Journal Pre-proof

miR-191 promotes radiation resistance of prostate cancer through interaction with
RXRA

Jessica Ray, Charles Haughey, Christianne Hoey, Jouhyun Jeon, Ross Murphy, Lara
Dura-Perez, Nuala McCabe, Michelle Downes, Suneil Jain, Paul C. Boutros, lan G.
Mills, Stanley K. Liu

PII: S0304-3835(19)30639-1
DOI: https://doi.org/10.1016/j.canlet.2019.12.025
Reference: CAN 114621

To appearin:  Cancer Letters

Received Date: 26 August 2019
Revised Date: 16 December 2019
Accepted Date: 19 December 2019

Please cite this article as: J. Ray, C. Haughey, C. Hoey, J. Jeon, R. Murphy, L. Dura-Perez, N. McCabe,
M. Downes, S. Jain, P.C Boutros, I.G Mills, S.K Liu, miR-191 promotes radiation resistance of prostate
cancer through interaction with RXRA, Cancer Letters, https://doi.org/10.1016/j.canlet.2019.12.025.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier B.V.


https://doi.org/10.1016/j.canlet.2019.12.025
https://doi.org/10.1016/j.canlet.2019.12.025

ABSTRACT

Radiation therapy is a common treatment for prostate cancer, however recurrence remains a problem.
MicroRNA expression is altered in prostate cancer and may promote therapy resistance. Through
bioinformatic analyses of TCGA and CPC-GENE patient cohorts, we identified higher miR-191 expression in
tumor versus normal tissue, and increased expression in higher Gleason scores. In vitro and in vivo
experiments demonstrated that miR-191 overexpression promotes radiation survival, and contributes to a more
aggressive phenotype. Retinoid X receptor alpha, RXRA, was discovered to be a novel target of miR-191, and
knockdown recapitulated radioresistance. Furthermore, treatment of prostate cancer cells with the RXRA
agonist 9-cis-retinoic acid restored radiosensitivity. Supporting this relationship, patients with high miR-191
and low RXRA abundance experienced quicker biochemical recurrence. Reduced RXRA trand ated to a higher
risk of distant failure after radiotherapy. Notably, this miR-191/RXRA interaction was conserved in a novel
primary cell line derived from radiorecurrent prostate cancer. Together, our findings demonstrate that miR-191
promotes prostate cancer survival after radiotherapy, and highlights retinoids as a potential option to improve

radiotherapy response.
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ABSTRACT

Radiation therapy is a common treatment for prestncer, however recurrence remains a problem.
MicroRNA expression is altered in prostate canced anay promote therapy resistance. Through
bioinformatic analyses of TCGA and CPC-GENE patiwttorts, we identified higher miR-191 expression i
tumor versus normal tissue, and increased expressiohigher Gleason score$n vitro and in vivo
experiments demonstrated that miR-191 overexpregsimmotes radiation survival, and contributes toaae
aggressive phenotype. Retinoid X receptor alpxd&gA, was discovered to be a novel target of miR-18d, a
knockdown recapitulated radioresistance. Furtheemtneatment of prostate cancer cells with BXRA
agonist Seis-retinoic acid restored radiosensitivity. Suppagtihis relationship, patients with high miR-191
and low RXRA abundance experienced quicker biocbalhmecurrence. Reduc&XRA translated to a higher
risk of distant failure after radiotherapy. Notabliis miR-191RXRA interaction was conserved in a novel
primary cell line derived from radiorecurrent paistcancer. Together, our findings demonstratentiii@t191
promotes prostate cancer survival after radiotherapd highlights retinoids as a potential optiorimprove

radiotherapy response.
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1. INTRODUCTION

Radiation resistance in prostate cancer (PCa) remiclinical problem. Although technological adses with
radiotherapy planning and treatment delivery hazeilifated dose escalation and hypofractionatedtrment
schedules, these have not translated to improvedatbvsurvival for patients[1]. In contrast, thedétn of
androgen-deprivation therapy has been demonsttaté@dprove overall survival, highlighting the impance of
elucidating molecular mechanisms for radiationstasice[2]. By understanding the specific celluladmtors of
resistance, we will ultimately be able to derivettgies for identifying patients likely to recallbwing treatment,
and highlight new methods to improve patient outesriollowing radiotherapy.

The aim of studying microRNAs (miRNAS) in the ratitha setting is two-pronged: to describe their uhdeg
biological mechanisms influencing sensitivity argeuniRNAs as biomarkers to identify patients likedyrecur
following radiotherapy. miRNAs are a class of namiog RNA molecules which are canonically negative
regulators of gene abundance, through translatibibition and mMRNA degradation[3]. Several miRNAs/d been
shown to influence radiation sensitivity througlgukation of various radiobiological processes, uidahg DNA
damage repair, hypoxia response, and survival Bignpathways[4, 5].

microRNA-191 (miR-191) has been identified as apanant oncogenic miRNA in breast cancer, interactvith
estrogen to promote tumorigenicity[6, 7]. The esgien of miR-191 in cancer is often reported taupesgulated
with advanced stage or compared with normal tissneuding in breast, colon, lung, pancreas, araimsich
cancers[8, 9]. High throughput arrays have showR-frfil expression may be induced by radiation treatfhoO,
11], but no studies focusing on radiation surveff¢cts of miR-191 have been reported.

In this study, the primary objective was to elutédthe role of miR-191 in PCa aggression and rextiaesponse.
Bioinformatic analyses of the TCGA and CPC-GENEadats demonstrated that miR-191 is elevated in f&imo
versus matched normal prostates, and higher aboadarassociated with higher Gleason score. El@vaif miR-
191 in PCa cell lines conferred radiation resisgaimcvitro andin vivo, through interaction with a novel target,
retinoid X receptor alphaRXRA), a nuclear receptor for retinoids. Redu&dRA expression was associated with a
higher risk of distant relapse following radiothgyan the Belfast cohort. In a novel primary PC4 liee derived
from a patient with locally-recurrent disease, wafemed that ectopic expression a miR-191 mimi&mockdown

of RXRA induces radioresistance. Treatment with té#énoid 9eis-retinoic acid resulted in radiosensitization,

indicating that modulators of RXR activity may pige a therapeutic option for radioresistant PCa.



2. MATERIALS AND METHODS

2.1 Patient Analysis

The Cancer Genome Atlas (TCGA) prostate cohortaipatdata from 487 prostate cancer samples andrs2ah
samples[12]. Of the tumor samples, 45 are Gleag®dt3y, 144 are Gleason 7(3+4), 98 are Gleason j(4+8l 200
are Gleason >7. The Canadian Prostate Cancer Gedetwerk (CPC-GENE) dataset comprises 158 sampfes,
which 12 are Gleason 6, 137 are Gleason 7 (3+4 & £¥3 = 37), and 12 are Gleason >7[13]. Differahti
expression between multiple groups was evaluatied) usme-way ANOVA tests, and Student’s t-test ufeed
comparisons between two groups. All statisticalys®s were completed using R statistical envirortr(eh4.0).
Cut-off of high/low expression was determined usintP to find appropriate cutoffs to determineetiéces of
survival between two groups.

The Belfast cohort consists of 248 prostate capatients with localized/locally advanced prostaeaer patients
treated with radical radiotherapy (with/without Apat the NI Cancer Centre, Belfast Health and $&aae Trust
(BHSCT), between 1 January 2005 and 31 Decembe [AGNQ.

2.2 Cell Culture

Human prostate carcinoma cell lines DU145 and P€&wwurchased from American Type Culture Collection
(ATCC), and maintained in Dulbecco's modified Eagieedium containing 4.5 g/L D-glucose and GlutaMAX
(DMEM; Gibco) supplemented with 10% FBS and 1% Eiimi-Streptomycin. All cell lines were maintainéal
tissue-culture flasks within a humidified 37°C ibetior with 5% CO2, and passaged when they readbf#d 8
confluency. Cell lines were regularly confirmed® free from mycoplasma contamination using MycotAle

Detection Kit (Lonza).

2.3 hPCAO9 Cell Culture Derivation

Primary prostate culture derivation was performegreviously described Byrame et al[15]. Fresh biopsy cores
were obtained with ethical consent from the NI Biok[16] from a patient with locally recurrent pratgt cancer 8
years post definitive hypofractionated radiotherapg bicalutamide treatment (for in depth patidvaracteristics
see Table I). Briefly, 7.5mL of filtered collagerasolution (Worthington Biochemicals) [consistifgbonL. RPMI
with 10% FBS, and 2.5mL KSFM] at a final conceritnatof 2001U/mL, was added to the tissue beforagisi
sterile scalpel to mechanically chop the tissue imhm pieces. Tissue suspension was then trarndfierse 50mL
falcon tube and incubated over night at 37°C inrital shaker at 80rpm. The following day, thelagénase/tissue
solution was passed through a blunt needle setisr@s before being centrifuged at 380xg for 5 mésuiThe pellet
was then washed twice with 1X PBS to remove anyaieimg collagenase before resuspending in 10mLxof 1
trypsin and incubating for 30mins at 37° C in abitat shaker at 80rpm. 10mL of RPMI 10% FBS waseatl the
trypsin/cell solution and vigorously shaken priotbieing centrifuged at 380xg for 5mins. The peilas then
washed with 1X PBS to remove any remaining RPMI FB% and resuspended in 6mL SCM media [SCM: KSFM
(Thermo Fisher) with epidermal growth factor, bavrituitary extract, 1ng/mL GM-CSF (Miltenyi Biofec

2ng/mL stem cell factor (Stem cell technologiesig/2nL leukaemia inhibitory factor (merckmilliporahd



100ng/mL cholera toxin (Sigma)]. The cell suspensi@s then plated onto a type 1 collagen coated pzorning

BioCoat) with Mitomycin C (Sigma) treated STO celRolonies were seen within 10-14 days.

2.4 Immortalization of primary culture

Production of the lentivirus containing the veatoding for SV40 large T unit gene was performegers
manufacturer instructions (Thermo Fisher). Sub-cemit hPCA9 cultures were plated on type 1 collggate and
allowed to adhere for 24 hours, after which cukurere infected with lentivirus supernatants fohbars. Viral
media on the cultures was then replaced with fB8N. hPCA9 cultures were serially passaged to ensur

replication capacity of the cell line.

2.5 Mimics, siRNAs and Transfection

DU145, PC3, or hPCA9 cells were seeded in a 6-plate, and transfected for 24 hours using Lipofeate 2000
(Invitrogen) according to manufacturer's specifmag. Negative control and miR-191 (miR-191-5p) ricsnwere
obtained from Shanghai GenePharma Co., while pd®K8A and control siRNA were purchased from SantazC
Biotechnology (Catalog numbers and sequences iplS&ugntary Table I). All RNA products were reconggd in

RNAse-free water and stored at -80°C.

2.6 Quantitative real-time PCR (qRT-PCR)

For quantifying miRNA abundance, total mMRNA wasragted using the miRVana miRNA isolation kit as ter
manufacturer's instructions (Life Technologies)ioiwed by synthesis of cDNA using the miScript IT Rit
(Qiagen). gRT-PCR was performed on a StepOnePlasRme PCR system (Applied Biosystems) with migcri
SYBR Green PCR kit and miScript Primer Assays fhitU® and miR-191-5p both purchased from Qiagen (RNU6
cat. no.: MS00033740; miR-191-5p: MS00003682). RANA expression, total RNA was collected using the
RNeasy Mini Kit (Qiagen), and cDNA generated witke Superscript VILO cDNA kit (Thermo Fisher Scidig).
SYBR Select Master Mix (Applied Biosystems) wasdu® qRT-PCR, along with primers designed usingner-
BLAST software (NCBI) and synthesized by Invitrogé&tundance was calculated with the comparativen€thod
using StepOne Software (Applied Biosystems), atative expression normalized to RNU6 for miRNA cAGPH
for mRNA. All primer sequences available in Suppbetary Table II.

2.7 Clonogenic Survival Assay

Cells were plated in triplicate in 6-well platesdamock irradiated (0 Gy) or treated with a 2, 4068 Gy dose of
ionizing radiation (IR). For clonogenic assaysites®-cis-retinoic acid (9cRA), transfected cells were sekeaie per
other clonogenics, then treated with 9cRA [DU145M, hPCA9 = 0.1uM] (Sigma) or DMSO the followingyd
The plates were pre-treated with drug for 24 hatlnesy irradiated without changing media. For adhdgenics,
plates were incubated for 10-14 days to allow fdoky formation, and then stained using crystaleti¢Sigma).

Number of colonies were counted (defined as >58);elnd surviving fraction of irradiated cells @alated relative



to plating efficiency of mock irradiated cells. Ratibn dose response curves were generated bygfittie surviving

fraction data to the linear quadratic form@la e*°"P2,

2.8  Proliferation Assay

Cells were seeded in triplicate in 6-well plateg at1C cells per well or 5 x I{&ells per well for irradiation (6 Gy)
and mock irradiation (0 Gy) respectively. Afterihation for 4 days (0 Gy) or 5 days (6 Gy) posatneent, wells
were trypsinized and total viable cells determinsihg trypan blue exclusion on a Countess autonwidounter

(Invitrogen). Results are expressed as fold chamgember of cells from seeding to counting.

2.9 Cell Cycle Analysis

DU145 or PC3 cells were seeded in a 6-well platetha following day transfected with mimics or siRN24
hours after transfection, the cells were irradigtdGy) then incubated undisturbed for 24 hoursyhdth time they
were fixed and stained as previously describedE@l and DAPI or 7-AAD staining using the Click-BdU kit
(Thermo Fisher) was performed as per manufactuspesifications 24 hours following irradiation opok
irradiation. Samples were run using a FACSCalilaw fcytometer (BD Biosciences), and cell cycle peofvas

generated using FlowJo software (Version 10.0.dwBb LLC).

2.10 Transcriptomic Analysis

Total RNA from transfected DU145 cells was extrdatsing RNeasy Mini Kit (Qiagen), and RNA qualigsassed
using a spectrophotometer. Samples were ethandpjieged if found to have an 260nm absorbande8. Gene
expression profiling was performed by the Centrepplied Genomics (The Hospital for Sick Childrdmronto,
Canada) using a GeneChip Human Gene 2.0 ST arfeyniétrix). Transcriptomic data was normalized gsin

Expression Console software (V.1.2, Affymetrix).

2.11 Insdilico analysis
Targets of miR-191 were identified silico using miRWalk 2.0, which combines predicted angeginentally

validated microRNA targets from 12 different miRNa&rget prediction algorithms[18].

2.12 3'UTR Luciferase Assay

A wild-type RXRA 3'UTR luciferase reporter or therautated RXRA 3'UTR reporter with predicted miR-191
binding site sequence 5’-TTCCGTT-3' mutated to RAGCAA-3’ were obtained from ABMGood. DU145 cells
were triple transfected with wild-type or mutated®A 3'UTR luciferase reporter and control or miRi1&imic,
with Renilla luciferase plasmid. 48 hours aftensfection, Firefly and Renilla luciferase activitias measured
using the Dual Glo Luciferase assay system (Projn&gporter Firefly luciferase was normalized tmiRa

luciferase activity to account for transfection@éncy.

2.13 Western Blotting



48 hours after mimic or siRNA transfection, cellsre/rinsed with PBS and lysed in ice-cold RIPAdysuffer
containing Complete Mini protease inhibitor cocktaid PhosSTOP phosphatase inhibitor cocktail (Roch
Diagnostics). Protein lysate was run on a 4-20%agmimide gradient gel (Bio-Rad), wet-transferred t
polyvinylidene difluoride membranes (Thermo FisBerentific), and blocked for 1 hour with either 3fén-fat dry
milk or 5% bovine serum albumin (BSA). Primary &wotily in appropriate solution (5% milk or 5% BSA)sva
added and incubated overnight at 4°C, then incdbatth horseradish peroxidase-conjugated anti-tdgks
secondary antibody (1:5000) for 1 hour at room teraure. The following antibodies from Cell Signali
Technologies were usegkactin (1:2000, anti-rabbit), RXRA (1:1000, antbldt).

2.14 Invivo tumor xenograft studies

All experiments involving animals were performedaiccordance with University of Toronto and Sunngiro
Research Institute Animal Care Committee guidelumng a peer-reviewed protocol. Six to seven wadkemale
athymic nude mice (Charles River) were injecteccatdmeously into the right flank with 3 million D@4 control-
st or miR-191-st cell lines mixed 1:1 (v/v) with kigel (Corning). When tumor volumes reached arraye of
100mn?, mice were randomized to receive mock ionizingatoh (IR) or 6Gy IR. Mice were monitored everyg2-
days and tumors measured using calipers. Tumomluas calculated using the modified ellipsoid folien

volume = % (length x widfh. Endpoint defined as 2X starting volume.

2.15 Immunohistochemistry

Xenograft sections cryopreserved in Tissue-Tek D(Eisher Scientific) were processed into 5uM thsektions
and stained for hematoxylin and eosin (H&E) or Ki-Breas of necrosis were quantitated using Imagéware,
and necrosis as a percentage of total tumor asggngd (n=5 tumors per group), while Ki-67 evaludigananual

counting of 5 representative areas imaged underr@nification power (n=3 tumors per group). .

2.16 Statistical Analyses

Statistical analyses were performed using Grapladh 5.0 (GraphPad Software), except for analgsaducted
on patient samples which were performed in R. Afleximents consist of at least three experimeefaligates,
unless otherwise noted. Differences in means wemgpared using two-sided Studenitest, and graphed as mean
with SEM. Statistical significance denoted as *®8).**p<0.01, ***p<0.001.



3 RESULTS

3.1 miR-191 abundance is elevated in prostate cancer

To determine the significance of miR-191 in prosteancer (PCa), we analyzed miRNA abundance inCireer
Genome Atlas (TCGA) prostate dataset[12]. This akaethat miR-191 abundance was significantly highd®>Ca
when compared to normal prostate tissue (Fig. Mgreover, when stratifying PCa by Gleason scordR-a®1
abundance was significantly elevated with incregsieason score (Fig. 1B). Using follow-up datanfrthe CPC-
GENE cohort, we identified an association betweigh miR-191 expression and time to relapse, amopaénts
who experienced biochemical relapse (BCR) (Fig..Ild)gether these data provide evidence that miRi§91

increased in PCa, particularly high grade diseasé,is a candidate biomarker for biochemical redaps

3.2 miR-191 promotes radiation resistance

In order to evaluate the effects of miR-18Yitro, we transfected two human PCa cell lines (DU145R&3) with
miR-191 or control mimic, and verified the overesgsion of miR-191 using qRT-PCR (Supplementary feigup\).
We then performed radiation clonogenic survivabgssn both DU145 and PC3 cell lines, which reveéaigR-191
overexpression significantly increased radiationvisal compared to a control mimic (Fig. 2A). Weselved a
significant increase in the number of viable DUL#ls after 6Gy irradiation in the miR-191 mimicgdation,
compared with control mimic (Fig. 2B). In additicimere was a non-significant decrease in the nurobgrable
DU145 cells overexpressing miR-191 versus contedlscprior to irradiation. Consistent with this,liceycle
analysis demonstrated a significant reduction iph8se of non-irradiated miR-191 DU145 cells comgaie
control (Fig. 2C, left panel). Following irradiatipthere was no difference seen in S-phase, hoveeveduced G2-
M was noted in miR-191 cells (Fig. 2C, right pandiiely contributing to the increased survival ebged in
clonogenic experiments. Transfection of PC3 celth wiiR-191 mimic significantly reduced the numladrviable
cells compared to control mimic (Fig. 2D), whichrr@sponded with a significant reduction in S-phiasthe miR-
191 population in the cell cycle analysis (Fig. Bt panel). After irradiation, this difference wable cells was no
longer observed, indicating that miR-191 promotevisal after irradiation. PC3 cell cycle profilehiowed the
miR-191 transfected cells demonstrated signifigattiver G2-M block 24 hours after irradiation (F2E, right
panel), supporting the radiation resistance efieserved. miR-191 effects on cell cycle profilesevg@milarly seen

with EdU labelling experiments (Supplementary Fegay.

3.3 RXRA s reduced by miR-191

To elucidate the mechanism of miR-191 radiorestgame performed a transcriptomic analysis of DUtébs
transfected with miR-191 or control mimic, which wembined with arin silico prediction algorithm (miRwalk
2.0[18]) to identify putative miR-191 target genéSig. 3A). This generated 18 prospective targetegen
(Supplementary Table Il1), and we chose to focusatimoid X receptor alpha (RXRA) due to the praxdditerature
supporting retinoic acid in radiation response. RXR a nuclear receptor that mediates retinoic-avgdliated gene
activation, and several publications had demoredrtitat its agonist &is-retinoic acid (9cRA) promotes cancer cell

radiosensitivity[19, 20]. gRT-PCR and western blotsfirmed thatRXRA mRNA and protein was reduced with
8



miR-191 mimic transfection in DU145 and PC3 cefigy( 3B). Reporter constructs containing a regibthe RXRA
3'UTR with either a wild-type (WT) miR-191 bindirsite, or a mutated (MT) miR-191 binding site wesnsfected
with miR-191 or control mimic into DU145 cells ahdtiferase assays performed. Luciferase activit\Mdf vector
with miR-191 mimic was reduced compared with cdntmimic, however MT luciferase activity remained
unchanged (Fig. 3C). Collectively, these experimerstablishedRXRA as novel, validated target gene of miR-191
in PCa.

3.4 RXRA is down-regulated in prostate cancer

We performed bioinformatics analyses using the spatient cohorts as miR-191, which revea®dRA abundance
is lower in PCa compared with normal tissue; ingeis the trend observed with miR-191 (Fig. 4A).altdition,
biochemical relapse-free survival was faster ingma$ with low abundand@XRA (Fig. 4B). Combination of miR-
191 andRXRA abundance data revealed that prostate tumorseihigh miR-191, lowRXRA group displayed the
worst BCR, whereas low miR-191, higdXRA tumors have the greatest relapse-free survivalyaars (Fig. 4C).
These analyses suppd&XRA as a miR-191 target, and highlight a potentiaé fair miR-191 upregulation along
with RXRA reduction as a biomarker for poor prognosis. Adoaly, in a large Belfast cohort of localized and
locally-advanced PCa patients treated with defiaitiadiotherapy[14], patients within the lowest jil& of RXRA
abundance were at significantly greater risk ofegigncing distant metastatic failure compared tiepgs with high
RXRA (Fig. 4D).

3.5 RXRA knockdown increases radiation resistance

To demonstrate that reduction 8&XRA expression can recapitulate radiation resistamee,used siRNA to
knockdown RXRA expression in DU145 and PC3 cells, which was cod through gRT-PCR and western
blotting (Supplementary Figure 1B). Clonogenic $ual assays showed th&XRA knockdown significantly
increased radiation survival in both cell linesg(FA). Proliferation oRXRA knockdown in DU145 and PC3 cells
phenocopied the results seen with our miR-191 éxmets (Fig. 5B).

9-cis-retinoic acid (9cRA) is an endogenous ligandRXRA, and studies have previously demonstrated theatrit
radiosensitize cellsn vitro[20]. In agreement with this finding, 24 hour predtment with 9cRA significantly
reduced radiation survival of DU145 cells transéelctvith control mimic, when compared with vehic2MSO)
(Fig. 5C and Supplementary Figure 3). In contrast,did not observe significant radiosensitizatidmbR-191
mimic transfected DU145 cells with 9cRA relative wehicle (Fig. 5C). We hypothesize that as miR-1®4ers
RXRA levels, this limits the radiosensitizing effeaf its ligand, 9cRA. This supports the model ofRpri91

radioresistance mediated through RXRA.

3.6 Validation of miR-191 and RXRA phenotypes in a prinary prostate cancer cell line
PC3 and DU145 cell lines were originally derivednfr PCa patients with distant metastases (bone eaid, b
respectively), and hence their biology may not berely reflective of localized disease. Thus, anary PCa cell

line (hPCA9) was derived from a patient with logakcurrent PCa (detailed in materials and methadd)utilized

9



to evaluate the miR-191 and RXRA interaction in tomtext of localized disease. hPCA9 cells werasfiected
with mimics or siRNA, and transfection efficiencgrdirmed using qRT-PCR and western blotting (Supwetary
Figures 1A&B). In agreement with the above, thees\a significant reduction in RXRA following miR-1L9nimic
transfection relative to control (Supplementaryufegg1C). Both elevation of miR-191 and knockdowrRXRA in
hPCA9 displayed a similar trend to the radioresistaobserved in PC3 and DU145 cells (Fig. 5D). ddit&on,
treatment with 9cRA significantly reduced the sumg fraction of cells after 6Gy, similar to thefesft in DU145
cells (Fig. 5E).

3.7 miR-191 promotes radiation resistancen vivo

We next evaluatedh vivo radiation resistance through tumor growth xenogexfberiments. DU145 cells were
chosen given that they are derived from adenocamtiry the most common histological type of PCa. \Wa f
generated DU145 cells with stable overexpressiomidt-191 (miR-191-st) or control mimic (control-afsing
lentivirus followed by antibiotic selection, andnfomed stable overexpression of miR-191 throughl-¢FCR
(Supplementary Figure 1D). In addition, we verifigdit miR-191-st cells had increased clonogeniwigal and
viability following radiation, relative to contrdadt cells (Fig. 6A).

Mice were injected subcutaneously with either carit or miR-191-st cells, and randomly assignedeceive
mock IR or 6Gy IR once average tumor volume reacimgatoximately 100mrh Mice bearing control-st or miR-
191-st tumor xenografts randomized to mock irradiatdisplayed no significant differences in tumanowth,
consistent with DU145 proliferation and cell cyelssaysn vitro (Fig. 6B) The miR-191-st tumors treated with
radiation reached the experimental endpoint (dotle starting tumor volume) by approximately 54 siain
contrast, the irradiated control tumors did not dastrate any regrowth by this time point. After tusreached
experimental endpoints, excised tumors were stamiid H&E and examined for areas of necrosis. miR-$t
xenograft sections treated with IR displayed sigaiitly less necrosis compared with the contrdlRsttreated
tumors (Fig. 6C). Immunostaining for the prolifévat marker Ki-67 showed significantly reduced Ki-p@sitive

cells in miR-191-st tumors relative to control4sintors after IR (Fig. 6D), supportive of aarvitro findings.
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4 DISCUSSION

Elucidating the role of miRNAs in prostate cancBC4) is key to understanding the molecular mechanis
underlying treatment resistance and for identify@vgnues to overcome this challenge. For theftfiret, we have
demonstrated the role of miR-191 in promoting rédmaresistance, which is mediated in part throtigh novel
miR-191 target retinoid X receptor alpha (RXRA).d¢kdown ofRXRA promotes radiation resistance in PCa cells,
and re-sensitization can be achieved by treatméhtthhe RXRA ligand Sis-retinoic acid (9cRA). In PCa patient
cohorts, we demonstrated the prognostic abilithigh miR-191 alone and in combination with low RXR#A
highlighting patients with earlier disease recuceen

The abundance of miR-191 is frequently elevateduimor compared with normal tissue, such as in lreas
hepatocellular, colon, lung, and pancreatic cafi@ef 21]. Wanget al. recently reported that miR-191 is more
abundant in human PCa tissue relative to benigrudisising a small cohort of PCa patients[22]. Hareno
outcome data was reported and thus correlation i&¥-181 abundance with patient outcomes could not be
determined. In a different study, Leig al. identified that high miR-191 is associated withhigher risk of
biochemical recurrence, using a small cohort ofep#t treated with radical prostatectomy[23]. Baththese
previous studies in PCa support our own analysisguisirger patient cohorts, in which miR-191 aburmmtawas
increased in tumors versus normal tissue and agsdciwith increasing Gleason grade and faster time
biochemical relapse. However, based on our findidgsionstrating a role for miR-191 in radiation @%ge,
patients treated with definitive radiotherapy wolde the optimal cohort to examine miR-191 as a ipred of
clinical outcome. However, there are currently amé datasets containing miRNA abundance derive fore-
radiotherapy PCa biopsies, and this this will béngportant area of research for the future.

Several studies have identified miR-191 as highlyralant in patient tissue samples, and evaluatasl at potential
endogenous normalization control for miRNA quanéfion experiments[24]. Based on our identificatioh
differential normal versus tumor abundance in P&3ayell as previous studies demonstrating variakfgession
between normal and carcinoma samples[9], theredsraulating evidence that miR-191 plays a functiook in
oncogenesis and its abundance can differ in disease

The molecular contribution of miR-191 in oncogesdsas been best characterized in breast cancere whetiple
reports have indicated its importance in promotimgsion and proliferation in an estrogen respansianner[6, 7,
25-27]. However, its functional role in PCa has been well elucidated to date. To our knowledge, réport by
Wanget al. represents the only publishedvitro study, with no studies, to date, assessing radiatsponse or
functionin vivo[22]. In searching for miRNA that displayed altemdglindance following ionizing radiation, &ial.
discovered that miR-191 was increased 3.3-fold MCBP PCa cells suggesting its potential role inatamh
response[11]. However, no further experiments wareducted to specifically evaluate its role. We énaow
provided data that demonstrates the ability of m#R- to promote radiation resistance. This is sujegor
mechanistically by miR-191's effects on cell cydistribution and proliferation, with a reduction @2-M phase
arrest post-radiation illustrating the ability dfese cells to overcome growth arrest and contiralledévision.
Although we observed no significant difference iroliferation between control and miR-191 cells prio
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radiation, the miR-191 cells retained increasedilits following irradiation relative to untreategroliferative
capacity. We did not observe an increased propodfamiR-191 cells in S-phase prior or followingiatherapy,
suggesting that
this least radiosensitive phase of the cell cysl@at contributing to radioresistance. Additionallye evaluated
resolution ofy-H2AX foci following irradiation and noted no siditiant differences in resolution between control
and miR-191 mimic (Supplementary Figure 4). ThugR4191 does not promote radioresistance via inewt&
phase population nor enhanced DNA double-strandeakirepair.
Several miR-191 targets have been identified iftouwarcancers, which is well summarized in a reviigwNagpalet
al[8]. We examined miR-191 effect on candidate tardgleait were previously reported in other canceesyput did
not observe a consistent decrease in their mRNAesgn in PCa as evaluated by transcriptomic aealyand
gRT-PCR (data not shown). However, it is known thdRNA target genes and molecular functions can be
dependent on cancer type, tissue location, andtigeoe epigenetic regulation within the cell[28,]29hrough
combiningin silico predictions with our own transcriptomic data, weritified and validateBXRA as a novel target
of miR-191 in PCa, through which radiation survival promoted. Indeed, we discovered that reduR¥RA
abundance results in a greater risk of distant sietia failure following prostate radiotherapy.
RXRA is one of three retinoic X receptors (RXRsjamily of nuclear receptors which form homodimasswell as
heterodimers with several other nuclear receptarisiding retinoic acid receptors (RARs). The rdleatinoic acid
receptors and ligand®& cancer therapy have been explored since the'd,980d therapeutic agonists targeting
RARs and RXRs are being studied in cancer clinicalls[30]. Indeed, 9cRA has been postulated as a
chemopreventive agent for PCa based upon its ahditdecrease PCa development in a rat model digtgry
9cRA supplementation with no reported toxicity[3Aditionally, IRX4204 was developed as a highljestve
RXR agonist compound and a phase Il clinical tiimen with metastatic castration-resistant PCa diesvn
progression-free survival responses of greater Btauays in 57% of patients[32]. Many of these qua8 were
heavily pre-treated (i.e., failed taxane chemotgrand IRX4204 was well tolerated, thus providsypport for
RXR agonists as a therapeutic avenue in advancad PC
Our work demonstrates that knockdown of RXRA pragsotradiation survival, supporting miR-191/RXRA
interaction as the mechanism of miR-191 inducedoradistance. The ability of the RXR agonist 9cRA,
radiosensitize PCa cells supports an important afleetinoic acid signaling in PCa radiation resp@nThe
radiosensitizing effect of 9cRA is non-significantmiR-191 overexpressing cells, and we hypothegiag this is
due to reduced RXRA protein abundance, resultirgnimttenuated effect of RXRA agonist treatments €ffect of
RXRA abundance altering 9cRA efficacy has been dextnated previously with apoptosis in a differe@aPcell
line[33].
Prostate cancer research has long been hindertt hgck of availability ofn vitro models. Many of these models
have been derived from metastatic lesions and fibrerare not representative of the primary fornihef disease.
While other cancer fields, e.g. breast, have btatfrom the increased use of primary cell linestestigate novel
drug targets, the PCa field has lagged as a resyltimary tumor cell lines being notoriously hawalderive and
maintain[15]. However even with these drawbacksnary prostate cell lines offer advantages oveepttell line
12



models as they are a closer representation ofdterdgeneity of an individual patients tumor. Thienary prostate
cancer cell line, hPCA9, was derived from a loeglurrence arising in a patient with previously tedadisease, and
thus represents a clinically relevant model of liecead PCa. Using this model we further validateé thiR-
191/RXRA interaction as a mechanism for radiatiemistance, and have shown that the RXRA agonistA9cR
induces radiation sensitivity in a primary PCa mode

In summary, we have demonstrated for the first tiheg miR-191 can promote radiation resistaimcéitro andin
vivo and its abundance in prostate cancer is increasbadjher Gleason grade, and predicts for an eadiapse-
rate. Our discovery of th&®XRA-9cRA axis as a target of miR-191 opens up a novel avdaue¢herapeutic

intervention to improve radiation response.

13



AVAILABILITY OF DATA

All data generated or analyzed during the currerdysare included in this published article.

ACKNOWLEDGMENTS AND FUNDING SOURCES

The authors would like to thank the generous suppavided by Prostate Cancer Canada. SKL is a Miez
Rising Star award recipient proudly funded by theviember Foundation (Grants # RS2@3} #D201324,
#D2015-12), the Telus Motorcycle Ride For Dad (Hu@oBranch), and a Ministry of Research and Inniovat
Early Researcher Award. PCB is also supported lbgtBre Cancer Canada and the Movember Foundatiemi(G
#RS201401). This study was conducted with the supporthaf ©Ontario Institute for Cancer Research to PCB
through funding provided by the Government of Qotaa Terry Fox Research Institute New Investigatarard,
and a CIHR New Investigator Award. In addition tnghors would like to sincerely thank the Graceyrdation
for their generous funding in support of this work.

The samples used in this research were received thhe Northern Ireland Biobank which has receivends from
HSC Research and Development Division of the Pubéalth Agency in Northern Ireland and the Frienfishe
Cancer Centre.

14



References

[1] J.M. Michalski, J. Moughan, J. Purdy, W. BosBhW. Bruner, J.-P. Bahary, H. Lau, M. Duclos, M.
Parliament, G. Morton, D. Hamstra, M. Seider, NMldck, M. Patel, H. Gay, E. Vigneault, K. Winter, H.
Sandler, Effect of Standard vs Dose-Escalated Radidherapy for Patients With Intermediate-Risk
Prostate Cancer: The NRG Oncology RTOG 0126 RarmkmhtClinical TrialStandard vs Dose-Escalated
Radiotherapy in Medium-Risk Prostate CancerStandgaidose-Escalated Radiotherapy in Medium-Risk
Prostate Cancer, JAMA Oncology, 4 (2018) e180035639.

[2] A. Pollack, M.C. Abramowitz, Weighing the Addih of Androgen Suppression Therapy to
Radiotherapy Dose Escalation for Intermediate-Risistate Cancer, J Clin Oncol, 34 (2016) 1715-1717.
[3] D.P. Bartel, MicroRNAs: genomics, biogenesigaanism, and function, Cell, 116 (2004) 281-297.
[4] E. Korpela, D. Vesprini, S.K. Liu, MicroRNA iradiotherapy: miRage or miRador?, British jourrfal o
cancer, 112 (2015) 777-782.

[5] C. Metheetrairut, F.J. Slack, MicroRNAs in tlomizing radiation response and in radiotherapyyrCu
Opin Genet Dev, 23 (2013) 12-19.

[6] G. Di Leva, C. Piovan, P. Gasparini, A. Ngank€uTaccioli, D. Briskin, D.G. Cheung, B. Bolon, L
Anderlucci, H. Alder, G. Nuovo, M. Li, M.V. loriayl. Galasso, R. Santhanam, G. Marcucci, D. Perrotti,
K.A. Powell, A. Bratasz, M. Garofalo, K.P. NephegM. Croce, Estrogen mediated-activation of miR-
191/425 cluster modulates tumorigenicity of breastcer cells depending on estrogen receptor status,
PLoS genetics, 9 (2013) e1003311.

[7] X. Tian, Z. Zhang, miR-191/DAB2 axis regulatbe tumorigenicity of estrogen receptor-positive
breast cancer, IUBMB life, 70 (2018) 71-80.

[8] N. Nagpal, R. Kulshreshtha, miR-191: an emeaggitayer in disease biology, Front Genet, 5 (2014)
99.

[9] S. Valinia, G.A. Calin, C.G. Liu, S. Ambs, A.ifBmino, F. Petrocca, R. Visone, M. lorio, C. Roldo,
M. Ferracin, R.L. Prueitt, N. Yanaihara, G. Lan&aScarpa, A. Vecchione, M. Negrini, C.C. Harris,
C.M. Croce, A microRNA expression signature of harsalid tumors defines cancer gene targets,
Proceedings of the National Academy of SciencdhefJnited States of America, 103 (2006) 2257-
2261.

[10] M.A. Chaudhry, R.A. Omaruddin, C.D. Brumbau§hA. Tarig, N. Pourmand, Identification of
radiation-induced microRNA transcriptome by nextgeation massively parallel sequencing, Journal of
radiation research, 54 (2013) 808-822.

[11] B. Li, X.B. Shi, D. Nori, C.K. Chao, A.M. CheR. Valicenti, V. White Rde, Down-regulation of
microRNA 106b is involved in p21-mediated cell &yalrrest in response to radiation in prostate eance
cells, Prostate, 71 (2011) 567-574.

[12] N. Cancer Genome Atlas Research, The Molectdaonomy of Primary Prostate Cancer, Cell, 163
(2015) 1011-1025.

[13] M. Fraser, V.Y. Sabelnykova, T.N. YamaguchiLHeisler, J. Livingstone, V. Huang, Y.J. Shiah,
F. Yousif, X. Lin, A.P. Masella, N.S. Fox, M. Xi&,D. Prokopec, A. Berlin, E. Lalonde, M. Ahmed, D.
Trudel, X. Luo, T.A. Beck, A. Meng, J. Zhang, Addsta, R.E. Denroche, H. Kong, S.M. Espiritu, M.L.
Chua, A. Wong, T. Chong, M. Sam, J. Johns, L. TigdhB. Buchner, M. Orain, V. Picard, H.
Hovington, A. Murison, K. Kron, N.J. Harding, CnB, K.E. Houlahan, K.C. Chu, B. Lo, F. Nguyen,
C.H. Li, R.X. Sun, R. de Borja, C.I. Cooper, J.lopgHins, S.K. Govind, C. Fung, D. Waggott, J. Green,
S. Haider, M.A. Chan-Seng-Yue, E. Jung, Z. Wang3érgeron, A. Dal Pra, L. Lacombe, C.C. Collins,
C. Sahinalp, M. Lupien, N.E. Fleshner, H.H. HeFradet, B. Tetu, T. van der Kwast, J.D. McPherson,
R.G. Bristow, P.C. Boutros, Genomic hallmarks aflized, non-indolent prostate cancer, Nature, 541
(2017) 359-364.

15



[14] S. Jain, C.A. Lyons, S.M. Walker, S. McQuatdQ. Hynes, D.M. Mitchell, B. Pang, G.E. Logan,
A.M. McCavigan, D. O'Rourke, D.G. McArt, S.S. McBad.G. Mills, K.M. Prise, L.A. Knight, C.J.
Steele, P.W. Medlow, V. Berge, B. Katz, D.A. LobldwP. Harkin, J.A. James, J.M. O'Sullivan, R.D.
Kennedy, D.J. Waugh, Validation of a Metastaticaysasing biopsies to improve risk stratification in
patients with prostate cancer treated with radi@mdiation therapy, Annals of oncology : officialjmal

of the European Society for Medical Oncology, 201@) 215-222.

[15] F.M. Frame, D. Pellacani, A.T. Collins, N.JaMand, Harvesting Human Prostate Tissue Material
and Culturing Primary Prostate Epithelial Cells,tMels in molecular biology (Clifton, N.J.), 1443
(2016) 181-201.

[16] C. Lewis, S. McQuaid, P. Clark, P. Murray,McGuigan, C. Greene, B. Coulter, K. Mills, J. James
The Northern Ireland Biobank: A Cancer Focused Riégpry of Science, Open Journal of Bioresources, 5
(2018).

[17] X. Huang, S. Taeb, S. Jahangiri, U. Emmenedgetran, J. Bruce, A. Mesci, E. Korpela, D.
Vesprini, C.S. Wong, R.G. Bristow, F.F. Liu, S.KuLmiRNA-95 mediates radioresistance in tumors by
targeting the sphingolipid phosphatase SGPP1, Caesearch, 73 (2013) 6972-6986.

[18] H. Dweep, C. Sticht, P. Pandey, N. Gretz, mi&kMdatabase: prediction of possible miRNA
binding sites by "walking" the genes of three geasnpdournal of biomedical informatics, 44 (20119-83
847.

[19] J.N. Eskra, J.W. Kuiper, P.D. Walden, M.C. Bosl, N. Ozten, Interactive effects of 9-cis-retino
acid and androgen on proliferation, differentiatiand apoptosis of LNCaP prostate cancer cells,
European journal of cancer prevention : the offigiarnal of the European Cancer Prevention
Organisation (ECP), 26 (2017) 71-77.

[20] G.H. Windbichler, E. Hensler, M. Widschwendtar Posch, G. Daxenbichler, E. Fritsch, C. Marth,
Increased radiosensitivity by a combination of €+gtinoic acid and interferon-y in breast canetisc
Gynecologic oncology, 61 (1996) 387-394.

[21] Y. He, Y. Cui, W. Wang, J. Gu, S. Guo, K. M&,Luo, Hypomethylation of the hsa-miR-191 locus
causes high expression of hsa-mir-191 and prontiogespithelial-to-mesenchymal transition in
hepatocellular carcinoma, Neoplasia (New York, N.Y3 (2011) 841-853.

[22] X. Wang, Z. Shi, X. Liu, Y. Su, W. Li, H. Dond.. Zhao, M. Li, Y. Wang, X. Jin, Z. Huo,
Upregulation of miR-191 promotes cell growth anghision via targeting TIMP3 in prostate cancer,
Journal of B.U.ON. : official journal of the Balkdimion of Oncology, 23 (2018) 444-452.

[23] K.R. Leite, A. Tomiyama, S.T. Reis, J.M. Soanavez, A. Sanudo, M.F. Dall'Oglio, L.H.
Camara-Lopes, M. Srougi, MicroRNA-100 expressioiméependently related to biochemical recurrence
of prostate cancer, The Journal of urology, 183.120118-1122.

[24] H.J. Peltier, G.J. Latham, Normalization otcnodRNA expression levels in quantitative RT-PCR
assays: identification of suitable reference RN#yéss in normal and cancerous human solid tissues,
RNA (New York, N.Y.), 14 (2008) 844-852.

[25] N. Nagpal, H.M. Ahmad, B. Molparia, R. Kulsktgha, MicroRNA-191, an estrogen-responsive
microRNA, functions as an oncogenic regulator imhn breast cancer, Carcinogenesis, 34 (2013) 1889-
1899.

[26] N. Nagpal, H.M. Ahmad, S. Chameettachal, Dndar, S. Ghosh, R. Kulshreshtha, HIF-inducible
miR-191 promotes migration in breast cancer throzgyhplex regulation of TGFbeta-signaling in
hypoxic microenvironment, Scientific reports, 5180 9650.

[27] S. Sharma, N. Nagpal, P.C. Ghosh, R. KulshhesiP53-miR-191-SOX4 regulatory loop affects
apoptosis in breast cancer, RNA (New York, N.Y3,(2017) 1237-1246.

[28] A. Jacobsen, J. Silber, G. Harinath, J.T. Hd&eSchultz, C. Sander, Analysis of microRNA-tdrge
interactions across diverse cancer types, NaturetBtal &Amp; Molecular Biology, 20 (2013) 1325.
[29] A.A. Svoronos, D.M. Engelman, F.J. Slack, Omd® or Tumor Suppressor? The Duplicity of
MicroRNAs in Cancer, Cancer research, 76 (2016538670.

16



[30] I.P. Uray, E. Dmitrovsky, P.H. Brown, Retinsidnd rexinoids in cancer prevention: from labosato
to clinic, Semin Oncol, 43 (2016) 49-64.

[31] D.L. McCormick, K.V. Rao, V.E. Steele, R.A. hat, G.J. Kelloff, M.C. Bosland, Chemoprevention
of rat prostate carcinogenesis by 9-cis-retinoid,aCancer research, 59 (1999) 521-524.

[32] F.F. Kabbinavar, N. Zomorodian, M. Rettig,Khan, D.R. Greenwald, S.J. Davidson, B.A. DiCarlo,
R. Patel, L. Pandit, R. Chandraratna, M. Sandemsppen-label phase Il clinical trial of the RXR aggt
IRX4204 in taxane-resistant, castration-resistagtiastatic prostate cancer (CRPC), Journal of Glinic
Oncology, 32 (2014) 5073-5073.

[33] C. Zhong, S. Yang, J. Huang, M.B. Cohen, Py-Barman, Aberration in the expression of the
retinoid receptor, RXRalpha, in prostate cancendeabiology & therapy, 2 (2003) 179-184.

17



Tablel. hPCA9 clinica characteristics.

INITIAL DIAGNOSIS RELAPSE
Gleason TNM
Date Age PSA Treatment Date Age PSA
score Stage
2009 57 19 3+4 T1cNOMO Bicalutamide | 2017 65 384
& 60Gy/20
EBRT




Figure 1. miR-191 abundancein prostate cancer.

(A) miR-191 abundance is significantly higher imtor (n=487) vs normal (n=52) prostate tissue sasnfotamn the
TCGA cohort. (B) In the TCGA dataset, increasedralamce of miR-191 is observed in higher Gleasomesco
(ANOVA, p=6.3 x 10%. (C) Kaplan-Meier plot of biochemical-free suraiwate (BCR) in 50 CPC-GENE patients

treated with radical prostatectomy with time tapae < 5 years, stratified by miR-191 abundance=(t{RL).

Figure 2: miR-191 overexpression resultsin increased radiation resistancein vitro.

(A) Radiation survival curves from clonogenic asspgrformed using DU145 and PC3 cells transfectiéu either
control or miR-191 mimic. Survival curves represénéar quadratic regression of surviving fractigB) Viable
cell counts of DU145 cells transiently transfecteith control or miR-191 mimic, and treated with rexiation
(Mock IR) or 6Gy irradiated (+IR). Data graphedfakl change in number of viable cells at day 4 (MdR) and
day 5 (+IR). (C) Cell cycle profile of DU145 celieansfected with control or miR-191 mimic, assesaécours
after mock irradiation (left) or irradiated (10Gight). (D) Viable cell counts and (E) cell cycleofile of PC3 cells
transiently transfected with control or miR-191 rmdmand treated with mock irradiation or irradiatddata
represented as mean + SEM, statistical significaleemted (* p<0.05, ** p<0.01, *** p<0.001, ns=rsignificant).

Figure3: RXRA isadirect target of miR-191.

(A) Flowchart of approach used to identify targetsniR-191 in prostate cancer. Data from transorigt array in
DU145 cells transfected with miR-191 or control rmdimvas combined within silico predicted targets based on
miR-191 target sequence. (B) gRT-PCR and westatnelsaminingRXRA abundance in DU145 and PC3 cells with
control or miR-191 mimic transient transfection. TgRCR normalized tcGAPDH, n=4 biological replicates.
Representative western blot images shown. (C)lizike€iferase activity in DU145 cells transienthahsfected with
wild-type (WT) or mutated (MT) RXRA 3'UTR luciferasvector, in combination with control or miR-191rmig.

Single representative experiment shown. Activitymalized to B-gal reporter control.

Figure4: Low RXRA prostate cancer abundance is associated with wor se patient outcomes.

(A) Prostate tumors from the TCGA dataset exhilitdr RXRA abundance compared with normal prosiasei¢.
(B) Kaplan-Meier plot of CPC-GENE patient cohorbsling biochemical relapse-free survival rate (BGRatified
by RXRA abundance (HR=0.56). (C) Combined Kaplarneviglot with biochemical relapse-free survivalerat
stratified by miR-191 and RXRA abundance in CPC-GEbbhort. (D) Kaplan-Meier plot of Belfast prostate

cancer cohort showing metastatic-free survivakifigd by RXRA abundance.



Figure 5: miR-191 mediatesradior esistance through RXRA, in established and primary prostate cancer cell
line hPCAO.

(A) Radiation clonogenic survival curves and (Bahie cell results of DU145 and PC3 cells transtketith control
or RXRA siRNA. (C) Surviving fraction after 8Gy (JRf DU145 cells transfected with control or miR11&imic
and treated with DMSO or 1uM 9cRA prior to IR. (Dyonogenic survival of hPCA9 cells transfected witiR-
191 mimic (left) or RXRA siRNA (right). (E) Survimg fraction at 6Gy of hPCA9 cells pretreated withl®0O or
0.1uM 9cRA prior to IR. Data represented as me&@EM, statistical significance denoted (* p<0.05,p%0.01,

ns=not significant).

Figure 6: miR-191 promotesradiation resistancein vivo.

(A) Radiation clonogenic survival (left) and viakdell counts (right) of DU145 cells with stable miR1 (miR-
191-st) or control (control-st) overexpression. (BY145 control and miR-191 stable tumors treateth wimock
irradiation (Mock IR) or 6Gy (+IR) at Day 0. Tumeplume normalized to starting volume at Day 0. HRE
staining for tumor necrosis and (D) immunohistoctsty staining for the proliferative marker Ki-6v% DU145
control-st and miR-191-st tumor sections treateth wiGy radiation (+IR), representative sectionswah@n the
right. Necrotic area relative to total tumor arBata represented as mean + SEM, statistical sagmifie denoted (*

p<0.05, ** p<0.01, ns=not significant).

Supplementary Figure 1: Transfection efficiencies. (A) qRT-PCR results fooning transient overexpression of
miR-191 with mimic transfection, and (B) RXRA knaldwn at mRNA and protein level by RXRA siRNA
transfection in DU145, PC3, and hPCA9 cells. (CRriB1 mimic reduces RXRA mRNA in hPCA9 cells folliongy
transfection. (D) Consistent overexpression in hfR- stable DU145 cells compared with control DUté8s, as

determined by qRT-PCR. Data represented as me&t S

Supplementary Figure 2: EdU cell cycle profiles. (A) DU145 cells and (BE® cells transfected with control or
miR-191 mimic, treated with Mock (0Gy) or 10Gy ration, and pulsed 24 hours later with EdU.

Supplementary Figure 3: Full clonogenic survival curves after 9cRA treatmeurviving fraction of DU145 (left)
or hPCA9 (right) cells treated with 1uM (DU145) @rlpM (hPCA9) 9cRA or matched DMSO. DU145 curve
performed using cells transiently transfected vatimtrol or miR-191 mimic, then treated with 9cRA w@hicle.

Data represented as mean + SEM.

Supplementary Figure 4: yH2AX foci resolution following irradiation. DU145etls transfected with control or
miR-191 mimic were treated with Mock (0Gy) or 10@diation, followed by flow-cytometry for detecticof
yH2AX foci.



Figure 1

>
o

o
N

[
[
1

©
L
T
=
o
1

iy

©w
1

==}
1

miR-191 Abundance (log,RPM)
miR-191 Abundance (log,RPM)

~
1
.

p=1.96x102%

—— p=6.3x104

o

Normal Tumor 6 3+4 4+3 >7
Gleason Score

o

1.0 + =

0.8 1 r

0.4 1 r

BCR-free rate

0.2 1 r

0.0 T T T
2 3 4 5

Time to BCR (Years

0 1 2 3 4 5
Low miR-191 34 26 18 13 8 0
High miR-191 16 8 6 4 2 0




10°

% Cells

% Cells

§ 10 £ 10
7] S
E &
&0 102 %’3 1024
= OB
3 \ 5 S
- P
& 107 ¥ 3 107 ¥
- Control - Control
-+ miR-191 -+ miR-191
10+ 10+
0 2 4 6 0 2 4
Dose (Gy) Dose (Gy)
B 151 DU145 Cso- s DU145
[72]
E ns [] Control =] [] Control
— .
2 B miR-191 601 Bl miR-191
2ol T
4 7))
= ||+ %
v O 401
on °
£ .l * ey
< —
< 20+
S aa
oL mull | oL e | |
Mock IR | +IR G0-G1 S G2-M
107 . PC3 601 xx PC3
w —
i)
o B ot ol 5o
= 1 s 601 B miR-191
8
> 67 i)
=1 ] Kk
o O 40+
2 <
::q ns
b 20
E 21 —_ *%
= =
S %
AL Il il F=eel
Mock IR | +IR GO0-G1 S G2-M

601

_I—I

'
(=]

201

601

404

201

DU145 + IR

——

[

I

sy
il
S

G0-G1

PC3 +IR

G2-M

*%

G2

!



Figure 3
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Figure 4
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Figure 5
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Figure 6
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Highlights

 miR-191 expression is elevated in prostate cancer patients with higher Gleason score

* High miR-191 promotes radiation survival and targets retinoid X receptor alpha, RXRA
» Treatment with the RXRA agonist 9-cis-retinoic acid restores radiosensitivity

e Patients with high miR-191 and low RXRA experienced quicker biochemical recurrence
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