence changes upon NED at the IVL promoter.
Notably, PRMTS5 and cofactors binding as well as PRMT5-driven methylation marks in NED-
LNCaP were decreased compared to the WT-LNCaP (Figure 4.2C).

Taken together, these observations indicate that, upon NED, LNCaP cells undergo
significant epigenetic shift, simultaneously, PRMT5 and cofactors binding to its target genes

promoters AR and IVL drastically decreases.
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Figure 4.2. PRMTS5 binding to its target genes promoters changes drastically upon NED.

LNCaP cells were cultured in CDS-FBS media for 7 days (NED) or normal media (WT) and
harvested for ChIP-qPCR. IP for indicated proteins was performed, followed by gPCR for
proximal AR promoter (A), distal AR promoter (B), and IVL promoter (C). Values were
normalized using IgG control, and statistical significance of group difference was determined for
‘WT vs NED’. ns P > 0.05, * P < 0.05, ** P < 0.01, *** P <0.001.

4.3.2 Generation of PB-PRMT5; PB-MEP50 transgenic mice

Previously, my group observed that co-overexpression of PRMT5 and MEP50 in LNCaP
cells induces NED. Because of that, | sought to investigate whether similar effect can be observed
upon prostate-specific co-overexpression of PRMT5 and MEP50 in vivo. For this purpose, |
developed transgenic mice with rat probasin (PB) promoter-driven expression of either PRMT5
and MEP50 (PB-PRMT5; PB-MEP50), or each transgene alone (PB-PRMT5 and PB-MEP50), or
wild-type control without overexpression of recombinant protein (Figure 4.3A). PB promoter

provides high expression of transgenes in prostate epithelial cells [262]. In my model, both
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transgenic PRMTS5 and MEP50 had myc-tag allowing to monitor both transgenes expression using
simple chromogenic staining.

After generating mice with required genotypes (Figure 4.3B), first, |1 confirmed that
transgenes are expressed in the prostate tissues using IHC staining with myc-specific antibody
(Figure 4.3C). As expected, mice with PB-PRMT5; PB-MEP50 genotype had the strongest myc
staining, while tissues with expression of single transgene demonstrated weaker staining compared
to mice with double transgenic genotype. WT mice had virtually no staining.

A B PB-PRMT5
NC+ - - - +
1
- Myc-PRMT5 , Transgene (312 bp)
_: * Internal control (206 bp)
Probasin promoter Primer dimers
> Myc-MEPS50 PB-MEP50
NC - - - - - +
I: Transgene (332 bp
Probasin promoter «— 2 ( )
* Internal control (206 bp)
c Primer dimers

WT PB-MEP50 PB-PRMTS PB-PRMTS; PB-MEP50

Figure 4.3. Generation of transgenic mice.

A, Schematic representation of probasin-driven transgene expression. B, Representative gel
images of PCR genotyping. NC, negative (no template) control PCR, +, sample with transgene,
-, wild-type. C, GU organs of 1-year old mice with indicated genotypes were harvested and
probed for myc presence. Scale bar indicates 200 um for the top row and 20 um for the bottom
row.
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4.3.3 Co-overexpression of PRMT5 and MEP50 in mice prostate increases proliferation of
epithelial cells

To examine whether co-overexpression of PRMT5 and MEP50 affects proliferation in
mouse prostates, prostate tissues of transgenic mice were collected at different age and probed for
the presence of proliferation marker Ki-67 [263] (Figure 4.4A for representative images and B for
quantification as percentage of positively stained cells in the field in all prostate lobes). Ki-67
presence was also analyzed separately in the anterior (AP), ventral (VP), and dorso-lateral (DLP)
lobes of prostates because expression levels of transgenes under the control of PB promoter is not
equal between different lobes [262]. Among mice of 12 weeks, 6 months, and 1-year age most
drastic difference was observed for 1-year old mice (Figure 4.4D). No difference of Ki-67 presence
was detected in AP of prostates from mice from all ages analyzed (Figure 4.5B-D). At the same
time, percentage of Ki-67-positive cells in VP and DLP of PB-PRMT5; PB-MEP50 mice (Double)
was significantly higher compared to WT mice at 6 months and 1 year (Figure 4.5F-J). Taken
together, this data indicates that co-overexpression of PRMT5 and MEP50 in mouse prostates

increases proliferative index in prostate tissues.
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Figure 4.4. Ki-67 staining in prostate tissues of PB-PRMT5; PB-MEP50, PB-PRMT5, PB-
MEP50, and WT mice.

A, GU organs of 1-year old mice with indicated genotypes were harvested and probed for Ki-67
presence. Scale bar indicates 200 um for the top row and 20 um for the bottom row. Arrows
indicate Ki-67-positive cells. B-D, GU organs of 12-weeks, 6-months, and 1-year old mice (n =
10) with indicated genotypes were harvested and probed for Ki-67 presence. Presented are the
average percentage of Ki-67-positive cells in the field (3 fields/lobe) for all lobes. Stars indicate
difference compare to WT control. Brown-Forsythe and Welch ANOVA followed by Dunnett's
T3 multiple comparisons test was used to determine statistical significance of group difference.
ns P >0.05, * P <0.05, ** P <0.01, *** P < 0.001.

Consistently with observed increase of proliferative index in prostate epithelium of double-
transgenic mice, the total and normalized to mice body weight of GU organs (recorded at the
moment of GU organs harvesting) did not significantly differ between genotypes at 12 weeks and
6 months (Figure 4.6) but was significantly higher for double-transgenic mice compared to WT

control at 1 year (Figure 4.6A and C)
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Figure 4.5. Co-overexpression of PRMT5 and MEP50 promotes proliferation of prostate
epithelial cells differently in AP, VP, and DLP.

GU organs of 12-weeks, 6-months, and 1-year old mice (n = 10) with indicated genotypes were
harvested and probed for Ki-67 presence. A, Representative images of Ki-67 staining in different
lobes of 1-year PB-PRMT5; PB-MEP50 mouse. B-J, Presented are the average percentages of
Ki-67-positive cells in the field (3 fields/lobe) separately in different lobes. AP, anterior prostate
lobe; DLP, dorso-lateral prostate lobe; VP, ventral prostate lobe. Stars indicate difference
compare to WT control. Brown-Forsythe and Welch ANOVA followed by Dunnett's T3 multiple
comparisons test was used to determine statistical significance of group difference. ns P > 0.05, *
P <0.05, ** P <0.01, *** P <0.001.
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Figure 4.6. Co-overexpression of PRMT5 and MEP50 leads to increase in mouse GU organs
weight.

Body weight and weight of GU organs of 12-weeks, 6-months, and 1-year old mice (n = 10) with
indicated genotypes were recorded at the moment of GU organs harvesting. Stars indicate
difference compare to WT control. Brown-Forsythe and Welch ANOVA followed by Dunnett's
T3 multiple comparisons test was used to determine statistical significance of group difference.
ns P >0.05, * P <0.05.
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4.3.4 Co-overexpression of PRMT5 and MEP50 increases presence of prostate
intraepithelial neoplasia

Knowing that PRMT5 and MEP50 together promote cell proliferation in vivo, | then aimed
to investigate whether co-overexpression of these proteins can promote cancer formation. As | was
not able to observe development of cancer (defined by presence of undifferentiated cells and the
loss of basal cells in prostate glands), | analyzed the presence of prostate intraepithelial neoplasia
(PIN) defined by loss of monolayer growth and abnormal morphology of prostate epithelial
luminal cells (Figure 4.7).

WT PB-PRMTS; PB-MEPS0
(normal gland) (normal glands and PIN)

Figure 4.7. Representative images of normal prostate glands and PIN.

GU organs of 1-year old mice with indicated genotypes were harvested and probed for myc
presence. Scale bar indicates 200 um.

Analysis of PIN presence indicated that co-overexpression of PRMT5 and MEP50 can
increase presence of PINs in prostate tissues, and the trend is the same for 12 weeks, 6 months,
and 1 year old mice (Figure 4.8) further confirming that co-overexpression of PRMT5 and MEP50
promotes proliferation within the prostate.
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Figure 4.8. Co-overexpression of PRMT5 and MEP50 promotes PIN development in mouse
prostates.

GU organs of 12-weeks, 6-months, and 1-year old mice (n = 10) with indicated genotypes were
harvested and analyzed for presence of PIN. Presented are the proportions of prostates with PIN
presence.

4.3.5 Co-overexpression of PRMT5 and MEP50 increases the number of NE-like cells in
mice prostates

Based on the preliminary observations that co-overexpression of PRMT5 and MEP50 in
LNCaP cells induces NED, | expected to observe similar effect in double-transgenic mice prostates.
In line with this, | probed transgenic mice prostates for CgA and NSE, classic markers of NED.
As | did not observe any cancer growth, | also did not detect NEPC tumors. However, 1-year old
double-transgenic mice prostates had notable presence of NE-like cell focal growth defined by
areas with increased number of CgA- or NSE-positive cells (Figure 4.9A and B). Importantly,
none of WT mice had these NE-like cells foci (Figure 4.10). Furthermore, NED foci with high
myc staining (indicating high PRMT5/MEP50 expression) tended to have higher CgA and NSE
staining (Figure 4.11A), although not significant statistically (Figure 4.11B and C). These
observations suggest that co-overexpression of PRMT5 and MEP50 can promote focal NED in

vivo, similarly to the in vitro observations (Figure 4.1).
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A WT PB-MEPS50 PB-PRMTS PB-PRMTS; PB-MEPS0

CgA

WT PB-MEPS0 PB-PRMTS PB-PRMT5; PB-MEPS0

NSE

Figure 4.9. CgA and NSE staining in prostate tissues of PB-PRMT5; PB-MEP50, PB-PRMT5,
PB-MEP50, and WT mice.

GU organs of 1-year old mice with indicated genotypes were harvested and probed for CgA (A)
and NSE (B) presence. Scale bar indicates 200 um for the top row and 20 um for the bottom
row. Arrows indicate positive cells.
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Figure 4.10. Co-overexpression of PRMT5 and MEP50 promotes local NED.

GU organs of 1-year old mice (n = 10) with indicated genotypes were harvested and analyzed for
the presence of groups of CgA- and NSE-positive cells (local NED). Presented are the
proportions of prostates with local NED.
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Figure 4.11. PRMT5 and MEP50 expression tend to correlate with NE markers expression.

GU organs of 1-year old mice with indicated genotypes were harvested and probed for myc, CgA
and NSE. Presented are representative images of staining (A) and the Spearman correlation
analysis of corresponding staining intensities in the NED foci (B and C). Scale bar indicates 200

um.
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4.4 Discussion

4.4.1 Reprograming of PRMT5 binding to the chromatin during NED

During NED, prostate cancer cells undergo significant epigenetic reprograming acquiring
NE-like properties and losing classical prostate luminal markers such as AR and PSA [257,260].
Although significant research effort was devoted to elucidating the molecular mechanism of this
differentiation, the exact underlying mechanism is still being debated. Here, | present some
evidence that PRMT5 dissociates from AR promoter during NED and because of that does not
function as activator of AR expression in NE-like cells.

It is well-demonstrated that AR signaling inhibition through the course of ADT or ASI
treatment is associated with the increase in presence of cells with NE-like features compared to
untreated tumors [264]: for example, in untreated intermediate- and high-risk cohort, the presence
of NE-like features was detected on about 9% of tumors, while tumors from CRPC patients treated
with ASI displayed NE-like features in 29% of cases [265]. Yet, it is still not clear in the field
whether decrease of AR signaling and AR expression is a cause or a mere side effect of NED,
although some in vitro evidence favors the former without significant in vivo evidence [266-268].

Previously, my group has demonstrated that PRMT5 functions as an epigenetic activator
of AR expression in HNPC cells, and | demonstrate here that a similar mechanism of AR
transcription activation is present in CRPC. Because of these observations, it is tempting to
speculate that the dissociation of PRMT5 from the AR promoter could be contributing to the
progression of NED via downregulation of AR transcription followed by decreased AR signaling.
However, some evidence suggested that NED is dependent on the AR-EZH2-N-Myc interaction
[111] and re-wiring of present AR signaling. Thus, it is possible that the loss of AR in NEPC which
can be mediated by the dissociation of PRMT5 from the AR promoter, and NED are two
independent events.

It is notable that PRMT5 dissociated both from the AR promoter that is activated by
PRMT5 and from the IVL promoter that is repressed by PRMTS5. Likely, the epigenetic
reprograming during NED affects both activating and repressive PRMT5-containing complexes of
different composition (either PRMT5/pICIn or PRMT5/pICIn/MEP50).

Further, many questions still remain unresolved. PRMT5 does not have a DNA binding
domain and is recruited to the chromatin by other DNA-binding proteins. In case of HNPC and
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CRPC, Spl is the transcription factor that recruits PRMTS5 to the proximal promoter region of AR
gene. It is unclear whether Sp1 binding or expression changes during NED. It was shown in acute
myeloid leukemia cells that PRMT5 promotes Spl expression via epigenetic repression of the
miRNA targeting Sp1 mRNA [128]. If a similar mechanism is present in prostate cancer, de-
repression of this miRNA that is possible due to the epigenetic reprogramming during NED could
cause downregulation of Spl. This, in turn, would further alter the PRMT5 binding. Analysis of
Sp1 chromatin binding during NED will help to shed a light on this question.

Additionally, it is not clear at the moment whether NED-related activity of PRMTS5 has
epigenetic or post-translational regulation nature. Given that PRMT5 can regulate AR activity at
multiple levels (see Chapter 1.5), both mechanisms can be significant. Furthermore, it is possible
that role of PRMTS5 in NED is mediated not exclusively through regulation of AR expression and
activity but also has AR-independent component, for example, through epigenetic suppression of
REST. Future analysis of genome-wide PRMT5 binding and other non-chromatin PRMTS5 binding

partners and substrates will provide further mechanistic evidence for the role of PRMTS5 in NED.

4.4.2 Co-overexpression of PRMT5 and MEPS50 in vitro and in vivo

Here, | demonstrate that PB-driven co-overexpression of PRMT5 and MEP50 can promote
focal NED in mouse prostates. My group observed similar effect upon co-transfection of PRMT5
and MEP50 in LNCaP cell culture. However, NED induced in vitro typically promotes a slow
growing phenotype [93] while here | observed that NED in mouse prostates was accompanied by
increased proliferative index in prostate tissues. At the same time the Ki-67 presence was not
elevated in the detected NE-like foci which is consistent with previous observations that NE-like
cells in NEPC models are Ki-67-negative [70].

One possible explanation for this phenomenon is paracrine signaling of NE-like cells. It
was demonstrated previously that NE-like cells produce a variety of neuropeptides and signaling
molecules [82] and are able to promote xenograft growth in vivo distantly. Thus, it is possible that
the observed in my experiments increase of the number of proliferating cells is mediated indirectly
through paracrine signaling of NE-like cells that were induced by the PRMTS5/MEP50
overexpression.

Here, | did not observe development of NEPC while observing local NED. It was suggested

previously that in NEPC development, PTEN inactivation is required to initiate tumor formation,
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while additional genetic alterations are required for NED [76]. Thus, it is likely that prostate-
specific co-overexpression of PRMT5 and MEP50 on the background of PTEN loss will lead to
robust NEPC development. Additionally, it will be necessary to confirm whether both transgenes
get expressed equally as myc staining detects both PRMT5 and MEP50 simultaneously without
differentiating between two proteins. Analysis of transgenes mRNA or protein expression in

prostates will provide additional details for this matter.

4.4.3 Targeting PRMT5/MEP50 as a potential approach for NEPC therapy

NEPC is the terminal lethal stage of prostate cancer without cure or treatment that can
prolong patients’ survival by more than a few months [109]. Moreover, existing therapies based
on taxanes and platinum-based chemotherapy are associated with multiple adverse effects [90].
Thus, there is an urgent need to develop novel treatment approaches for NEPC therapy.

Based on the preliminary in vitro observations, it appears that PRMT5 enzymatic activity
is required for the NED. Thus, one possible approach could be usage of PRMT5 enzymatic
inhibitors as adjuvant or neoadjuvant therapy for ADT and ASI treatment in order to prevent NED
in prostate tumors. As discussed above in Chapter 1.7.3, several PRMT5 enzymatic inhibitors are
currently in clinical trials (clinicaltrials.gov).

Another specific approach for NEPC therapy can be disruption of PRMT5-MEP50 protein-
protein interaction, as this interaction is also required for NED induction. Disruption of protein-
protein interactions in NEPC could provide more specific approach rather than targeting all

PRMT5 methyltransferase activity. Future development and testing of such inhibitors is warranted.

45 Materials and Methods

45.1 Cell cultures

LNCaP cells were purchased from ATCC (Manassas, VA, US). Frozen aliquots were
stored in the liquid nitrogen vapor. For maintenance, cells were cultured in complete media
(RPMI1640 (Corning, NY, US) supplemented with 10% fetal bovine serum (FBS, Atlanta
Biologicals, Lawrenceville, GA, US), 2 mM L-glutamine (Corning, NY, US), and 100 units/mL
penicillin and 100 pg/mL streptomycin (Gibco, Gaithersburg, MD, US)). For NED induction, cells
were cultured for 7 days in RPMI1640 without phenol red (Corning, NY, US) supplemented with
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charcoal-stripped FBS (Corning, NY, US), 2 mM L-glutamine, and 100 units/mL penicillin and

100 ug/mL streptomycin. Cells were not passaged more than 30 times.

4.5.2 Chromatin immunoprecipitation (ChIP)-qPCR

First, cross-linking was performed by adding 270 uL of 37% formaldehyde per 10 mL
media directly into cell culture media and incubating plates at room temperature for 10 min. Then,
1.12 mL of 1.25 M glycine was added per 10 mL media to stop the cross-linking, and plates were
incubated at room temperatures for additional 5 min. All next steps were performed on ice. Cells
were scraped off the plates, washed twice in cold PBS, and resuspended in the
immunoprecipitation (IP) buffer with protease and phosphatase inhibitors: 50 mM Tris-HCI pH
7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% NP-40, 0.5 mM DTT, 5 ug/mL of each
chymostatin, leupeptin, pepstatin A, and antipan, 0.5 mM PMSF, 30 mM PNPP, 10 mM NaF, 0.1
mM NazVOg4, 0.1 mM NasMoOs, 10 mM B-glycerophosphate. Cells were sonicated using Branson
Model 250 Sonifier at Output 4, 90% duty cycle to generate ~500 base pairs chromatin fragments.
Chromatin fragments size was verified using agarose/ethidium bromide gel.

Two micrograms of each of antibodies against PRMT5 (Millipore), MEP50 (Cell Signaling
Technology), pICIn (Abcam), H2AR3me2s (Abcam), H3R2me2s (EpiGentek), H3R8me2s
(Abcam), H4R3me2s (Abcam), was used to immunoprecipitate protein-DNA complexes for the
subsequent isolation of DNA using Chelex [233]. DNA immunoprecipitated with naive rabbit or
mouse 1gG served as a control. The co-immunoprecipitated DNA was quantified by qPCR using
gene-specific primers. All used antibodies are listed in the Appendix A, and ChIP-gPCR primers
are listed in the Appendix B.

gPCR was conducted using FastStart Universal SYBR Green Master Mix (Thermo Fisher
Scientific, Waltham, MA, US) in a QuantStudio 6 system (Applied Biosystems, Foster City, CA).

4.5.3 Generation of PB-PRMT5; PB-MEP50 transgenic mice

The use of animals and animal-related experimental procedures were approved by the
Purdue University Animal Care and Use Committee.

The sequences for myc-PRMT5 and myc-MEPS50 were cloned into pBlueScript 11 SK (+)-
ARR2PB-Intron-bGHPolyA using Nhel and EcoRV (for myc-PRMT5) and Bmtl and Eagl sites
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(for myc-MEP50). The androgen-dependent expression of both transgenes was separately
confirmed in LNCaP cells using Fugene HD (Promega, Madison, WI, US) -mediated plasmid
transfection with and without addition of R1881 (synthetic analog of androgen).

Transgenic mice were generated at the Purdue Transgenic Mouse Core Facility in
C57BL/6N mice. Transgenic founders were identified by the PCR screening of tail tip DNA using
PRMT5-bGH-Fw and PRMT5-bGH-Rv (for PRMT5 detection, 312 bp product) and MEP50-
bGH-Fw and MEP50-bGH-Rv (for MEPS50 detection, 332 bp) primer pairs for transgene detection
and TCR-Fw and TCR-Rv primer pair (206 bp product) for internal PCR control. All primers used
are listed in the Appendix B.

Male transgenic founders were bred with WT C57BL/6N females to confirm that
transgenes are passed for at least 3 generation. After confirming the stability of transgenes, male
and female PB-PRMT5 and PB-MEP50 mice were bred to generate double-transgenic (PB-
PRMTS5; PB-MEP50), single-transgenic (PB-PRMT5 and PB-MEP50), and WT mice.

4.5.4 DNA isolation for mice genotyping

DNA isolation was performed using HotSHOT method [269]. Tail tip or ear clip materials
were incubated in 80 pL per sample of 25 mM NaOH, 0.2 mM EDTA (pH 12) at 95°C for 90 min.
Then, reactions were incubated at 4°C for 30 min, and 80 uL of 40 mM Tris-HCI pH 5 was added

to the tubes. The supernatant was used as a template in the PCR reactions.

455 Genotyping PCR

Genotyping mixes were prepared on ice as follows:

Ear/tail DNA 2 uL,

each primer 0.5 uL (final concentration 1 mM, two primer pairs for internal control and
transgene),

2* GoTaq Green Master Mix (Promega, Madison, WI, US) 12.5 uL,

Millie-Q water 8.5 uL (25 pL total).

PCR was run in the following program:

(1) 95°C for 3 min;

(2) 95°C for 30 sec;
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(3) 55°C for 30 sec;

(4) 72°C for 30 sec;

repeat steps (2) — (4) for 35 cycles;

(5) 72°C for 10 min.

PCR products were resolved on 2% agarose/ethidium bromide gel and visualized in UV

light to confirm the presence of transgenes.

4.5.6 Immunohistochemistry

GU organs were isolated and fixed in formalin for 48 h, and then stored in 70% ethanol at
4°C. Paraffin embedment and slide preparation were performed at the Purdue Histology Research
Laboratory.

Samples were deparaffinized and rehydrated by incubating slides overnight at 37°C, and
then for 2 h at 65°C, followed by incubation in Xylenes solution and a range of ethanol
concentration from 100% to 30%, and finally in Millie-Q water at room temperature. Endogenous
peroxides were inactivated by incubation of slides in 3% H20, for 10 min at room temperature.
Antigen retrieval was performed by incubating slides soaked in 10 mM Tris pH 10 on boiling
water bath for 30 min. Slides were then blocked with 5% non-fat milk solution in PBS for 1 h at
room temperature with shaking. Primary antibodies were applied overnight in 5% milk at 4°C:
anti-myc (1:100, Abcam), anti-Ki-67 (1:500, BD Biosciences), anti-CgA (1:200, Abcam), anti-
NSE (1:200, Abcam). The full list of antibodies and their sources is in the Appendix A. After
washing slides in PBS 3 times, secondary HRP-conjugated antibody was applied on samples in
5% milk solution for 1 h. Following another triple washing of slides with PBS, the chromogenic
reaction was performed with DAB peroxidase kit (Vector Laboratories, Inc., Burlingame, CA,
US), and then slides were counter-stained with hematoxylin-eosin (HE) solution (Vector
Laboratories, Inc.). The slides were subsequently dehydrated and mounted using VectaMount™

permanent mounting medium (Vector Laboratories, Inc.).

4.5.7 Statistical analysis

No statistical method was used to predetermine sample size. Image analysis was performed

using free software QuPath 0.2 [270]. All statistical analyses were performed using GraphPad
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Prism 8 (GraphPad Software, La Jolla, CA, US, www.graphpad.com). For ChIP-gPCR

experiments, statistical analysis was performed on ACt values (Ct value for the gene normalized
to the Cr value of 1gG control). For other experiments, analysis was performed using non-
normalized data. Student t-test with Welch’s correction was performed to determine statistical
significance of group difference when comparing two samples. When comparing multiple sample
groups, Brown-Forsythe and Welch ANOVA followed by Dunnett's T3 multiple comparisons test

was used.
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CHAPTERSS. FUTURE DIRECTIONS

5.1 Summary

Prostate cancer is one of the most frequently diagnosed non-skin cancers and a second-
leading cause of cancer-related death in males in United States. Since the most common cause of
prostate cancer-related death is metastasis that is often developed with the acquired therapeutic
resistance, improving the efficiency of existing therapies and developing novel approaches for the
treatment will significantly improve patients’ survival.

The first-line treatment option for metastatic prostate cancer and localized prostate cancer
with high risk of recurrence is androgen deprivation therapy (ADT) that decreases androgen
receptor (AR) signaling. However, targeting AR signaling inevitably leads to AR reactivation and
cancer progression to the castration-resistant prostate cancer (CRPC) that has no curable treatment
option. Moreover, about 30% of CRPC cases progress to neuroendocrine prostate cancer (NEPC),
highly aggressive and lethal type of prostate cancer.

Recently my group has shown that protein arginine methyltransferase 5 (PRMTD5) functions
as activator of AR expression in hormone-naive prostate cancer (HNPC). In this research, |
demonstrated that PRMTS5 also functions as an epigenetic activator of AR transcription in CRPC
via methylation of H4R3 at the AR promoter, and that this epigenetic activation is dependent on
pICIn, a novel epigenetic partner of PRMT5, and independent of MEP50, canonical cofactor of
PRMTS5. At the same time, PRMT5 and MEP50 co-overexpression in mouse prostates promotes
neuroendocrine differentiation. | show that during NED PRMT5 dissociates from AR promoter
which is also associated with decrease in H4R3 methylation and binding of pICIn. Overall, my
results suggest the potential use of targeting PRMT5 or its interaction with PRMTS5 binding
partners for the treatment of CRPC and NEPC. Results of my work are summarized in the Figure
5.1.
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Figure 5.1. Proposed model of PRMT5 function in prostate cancer.

5.2 Elucidate additional mechanisms of PRMT5 function in CRPC

In Chapter 2 | demonstrate using various methods that PRMT5 promotes CRPC cell
proliferation at least partially via epigenetic activation of AR transcription. Targeting PRMT5
using small-molecule inhibitors BLL3.3 or JNJ-64619178 or two different ShRNAs decreased
proliferation of several cell lines representing different modes of AR reactivation, and re-
expression of AR upon PRMT5 knockdown restored proliferation in 22Rv1 cells. However, at this
point it cannot be definitely concluded whether PRMT5 promotes CRPC cell proliferation only
through epigenetic regulation of AR transcription. In fact, as it was discussed above in Chapter 1,
PRMT5 may regulate AR signaling via multiple mechanisms. Furthermore, PRMT5 may
epigenetically activate and suppress multiple genes involved in AR signaling or participating in
AR-independent pathways. In addition to epigenetic regulation, PRMT5 can regulate multiple
signaling molecules via post-translational arginine methylation. Thus, future studies need to focus
on PRMTS5 interactome and identification of substrates coupled with identification of PRMT5

target genes in CRPC.
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5.2.1 How does PRMT?5 activate AR transcription in CRPC?

In Chapter 1.1 | show that PRMTS5 binds to the AR proximal promoter region to methylate
H4R3 and H3R2, and that decrease of PRMTS activity via enzymatic inhibition or sShRNA-driven
knockdown down-regulate AR expression. However, it is not clear at the moment why these events
promote the transcription of AR. Previously, it was demonstrated that PRMT5-driven methylation
of H3R2 enhances binding of WDRS to recruit H3K4 methyltransferase complexes MLL1-4 thus
promoting H3K4 trimethylation and activation of target gene transcription [129,145,171,183].
However, using ChIP-gPCR with WDR5-specific antibody and AR promoter-specific primers, |
was not able to detect WDR5 binding to the AR promoter (data not shown) suggesting that
observed activation of AR transcription is not mediated by WDR5/MLL. Thus, further elucidation
of recruitment of transcription activators by PRMTS is required.

One possible method to analyze the composition of the whole epigenetic complex bound
to the specific region of chromatin is enChIP [271]. This method involves expression of
recombinant Cas9 lacking endonuclease enzymatic activity alongside with expression of short
guiding RNA specific to the target gene region. Guiding RNA drives binding of Cas9 to specific
region of DNA. Following crosslinking, affinity purification tag within the recombinant Cas9
protein is used to precipitate the proteins bound to AR promoter. enChlP can be coupled with mass
spectrometry analysis which will identify the proteins in the PRMT5 transcription activation
complex. It will be particularly interesting to compare the composition of proteins precipitated
from AR promoter (activated by PRMT5) to the complex at the VL promoter (suppressed by
PRMTS5).

5.2.2 What are the target genes of PRMT5 in CRPC?

The RNA-seq analysis described in Chapter 3 identified 6,730 DETs that were
differentially up- and down-regulated upon PRMT5 knockdown. However, it cannot be simply
assumed that every single one of these identified differentially expressed genes is a direct target
of PRMT5-driven epigenetic regulation because the observed differences in gene expression could
be as result of secondary effects of PRMT5 knockdown and/or effect of PRMT5-mediate
regulation of splicing as it was shown before that PRMT5 plays a role in the alternative splicing
events [227,272].
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Analysis of genome-wide PRMTS5 binding sites using ChlIP-seq coupled with ChIP-seq-
guided analysis of H4R3 and H3R2 methylation sites will allow to specifically identify direct
PRMTS5 targets among genes identified using RNA-seq. It was established by my group on HNPC
cells and confirmed by me in CRPC cells that Sp1 is the transcription factor recruiting PRMTS5 to
the AR promoter. Genome-wide analysis of Spl binding in prostate cancer cells will help to

identify genes that are regulated by PRMT5 in a similar to AR transcription regulation manner.

5.2.3 Does PRMTS5 activity contribute to the AR pre-mRNA splicing?

Previous report by Braun et al. has demonstrated that pharmacological inhibition of
PRMTS5 promotes introns detention in glioma cells [272]. Additionally, recently Tan et al. reported
that knockout of PRMT5 in hematopoietic stem cells leads to increased introns detention and exon
skipping events [227]. Thus, it appears that PRMT5 promotes constitutive splicing. This seems
counter-intuitive as in Chapter 2 | demonstrate that knockdown or pharmacological inhibition of
PRMTH5 decreases AR-V7 mRNA expression that is formed as a result of alternative splicing at
3’-splice site of a cryptic exon 3 instead of 3’-splice site of exon 4 [273]. Furthermore, the
preliminary analysis of splicing events in the RNA-seq samples described in Chapter 3.3.4
indicated that the emergence of mutually exclusive exons was the most common event for AR pre-
MRNA upon PRMT5 knockdown. Thus, it is possible that in the context of prostate cancer PRMT5
can regulate epigenetically splicing factors that promote formation of AR-V7 mRNA.

One such factor that was suggested to be implicated in AR-V7 expression is splicing factor,
proline- and glutamine-rich (SFPQ, also known as PSF). Elevated expression of SFPQ was found
in CRPC tissues compared to HNPC samples, and SFPQ association with AR transcript was higher
in CRPC cells compared to HNPC cells [273]. Notably, study by Radzisheuskaya et al. in AML
cells identified SFPQ as one of the substrates of PRMT5, although arginine methylation of SFPQ
in these cells appeared not essential for cell survival [274]. Another splicing factor that was a
functionally important PRMT5 substrate in AML cells in this study was serine and arginine-rich
splicing factor 1 (SRSF1). Importantly, in prostate cancer SRSF1 association with AR transcript is
enhanced during ADT leading to higher AR-V7 expression [273]. Role of PRMT5-driven
methylation or potential epigenetic regulation by PRMT5 of these splicing factors was not
investigated in the context of prostate cancer. It will be interesting to examine the level of SRSF1
and SFPQ association with AR transcript before and after PRMT5 knockdown. RNA
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immunoprecipitation assay (which is similar to ChIP but involves isolation of RNA after
immunoprecipitation step) can be used to evaluate this association. Additionally, ChIP-seq
analysis described above would help identifying these splicing factors as direct targets of PRMT5

epigenetic regulation.

5.3 Establish if targeting PRMT5 is an effective approach for prostate cancer treatment

In Chapter 2, | determine that knockdown of PRMT5 alone decreases growth of xenograft
tumors and prolongs tumor-specific survival of mice. In this experiment, | used the homogenous
pool of cultured cells grafted in immunocompromised mice to test the hypothesis in the setting
more similar to the patient tumor compared to simple 2D cell culture. It will be necessary to
evaluate the effect of PRMT5 targeting in more advanced models of prostate cancer closer

resembling patients’ tumor progression.

5.3.1 Do PRMTS5 inhibitors effectively suppress xenograft growth in mice?

It will be useful to evaluate the targeting of PRMT5 in prostate cancer models using orally-
delivered PRMTS5 small molecule inhibitors. Given that five PRMT5 inhibitors are already in
clinical trials, there is no concern about general toxicity of these inhibitors. As at least one of these
PRMTS5 inhibitors (JNJ-64619178) is effective in suppressing 22Rv1 cell proliferation and AR
expression in vitro, future experiments can evaluate whether administering JNJ-64619178
decreases xenograft growth and AR expression in mice similar to experiments described in Chapter
2.3.3and 2.3.4.

5.3.2 Does PRMTS5 targeting suppress tumor growth in other models of prostate cancer?

After evaluation of JNJ-64619178 treatment effect in xenograft model, it will be important
to evaluate whether PRMTS5 targeting also suppresses tumor growth in more clinically relevant
models of prostate cancer. Patient-derived xenografts (PDXs) and patient-derived cells organoids
and spheroids all have advantage of maintaining heterogeneity and mutation profile similar to
patients’ samples compared to cultured cell lines. Multiple PDXs series are available for prostate
cancer, modeling either HNPC, CRPC, or NEPC, including those that can be grafted

subcutaneously and in renal capsule [275]. My group already has some of these PDXs lines and
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plans to use them in future experiments. These results will provide a strong evidence for clinical

potential of PRMT5 targeting for prostate cancer therapy.

5.4 Determine the mechanism of regulation of PRMT5 activity by PRMT5-interacting
proteins

In Chapter 3 | provide the evidence demonstrating that pICIn and not MEP50 promote
PRMT5-driven activation of AR transcription in CRPC cells. First, MEP50 knockdown did not
affect AR expression in 22Rv1 cells and did not change PRMT5-driven methylation level. Second,
MEP50 was detected at the AR promoter using ChIP-qPCR. Third, MEP50 knockdown did not
decrease presence of AR signaling pathway genes. On the opposite, pICIn was bound to the AR
promoter in PRMT5-dependent manner and was required for the PRMT5-driven methylation of
H4R3 and expression. Furthermore, the BiFC analysis suggested that pICIn and MEP50 can at
least partially compete for PRMTS5 binding. However, the fine details of PRMT5-pIClIn interaction
and pICIn-mediated regulation of PRMT5 enzymatic activity are not elucidated yet.

5.4.1 What are the structures of PRMT5:pICIn, PRMT5:MEP50:pICIn complexes?

The results of BiFC competition assay suggest that pICIn may interact with PRMT5 in a
similar to MEP50 manner. However, the structure of PRMT5:pICIn or PRMT5:MEP50:pICIn has
not been solved yet. The structure of PRMT5:MEP50 complex has been solved several times using
crystallography [119] and cryoelectronic microscopy [276]. Structurally, PRMT5:MEP50
complex is a heterooctamer consisting of four PRMT5 and four MEP50 molecules. Previously,
several reports demonstrated that PRMTS5, MEP50 and plClin can be present in the same complex
[236,237,277]. Thus, taken together with the BiFC analysis data, it is possible that pICIn may
replace one or more MEP50 molecules in PRMT5:MEP50:pICIn complex. However, at this point
it is hard to predict the exact stoichiometry of the complex. Furthermore, as RIOK1 can compete
with pICIn for PRMTS5 binding, the existence of PRMT5:MEP50:pICIn:RIOK1 complex is also
possible. The current collaboration of my group with Dr. Jiang group at Purdue University is
working on elucidation of these complexes structure using recombinant proteins expressed in
insect culture and cryoelectronic microscopy approach. Because the system to express and purify
recombinant proteins has been established, the first results are expected very soon. Elucidation of
PRMT5:pICIn complex structure will allow to design novel drugs targeting this interaction and
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may provide an insight on the mechanism of enzymatic activation and substrate selection by
PRMT5:pICIn.

Additionally, as PRMT5 does not have DNA-binding domain and is recruited to the DNA
by other chromatin-binding proteins, it will be interesting to elucidate the structure of larger
complex containing Spl and histone substrates or the whole nucleosome. These results may shed
light on the differential gene transcription activation and repression by PRMT5 and different

interacting partners.

5.4.2 How does the presence of interacting proteins change enzymatic activity of PRMT5?

It was demonstrated in vitro that PRMT5 enzymatic activity is low in the absence of
interacting proteins, and presence of interacting proteins can alter the substrate specificity of
PRMT5 [131,135,277]. However, most of the biochemical studies described in literature used
bacterially expressed proteins that might not recapitulate proteins expressed in eukaryotic cells.
To fully characterize the effect of different PRMT5-binding partners on the PRMT5
methyltransferase activity, my group plans to utilize recombinant proteins expressed in insect cells
as whole complexes (PRMT5:pICIn, PRMT5:MEP50:pICIn, and others) and a variety of
substrates (free histones, nucleosomes, nucleosomes in the presence of Spl and DNA). These
results can provide further evidence that MEP50 might not be an obligate cofactor of PRMT5.
However, as epigenetic regulation happens in the context of larger epigenetic complexes,
experiments in live cells, for example, utilizing specific PPI inhibitors, would provide evidence

for potential MEP50 requirement for the PRMT5-driven histone methylation.

5.4.3 How do MEP50 and plICIn contribute to the chromatin status?

Interestingly, results of my ChIP-gPCR assays demonstrate that PRMT5:pIClIn binds to the
PRMT5-activated promoter (AR) while PRMT5:MEP50:pICIn binds to PRMT5-repressed
promoter (IVL). To fully characterize how PRMT5-interacting proteins contribute to gene
expression regulation by PRMTS5, it will be necessary to determine genome loci occupied by these
interacting proteins and relate it to the results of the RNA-seq analysis described in Chapter 3. One
possible approach for that purpose is ChlP-seq. Coupling ChlIP-seq with rapid

immunoprecipitation mass spectrometry of endogenous protein (RIME) method will allow to
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identify other interacting proteins within plCIn- or MEP50-containing complexes [278].
Implementation of assay for transposase-accessible chromatin (ATAC)-seq upon PRMT5, MEP50,
and pICIn knockdown will allow us to evaluate how each of these proteins contribute to the
chromatin accessibility thus informing how PRMT5:MEP50 and PRMT5:pIClIn can activate and

repress gene transcription.

5.5 Further validate how PRMT5 and MEP50 contribute to NEPC development

My results from Chapter 4 strongly suggest that PRMT5/MEP50 are required for NED. |
show that co-overexpression of PRMT5 and MEP50 in mouse prostates significantly promotes
cell proliferation and NED. However, the mechanism of PRMT5/MEP50 contribution to the NED

is still poorly understood.

5.5.1 What are the molecular targets and pathways of PRMT5/MEP50 during NED?

It is not clear at the moment whether PRMT5/MEP50 complex regulates NED via
epigenetic or post-translational regulation mechanism. Given that PRMTS5 can regulate AR activity
at multiple levels (see Chapter 1.5), both mechanisms can be significant. Furthermore, it is possible
that regulatory function of PRMT5/MEP50 complex in NED is mediated through AR-independent
mechanisms, for example, through epigenetic suppression of REST. Future analysis of genome-
wide PRMT5 and MEP50 binding and other non-chromatin PRMT5/MEP50 binding partners and
substrates will provide further mechanistic evidence for the role of PRMT5/MEP50 in NED.

Additionally, my group received results of RNA-seq analysis in ADT-induced NED-
LNCaP cells with and without PRMT5 knockdown and with and without MEP50 knockdown. In
collaboration with Dr. Wan group at the Indiana University, using these results, we will identify
pathways and genes that are regulated by PRMT5/MEP50.

5.5.2 Can co-overexpression of PRMT5/MEP50 on the background of PTEN knockout
promote NEPC?

In Chapter 4 | demonstrate that PRMT5/MEP50 co-overexpression did not promote cancer
growth beyond PIN formation. Thus, it will be interesting to investigate whether PRMT5/MEP50
can promote NEPC in mouse prostate cancer model. PTEN inactivation through deletion or loss-
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of-function mutations is one of the most common alterations for HNPC, CRPC, and NEPC [97].
As prostate-specific deletion of PTEN led to the quick development of metastatic prostate cancer
in mouse model [101], this model is suitable for investigation of additional alterations required for
NEPC development. | have already set up breeding for the generation of PB-PRMT5; PB-MEP50;
PTEN'>®>P- PB_Cre4 mice using the breeding scheme detailed below (Figure 5.2) and obtained

few GU organs for further analysis using IHC.

& @ PB-MEP50*-PTEN** x @ @ PTENW
& @ PB-MEP50*-PTENU* x & @ PTENW

|

@ PB-PRMT5*-Cre4*-PTENY+ x & PB-MEP50*-PTENLL

|

& PB-PRMT5*-PB-MEP50*-Cre4*-PTENY.
and other genotypes

Figure 5.2. Breeding scheme to generate mice with prostate co-overexpression of
PRMTS5/MEP50 on the background of prostate-specific PTEN loss.

5.5.3 Cantargeting PRMT5 or PRMT5/MEP50 complex prevent treatment-induced NED?

Treatment-induced NED is a major challenge of prostate cancer treatment. NED can be
induced by the majority of prostate cancer treatments including ADT and ASI [279,280]. Thus, it
was predicted that the increased usage of ASIs such as abiraterone acetate and enzalutamide is
likely to cause increased number of NEPC cases.

During the co-targeting experiment described in Chapter 2.3.4 | collected tumor samples
and blood samples for the subsequent analysis of potential NED in the 22Rv1 xenograft tumors
and NED markers such as CgA in blood serum. Thus, it will be possible to use these samples to

evaluate whether abiraterone acetate or enzalutamide treatment induced NED in 22Rv1 xenograft
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tumors, and whether targeting PRMT5 prevented NED in these tumors. Although it is possible that
neither ASI treatment induced NED, as induction or lack of such was not previously reported.
Alternative approach to validate targeting PRMT5 or PRMT5/MEP50 for NED prevention
would be usage of GEM model of treatment-induced NED. Zou et al. reported a model in which
mice with prostate-specific loss of PTEN and p53 develop CRPC [70]. These mice develop
castration-resistant prostate tumors at the age of 10 months. Notably, when treated with ASI
abiraterone acetate, 39% of mice developed NEPC features. Thus, this model can represent ASI-
induced NED and can be used for evaluation of PRMTS5 targeting (for example, via administration
PRMTS5 small molecule inhibitor JINJ-64619178) or PRMT5/MEP50 targeting (for example, via
administration of PRMT5/MEP50 PPI inhibitor) for the prevention or treatment of NEPC.
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APPENDIX A. LIST OF ANTIBODIES

Antibody target Manufacturer Catalog # and
identifier
Rabbit Anti-Androgen Receptor Santa Cruz sc-816, RRID
AB_1563391
Mouse Anti-Androgen Receptor Agilent Cat# M3562, RRID:
AB_2060174
Rabbit Anti-Androgen Receptor-V7 Abcam Cat# ab198394
Rabbit Anti-Androgen Receptor-V7 RevMADb Cat# 31-1109-00,
Biosciences RRID: AB_ 2716436
Mouse Anti-beta-Actin Monoclonal, Sigma-Aldrich Cat# A1978, RRID:
Clone AC-15 AB_476692
Rabbit Anti-Cleaved Caspase-3 Cell Signaling Cat# 9664, RRID:
(Aspl75) (5A1E) Monoclonal Technology AB 2070042
Rabbit Anti-Chromogranin A Abcam Cat# ab15160
Rabbit Anti-CLNS1A (C-term) Abcam Cat# T1435, RRID:
AB_10704366
Rabbit Anti-COPR5 Novus Cat# NBP2-30884
Biological
Rabbit Anti-Histone H2A (symmetric Abcam Cat# ab22397, RRID:
di methyl R3) AB_880431
Rabbit Anti-Histone H3 (symmetric di EpiGentek Cat# A-3705-100
methyl R2)
Rabbit Anti-Histone H3 (symmetric di Abcam Cat# ab130740
methyl R8)
Rabbit Anti-Histone H4 (symmetric di Abcam Cat# ab5823, RRID:
methyl R3) AB_10562795
Rabbit Anti-Ki67 Monoclonal, SP6 GeneTex Cat# GTX16667,
RRID: AB_422351
Rabbit Anti-Human MEP50 Cell Signaling Cat# 2823S, RRID:
Technology AB 2215724
Mouse Anti-Myc tag Monoclonal, Abcam Cat# ab32, RRID:
9E10 AB_303599
Rabbit Anti-NSE antibody Abcam Cat# ab227301
Normal rabbit 1gG antibody Santa Cruz Cat# sc-2027, RRID:
Biotechnology AB_737197
Normal mouse 1gG antibody Santa Cruz Cat# sc-2025, RRID:
Biotechnology AB_737182
Rabbit Anti-PRMT5 Polyclonal Millipore Cat# 07-405, RRID:
AB_310589
Rabbit Anti-RIOK1 Bethyl Cat# A302-457A,

Sheep Anti-Mouse 1gG ECL Antibody,
HRP Conjugated
Donkey Anti-Rabbit 1IgG ECL
Antibody, HRP Conjugated

GE Healthcare

GE Healthcare

RRID: AB_1944259
Cat# NA9310-1mL,

RRID: AB_772193
Cat# NA9340-1mL,

RRID: AB_772191
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APPENDIX B. LIST OF OLIGONUCLEOTIDES

shRNA sequences
shRNA name shRNA target shRNA sequence
shPRMT5#1 PRMT5 5'-CCCATCCTCTTCCCTATTAAG-3’
shPRMT5#2 PRMT5 5’-GCCCAGTTTGAGATGCCTTAT-3’
shSC None 5’- CAACAAGATGAAGAGCACCAA-3’
shMEP50#1 MEP50 5’- CCTCACAAGGACTCTGTGTTT-3’
SshMEP50#2 MEP50 5-CCTCAGCAAAGTGAAGTCTTT-3'
shplClIn#1 pICln 5’-CCAACAGTTGCTGGACAGTTT-3’
shplCIn#2 pICin 5-ATGATGATGTTGAACCTATTA-3'
gPCR primers
Gene Forward primer Reverse primer
AR-FL 5’-GTGGAAGCTGCAAGGTCTTC-3’ 5’-CGAAGACGACAAGATGGACA-3’
AR-V7 5'-GGATGACTCTGGGAGAAAAATTCCG-3' 5-GTCTGGTCATTTTGAGATGCTTGCA-3'
BRCAl1 5 -GTTGTTATGAAAACAGATGCTGAGTTTG-3> 5’-CTGGGTCACCCAGAAATAGCTAAC-3’
CCNE1 5'-GATTGCAGAGCTGTTGGA-3' 5'-ACCACTGATACCCTGAAACC-3'
DDX17 5'-GACCACAAGTTGATCCAACTA-3' 5-TAGCTGGCCAACCATCT-3'
EP300 5'-CCAACCAGAGGAGAGTATACATAT-3' 5-TGTTGTGTAACCTAATTTCTTGAC-3'
5APDH 5’-CTGACTTCAACAGCGACACC-3’ 5’-CCCTGTTGCTGTAGCCAAAT-3’
IVL 5’-CCTCAGCCTTACTGTGAG-3’ 5’-GGGAGGCAGTGGAGTTGG-3’
MEP50 5-GCCTCTCCTCACAAGGACTC-3' 5'-CCAGCGAGGTAGGAAGGTAG-3'
\NCOR1 5'-CATCTCACAGGGAACACC-3' 5'-CAAAGTAGCTGATTTGGCA-3'
\NCOR2 5-ATCTCCCAAGGAATGTCG-3' 5-TGAAGGGTGCCAGCTT-3'
NRIP1 5'-GCCAGAAGATGCACACTTG-3' 5-AATATCAGTGTTCGTCTGTCTCC-3'
pICin 5-TCAGCGTTGGAGGCAATGTT-3' 5-CCCTGTCCTTGTTCATGTGCTTC-3'
PRMT5 5’-CAGAGAAGGAGTTCTGCTCCTAC-3 5’-ATGGCCTGCTGGTACTGAGAGT-3'
RNF4 5-ACAATGAGTACAAGAAAGCGTC-3' 5-TTCATCTCCAGCAGTTTCC-3'
RNF6 5'-CACCCCTGGAGAAATAACAT-3' 5-GGGACTTCTGAGTCTCTGTAATT-3'
rRIM68 5' - TAAACAGGAGCAAATCTTGG - 3' 5-GCACATCAGCTGCATAAGT-3'
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ChIP-gPCR primers

Gene Forward primer Reverse primer

AR distal 5’-AGGAAGAGGTGTGAGAAGAGGCT-3’ 5’-AGTTTATGGGCTGCCAGTCTGC-3’
AR proximal 5’-TATCTGCTGGCTTGGTCATGGCTTG-3* 5’-CTGCTTCCTGAATAGCTCCTGCTT-3’
IVL 5’-TCAGCTGTATCCACTGCCCTCTTT-3>  5’-TCACACCGGTCTTATGGGTTAGCA-3’

Mouse genetics primers

Target Forward primer Reverse primer
o) 5.-TGGTGTTCTCCCCACACAGTGTT-3  5-CAACTAGAAGGCACAGTCGAGGCT-3
PRV 1Y 5-TCTGCTATTCATAACCCCACAGG3  5GCCTGCTATTGTCTTCCCAATCCTC-3
TCR  5-CAAATGTTGCTTGTCTGGTG-3 5-GTCAGTCGAGTGCACAGTTT-3
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APPENDIX C. DATASETS USED FOR MRNA EXPRESSION ANALYSIS

dataset PMID Sample size
GSE126078 PMID: 31361600 98
GSE74685 PMID: 26667932 149
GSE50630 PMID: 25189356 8
GSE70285 PMID: 26842848 20
GSE31528 PMID: 25189356 8
GSE74367 PMID: 26990456 56
GSE70768 PMID: 26501111 125
GSE32269 PMID: 23426182 51
GSE72220 PMID: 26945428 57
GSE141551 PMID: 25990700, PMID: 28145099, PMID: 28496006 503
GSE107299 PMID: 30889379 213
GSE6956 PMID: 18245496 59
GSE3933 PMID: 14711987, 71
GSE?2109 PMID: 21629784 60
GSE21034 PMID: 20579941 150
GSEB8402 PMID: 18505969 455
GSE29650 PMID: 21552559 30
GSE?28403 PMID: 21919029 9
GSE41192 PMID: 25544761, PMID: 25859291, PMID: 24589457 3
GSE66187 PMID: 26071481 71
GSE101607 PMID: 27497761 48
Glinsky PMID: 15067324 79
E_TABM_26 PMID: 16618720 44
nepc_wcm_2016 PMID: 26855148 34
prad_broad PMID: 22610119 31
prad_eururol_2017 PMID: 28927585 65
prad_fhcrc PMID: 26928463 171
prad_mich PMID: 22722839 94
prad_mskcc PMID: 20579941 150
prad_su2c_2015 PMID: 26000489 118
prad_su2c 2019 PMID: 31061129 270
prad_tcga https://www.cancer.gov/tcga 498
prad_tcga pan_can_atl PMID: 493
as_2018 29625048,29596782,29622463,29617662,29625055,29625050,29
617662,30643250
prad_tcga_pub PMID: 26544944 333
Sum 4624
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