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A B S T R A C T

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 radio-
sensitivity. Supporting this relationship, patients with high miR-191 and low RXRA abundance experienced
quicker biochemical recurrence. Reduced RXRA translated 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.

1. Introduction

Radiation resistance in prostate cancer (PCa) remains a clinical
problem. Although technological advances with radiotherapy planning
and treatment delivery have facilitated dose escalation and hypo-
fractionated treatment schedules, these have not translated to improved
overall survival for patients [1]. In contrast, the addition of androgen-
deprivation therapy has been demonstrated to improve overall survival,
highlighting the importance of elucidating molecular mechanisms for
radiation resistance [2]. By understanding the specific cellular media-
tors of resistance, we will ultimately be able to derive strategies for
identifying patients likely to recur following treatment, and highlight
new methods to improve patient outcomes following radiotherapy.

The aim of studying microRNAs (miRNAs) in the radiation setting is
two-pronged: to describe their underlying biological mechanisms

influencing sensitivity and use miRNAs as biomarkers to identify pa-
tients likely to recur following radiotherapy. miRNAs are a class of non-
coding RNA molecules which are canonically negative regulators of
gene abundance, through translation inhibition and mRNA degradation
[3]. Several miRNAs have been shown to influence radiation sensitivity
through regulation of various radiobiological processes, including DNA
damage repair, hypoxia response, and survival signaling pathways
[4,5].

microRNA-191 (miR-191) has been identified as an important on-
cogenic miRNA in breast cancer, interacting with estrogen to promote
tumorigenicity [6,7]. The expression of miR-191 in cancer is often re-
ported to be upregulated with advanced stage or compared with normal
tissue, including in breast, colon, lung, pancreas, and stomach cancers
[8,9]. High throughput arrays have shown miR-191 expression may be
induced by radiation treatment [10,11], but no studies focusing on
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radiation survival effects of miR-191 have been reported.
In this study, the primary objective was to elucidate the role of miR-

191 in PCa aggression and radiation response. Bioinformatic analyses of
the TCGA and CPC-GENE datasets demonstrated that miR-191 is ele-
vated in tumors versus matched normal prostates, and higher abun-
dance is associated with higher Gleason score. Elevation of miR-191 in
PCa cell lines conferred radiation resistance in vitro and in vivo, through
interaction with a novel target, retinoid X receptor alpha (RXRA), a
nuclear receptor for retinoids. Reduced RXRA expression was asso-
ciated with a higher risk of distant relapse following radiotherapy in the
Belfast cohort. In a novel primary PCa cell line derived from a patient
with locally-recurrent disease, we confirmed that ectopic expression
with a miR-191 mimic or knockdown of RXRA induces radioresistance.
Treatment with the retinoid 9-cis-retinoic acid resulted in radio-
sensitization, indicating that modulators of RXR activity may provide a
therapeutic option for radioresistant PCa.

2. Materials and methods

2.1. Patient analysis

The Cancer Genome Atlas (TCGA) prostate cohort contains data
from 487 prostate cancer samples and 52 normal samples [12]. Of the
tumor samples, 45 are Gleason 6(3 + 3), 144 are Gleason 7(3 + 4), 98
are Gleason 7(4 + 3), and 200 are Gleason> 7. The Canadian Prostate
Cancer Genome Network (CPC-GENE) dataset comprises 158 samples,
of which 12 are Gleason 6, 137 are Gleason 7 (3 + 4 = 97 &
4 + 3 = 37), and 12 are Gleason> 7 [13]. Differential expression
between multiple groups was evaluated using one-way ANOVA tests,
and Student's t-test used for comparisons between two groups. All sta-
tistical analyses were completed using R statistical environment
(v3.4.0). Cut-off of high/low expression was determined using cutP to
find appropriate cutoffs to determine differences of survival between
two groups.

The Belfast cohort consists of 248 prostate cancer patients with lo-
calized/locally advanced prostate cancer patients treated with radical
radiotherapy (with/without ADT) at the NI Cancer Centre, Belfast
Health and Social Care Trust (BHSCT), between 1 January 2005 and 31
December 2009 [14].

2.2. Cell culture

Human prostate carcinoma cell lines DU145 and PC3 were pur-
chased from American Type Culture Collection (ATCC), and maintained
in Dulbecco's modified Eagle's medium containing 4.5 g/L D-glucose
and GlutaMAX (DMEM; Gibco) supplemented with 10% FBS and 1%
Penicillin-Streptomycin. All cell lines were maintained in tissue-culture
flasks within a humidified 37 °C incubator with 5% CO2, and passaged
when they reached 80% confluency. Cell lines were regularly confirmed
to be free from mycoplasma contamination using MycoAlert Detection
Kit (Lonza).

2.3. hPCA9 cell culture derivation

Primary prostate culture derivation was performed as previously
described by Frame et al. [15]. Fresh biopsy cores were obtained with
ethical consent from the NI Biobank [16] from a patient with locally
recurrent prostate cancer 8 years post definitive hypofractionated
radiotherapy and bicalutamide treatment (for in depth patient char-
acteristics see Table 1). Briefly, 7.5 mL of filtered collagenase solution
(Worthington Biochemicals) [consisting of 5 mL RPMI with 10% FBS,
and 2.5 mL KSFM] at a final concentration of 200IU/mL, was added to
the tissue before using a sterile scalpel to mechanically chop the tissue
into 1 mm pieces. Tissue suspension was then transferred to a 50 mL
falcon tube and incubated over night at 37 °C in an orbital shaker at
80 rpm. The following day, the collagenase/tissue solution was passed

through a blunt needle several times before being centrifuged at 380×g
for 5 min. The pellet was then washed twice with 1X PBS to remove any
remaining collagenase before resuspending in 10 mL of 1X trypsin and
incubating for 30 min at 37 °C in an orbital shaker at 80 rpm. 10 mL of
RPMI 10% FBS was added to the trypsin/cell solution and vigorously
shaken prior to being centrifuged at 380×g for 5mins. The pellet was
then washed with 1X PBS to remove any remaining RPMI 10% FBS and
resuspended in 6 mL SCM media [SCM: KSFM (Thermo Fisher) with
epidermal growth factor, bovine pituitary extract, 1 ng/mL GM-CSF
(Miltenyi Biotec), 2 ng/mL stem cell factor (Stem cell technologies),
2 ng/mL leukaemia inhibitory factor (merckmillipore) and 100 ng/mL
cholera toxin (Sigma)]. The cell suspension was then plated onto a type
1 collagen coated plate (Corning BioCoat) with Mitomycin C (Sigma)
treated STO cells. Colonies were seen within 10–14 days.

2.4. Immortalization of primary culture

Production of the lentivirus containing the vector coding for SV40
large T unit gene was performed as per manufacturer instructions
(Thermo Fisher). Sub-confluent hPCA9 cultures were plated on type 1
collagen plate and allowed to adhere for 24 h, after which cultures were
infected with lentivirus supernatants for 12 h. Viral media on the cul-
tures was then replaced with fresh SCM. hPCA9 cultures were serially
passaged to ensure replication capacity of the cell line.

2.5. Mimics, siRNAs and transfection

DU145, PC3, or hPCA9 cells were seeded in a 6-well plate, and
transfected for 24 h using Lipofectamine 2000 (Invitrogen) according to
manufacturer's specifications. Negative control and miR-191 (miR-191-
5p) mimics were obtained from Shanghai GenePharma Co., while
pooled RXRA and control siRNA were purchased from Santa Cruz
Biotechnology (Catalog numbers and sequences in Supplementary
Table I). All RNA products were reconstituted in RNAse-free water and
stored at −80 °C.

2.6. Quantitative real-time PCR (qRT-PCR)

For quantifying miRNA abundance, total mRNA was extracted using
the miRVana miRNA isolation kit as per the manufacturer's instructions
(Life Technologies), followed by synthesis of cDNA using the miScript II
RT kit (Qiagen). qRT-PCR was performed on a StepOnePlus Real-Time
PCR system (Applied Biosystems) with miScript SYBR Green PCR kit
and miScript Primer Assays for RNU6 and miR-191-5p both purchased
from Qiagen (RNU6 cat. no.: MS00033740; miR-191-5p: MS00003682).
For mRNA expression, total RNA was collected using the RNeasy Mini
Kit (Qiagen), and cDNA generated with the Superscript VILO cDNA kit
(Thermo Fisher Scientific). SYBR Select Master Mix (Applied
Biosystems) was used for qRT-PCR, along with primers designed using
Primer-BLAST software (NCBI) and synthesized by Invitrogen.
Abundance was calculated with the comparative Ct method using
StepOne Software (Applied Biosystems), and relative expression nor-
malized to RNU6 for miRNA or GADPH for mRNA. All primer sequences
available in Supplementary Table II.

Table 1
hPCA9 clinical characteristics.

INITIAL DIAGNOSIS RELAPSE

Date Age PSA Gleason
score

TNM Stage Treatment Date Age PSA

2009 57 19 3 + 4 T1cN0M0 Bicalutamide &
60Gy/20 EBRT

2017 65 3.84
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2.7. Clonogenic survival assay

Cells were plated in triplicate in 6-well plates and mock irradiated
(0 Gy) or treated with a 2, 4, 6, or 8 Gy dose of ionizing radiation (IR).
For clonogenic assays testing 9-cis-retinoic acid (9cRA), transfected
cells were seeded as per other clonogenics, then treated with 9cRA
[DU145 = 1 μM, hPCA9 = 0.1 μM] (Sigma) or DMSO the following
day. The plates were pre-treated with drug for 24 h, then irradiated
without changing media. For all clonogenics, plates were incubated for
10–14 days to allow for colony formation, and then stained using
crystal violet (Sigma). Number of colonies were counted (defined
as> 50 cells), and surviving fraction of irradiated cells calculated re-
lative to plating efficiency of mock irradiated cells. Radiation dose re-
sponse curves were generated by fitting the surviving fraction data to
the linear quadratic formula S = e−αD-βD2.

2.8. Proliferation assay

Cells were seeded in triplicate in 6-well plates at 1 × 105 cells per
well or 5 × 104 cells per well for irradiation (6 Gy) and mock irra-
diation (0 Gy) respectively. After incubation for 4 days (0 Gy) or 5 days
(6 Gy) post-treatment, wells were trypsinized and total viable cells
determined using trypan blue exclusion on a Countess automated cell
counter (Invitrogen). Results are expressed as fold change in number of
cells from seeding to counting.

2.9. Cell cycle analysis

DU145 or PC3 cells were seeded in a 6-well plate and the following
day transfected with mimics or siRNA. 24 h after transfection, the cells
were irradiated (10Gy) then incubated undisturbed for 24 h, at which
time they were fixed and stained as previously described [17]. EdU and
DAPI or 7-AAD staining using the Click-iT EdU kit (Thermo Fisher) was
performed as per manufacturer's specifications 24 h following irradia-
tion or mock irradiation. Samples were run using a FACSCalibur flow
cytometer (BD Biosciences), and cell cycle profile was generated using
FlowJo software (Version 10.0.4; FlowJo LLC).

2.10. Transcriptomic analysis

Total RNA from transfected DU145 cells was extracted using RNeasy
Mini Kit (Qiagen), and RNA quality assessed using a spectrophotometer.
Samples were ethanol precipitated if found to have a 260 nm absor-
bance ≤1.8. Gene expression profiling was performed by the Centre for
Applied Genomics (The Hospital for Sick Children, Toronto, Canada)
using a GeneChip Human Gene 2.0 ST array (Affymetrix).
Transcriptomic data was normalized using Expression Console software
(V.1.2, Affymetrix).

2.11. In silico analysis

Targets of miR-191 were identified in silico using miRWalk 2.0,
which combines predicted and experimentally validated microRNA
targets from 12 different miRNA-target prediction algorithms [18].

2.12. 3′UTR luciferase assay

A wild-type RXRA 3′UTR luciferase reporter and a mutated RXRA
3′UTR reporter with predicted miR-191 binding site sequence 5′-TTC
CGTT-3′ mutated to 5′-AAGGCAA-3′ were obtained from ABMGood.
DU145 cells were triple transfected with wild-type or mutated RXRA
3′UTR luciferase reporter and control or miR-191 mimic, with Renilla
luciferase plasmid. 48 h after transfection, Firefly and Renilla luciferase
activity was measured using the Dual Glo Luciferase assay system
(Promega). Reporter Firefly luciferase was normalized to Renilla luci-
ferase activity to account for transfection efficiency.

2.13. Western blotting

48 h after mimic or siRNA transfection, cells were rinsed with PBS
and lysed in ice-cold RIPA lysis buffer containing Complete Mini pro-
tease inhibitor cocktail and PhosSTOP phosphatase inhibitor cocktail
(Roche Diagnostics). Protein lysate was run on a 4–20% polyacrimide
gradient gel (Bio-Rad), wet-transferred to polyvinylidene difluoride
membranes (Thermo Fisher Scientific), and blocked for 1 h with either
5% non-fat dry milk or 5% bovine serum albumin (BSA). Primary an-
tibody in appropriate solution (5% milk or 5% BSA) was added and
incubated overnight at 4 °C, then incubated with horseradish perox-
idase-conjugated anti-rabbit IgG secondary antibody (1:5000) for 1 h at
room temperature. The following antibodies from Cell Signaling
Technologies were used: β-actin (1:2000, anti-rabbit), RXRA (1:1000,
anti-rabbit).

2.14. In vivo tumor xenograft studies

All experiments involving animals were performed in accordance
with University of Toronto and Sunnybrook Research Institute Animal
Care Committee guidelines using a peer-reviewed protocol. Six to seven
week old female athymic nude mice (Charles River) were injected
subcutaneously into the right flank with 3 million DU145 control-st or
miR-191-st cell lines mixed 1:1 (v/v) with Matrigel (Corning). When
tumor volumes reached an average of 100 mm3, mice were randomized
to receive mock ionizing radiation (IR) or 6Gy IR. Mice were monitored
every 2–3 days and tumors measured using calipers. Tumor volume was
calculated using the modified ellipsoid formula: volume = ½ (length x
width2). Endpoint defined as 2X starting volume.

2.15. Immunohistochemistry

Xenograft sections cryopreserved in Tissue-Tek O.C.T (Fisher
Scientific) were processed into 5 μM thick sections and stained for he-
matoxylin and eosin (H&E) or Ki-67. Areas of necrosis were quantitated
using ImageJ software, and necrosis as a percentage of total tumor area
graphed (n = 5 tumors per group), while Ki-67 evaluated by manual
counting of 5 representative areas imaged under 40X magnification
power (n = 3 tumors per group).

2.16. Statistical analyses

Statistical analyses were performed using GraphPad Prism 5.0
(GraphPad Software), except for analyses conducted on patient samples
which were performed in R. All experiments consist of at least three
experimental replicates, unless otherwise noted. Differences in means
were compared using two-sided Student's t-test, and graphed as mean
with SEM. Statistical significance denoted as *p < 0.05, **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 prostate cancer (PCa),
we analyzed miRNA abundance in The Cancer Genome Atlas (TCGA)
prostate dataset [12]. This revealed that miR-191 abundance was sig-
nificantly higher in PCa when compared to normal prostate tissue
(Fig. 1A). Moreover, when stratifying PCa by Gleason score, miR-191
abundance was significantly elevated with increasing Gleason score
(Fig. 1B). Using follow-up data from the CPC-GENE cohort, we identi-
fied an association between high miR-191 expression and time to re-
lapse, amongst patients who experienced biochemical relapse (BCR)
(Fig. 1C). Together these data provide evidence that miR-191 is in-
creased in PCa, particularly high grade disease, and is a candidate
biomarker for biochemical relapse.

J. Ray, et al. Cancer Letters 473 (2020) 107–117
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3.2. miR-191 promotes radiation resistance

In order to evaluate the effects of miR-191 in vitro, we transfected
two human PCa cell lines (DU145 and PC3) with miR-191 or control
mimic, and verified the overexpression of miR-191 using qRT-PCR
(Supplementary Figure 1A). We then performed radiation clonogenic
survival assays in both DU145 and PC3 cell lines, which revealed miR-
191 overexpression significantly increased radiation survival compared
to a control mimic (Fig. 2A). We observed a significant increase in the
number of viable DU145 cells after 6Gy irradiation in the miR-191
mimic population, compared with control mimic (Fig. 2B). In addition,
there was a non-significant decrease in the number of viable
DU145 cells overexpressing miR-191 versus control cells prior to irra-
diation. Consistent with this, cell cycle analysis demonstrated a sig-
nificant reduction in S-phase of non-irradiated miR-191 DU145 cells
compared to control (Fig. 2C, left panel). Following irradiation, there
was no difference seen in S-phase, however a reduced G2-M was noted
in miR-191 cells (Fig. 2C, right panel), likely contributing to the in-
creased survival observed in clonogenic experiments. Transfection of
PC3 cells with miR-191 mimic significantly reduced the number of vi-
able cells compared to control mimic (Fig. 2D), which corresponded
with a significant reduction in S-phase in the miR-191 population in the
cell cycle analysis (Fig. 2E, left panel). After irradiation, this difference

in viable cells was no longer observed, indicating that miR-191 pro-
motes survival after irradiation. PC3 cell cycle profiles showed the miR-
191 transfected cells demonstrated significantly lower G2-M block 24 h
after irradiation (Fig. 2E, right panel), supporting the radiation re-
sistance effect observed. miR-191 effects on cell cycle profiles were
similarly seen with EdU labelling experiments (Supplementary Figure
2).

3.3. RXRA is reduced by miR-191

To elucidate the mechanism of miR-191 radioresistance, we per-
formed a transcriptomic analysis of DU145 cells transfected with miR-
191 or control mimic, which we combined with an in silico prediction
algorithm (miRwalk 2.0 [18]) to identify putative miR-191 target genes
(Fig. 3A). This generated 18 prospective target genes (Supplementary
Table III), and we chose to focus on retinoid X receptor alpha (RXRA)
due to the previous literature supporting retinoic acid in radiation re-
sponse. RXRA is a nuclear receptor that mediates retinoic acid-mediated
gene activation, and several publications had demonstrated that its
agonist 9-cis-retinoic acid (9cRA) promotes cancer cell radiosensitivity
[19,20]. qRT-PCR and western blots confirmed that RXRA mRNA and
protein was reduced with miR-191 mimic transfection in DU145 and
PC3 cells (Fig. 3B). Reporter constructs containing a region of the RXRA

Fig. 1. miR-191 abundance in prostate cancer.
(A) miR-191 abundance is significantly higher in tumor (n = 487) vs normal (n = 52) prostate tissue samples from the TCGA cohort. (B) In the TCGA dataset,
increased abundance of miR-191 is observed in higher Gleason scores (ANOVA, p = 6.3 × 10−4). (C) Kaplan-Meier plot of biochemical-free survival rate (BCR) in 50
CPC-GENE patients treated with radical prostatectomy with time to relapse < 5 years, stratified by miR-191 abundance (HR = 1.61).
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3′UTR with either a wild-type (WT) miR-191 binding site, or a mutated
(MT) miR-191 binding site were transfected with miR-191 or control
mimic into DU145 cells and luciferase assays performed. Luciferase
activity of WT vector with miR-191 mimic was reduced compared with
control mimic, however MT luciferase activity remained unchanged
(Fig. 3C). Collectively, these experiments established RXRA 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 same patient co-
horts as miR-191, which revealed RXRA abundance is lower in PCa
compared with normal tissue; inverse to the trend observed with miR-
191 (Fig. 4A). In addition, biochemical relapse-free survival was faster
in patients with low abundance RXRA (Fig. 4B). Combination of miR-

Fig. 2. miR-191 overexpression results in increased radiation resistance in vitro.
(A) Radiation survival curves from clonogenic assays performed using DU145 and PC3 cells transfected with either control or miR-191 mimic. Survival curves
represent linear quadratic regression of surviving fraction. (B) Viable cell counts of DU145 cells transiently transfected with control or miR-191 mimic, and treated
with no radiation (Mock IR) or 6Gy irradiated (+IR). Data graphed as fold change in number of viable cells at day 4 (Mock IR) and day 5 (+IR). (C) Cell cycle profile
of DU145 cells transfected with control or miR-191 mimic, assessed 24 h
after mock irradiation (left) or irradiated (10Gy, right). (D) Viable cell counts and (E) cell cycle profile of PC3 cells transiently transfected with control or miR-191
mimic, and treated with mock irradiation or irradiated. Data represented as mean ± SEM, statistical significance denoted (* p < 0.05, ** p < 0.01, ***
p < 0.001, ns = not significant).
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191 and RXRA abundance data revealed that prostate tumors in the
high miR-191, low RXRA group displayed the worst BCR, whereas low
miR-191, high RXRA tumors have the greatest relapse-free survival at 5
years (Fig. 4C). These analyses support RXRA as a miR-191 target, and
highlight a potential role for miR-191 upregulation along with RXRA
reduction as a biomarker for poor prognosis. Accordingly, in a large
Belfast cohort of localized and locally-advanced PCa patients treated
with definitive radiotherapy [14], patients within the lowest quartile of
RXRA abundance were at significantly greater risk of experiencing
distant metastatic failure compared to patients with high RXRA
(Fig. 4D).

3.5. RXRA knockdown increases radiation resistance

To demonstrate that reduction of RXRA expression can recapitulate
radiation resistance, we used siRNA to knockdown RXRA expression in
DU145 and PC3 cells, which was confirmed through qRT-PCR and
western blotting (Supplementary Figure 1B). Clonogenic survival assays
showed that RXRA knockdown significantly increased radiation sur-
vival in both cell lines (Fig. 5A). Proliferation of RXRA knockdown in
DU145 and PC3 cells phenocopied the results seen with our miR-191
experiments (Fig. 5B).

9-cis-retinoic acid (9cRA) is an endogenous ligand for RXRA, and
studies have previously demonstrated that it can radiosensitize cells in
vitro [20]. In agreement with this finding, 24 h pre-treatment with 9cRA
significantly reduced radiation survival of DU145 cells transfected with
control mimic, when compared with vehicle (DMSO) (Fig. 5C and
Supplementary Figure 3). In contrast, we did not observe significant
radiosensitization of miR-191 mimic transfected DU145 cells with 9cRA
relative to vehicle (Fig. 5C). We hypothesize that as miR-191 lowers
RXRA levels, this limits the radiosensitizing effect of its ligand, 9cRA.
This supports the model of miR-191 radioresistance mediated through
RXRA.

3.6. Validation of miR-191 and RXRA phenotypes in a primary prostate
cancer cell line

PC3 and DU145 cell lines were originally derived from PCa patients
with distant metastases (bone and brain, respectively), and hence their
biology may not be entirely reflective of localized disease. Thus, a
primary PCa cell line (hPCA9) was derived from a patient with locally
recurrent PCa (detailed in materials and methods) and utilized to
evaluate the miR-191 and RXRA interaction in the context of localized
disease. hPCA9 cells were transfected with mimics or siRNA, and
transfection efficiency confirmed using qRT-PCR and western blotting
(Supplementary Fig. 1A and B). In agreement with the above, there was
a significant reduction in RXRA following miR-191 mimic transfection
relative to control (Supplementary Figure 1C). Both elevation of miR-
191 and knockdown of RXRA in hPCA9 displayed a similar trend to the
radioresistance observed in PC3 and DU145 cells (Fig. 5D). In addition,
treatment with 9cRA significantly reduced the surviving fraction of
cells after 6Gy, similar to the effect in DU145 cells (Fig. 5E).

3.7. miR-191 promotes radiation resistance in vivo

We next evaluated in vivo radiation resistance through tumor
growth xenograft experiments. DU145 cells were chosen given that they
are derived from adenocarcinoma, the most common histological type
of PCa. We first generated DU145 cells with stable overexpression of
miR-191 (miR-191-st) or control mimic (control-st) using lentivirus
followed by antibiotic selection, and confirmed stable overexpression of
miR-191 through qRT-PCR (Supplementary Figure 1D). In addition, we
verified that miR-191-st cells had increased clonogenic survival and
viability following radiation, relative to control-st cells (Fig. 6A).

Mice were injected subcutaneously with either control-st or miR-
191-st cells, and randomly assigned to receive mock IR or 6Gy IR once
average tumor volume reached approximately 100 mm3. Mice bearing
control-st or miR-191-st tumor xenografts randomized to mock

Fig. 3. RXRA is a direct target of miR-
191.
(A) Flowchart of approach used to identify
targets of miR-191 in prostate cancer. Data
from transcriptomic array in DU145 cells
transfected with miR-191 or control mimic
was combined with in silico predicted tar-
gets based on miR-191 target sequence. (B)
qRT-PCR and Western blot examining RXRA
abundance in DU145 and PC3 cells with
control or miR-191 mimic transient trans-
fection. qRT-PCR normalized to GAPDH,
n = 4 biological replicates. Representative
Western blot images shown. (C) Firefly lu-
ciferase activity in DU145 cells transiently
transfected with wild-type (WT) or mutated
(MT) RXRA 3′UTR luciferase vector, in
combination with control or miR-191
mimic. Single representative experiment
shown. Activity normalized to B-gal re-
porter control.
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irradiation displayed no significant differences in tumor growth, con-
sistent with DU145 proliferation and cell cycle assays in vitro (Fig. 6B).
The miR-191-st tumors treated with radiation reached the experimental
endpoint (double the starting tumor volume) by approximately 54 days.
In contrast, the irradiated control tumors did not demonstrate any re-
growth by this time point. After tumors reached experimental end-
points, excised tumors were stained with H&E and examined for areas
of necrosis. miR-191-st xenograft sections treated with IR displayed
significantly less necrosis compared with the control-st IR treated tu-
mors (Fig. 6C). Immunostaining for the proliferative marker Ki-67
showed significantly reduced Ki-67 positive cells in miR-191-st tumors
relative to control-st tumors after IR (Fig. 6D), supportive of our in vitro
findings.

4. Discussion

Elucidating the role of miRNAs in prostate cancer (PCa) is key to
understanding the molecular mechanisms underlying treatment re-
sistance and for identifying avenues to overcome this challenge. For the
first time, we have demonstrated the role of miR-191 in promoting
radiation resistance, which is mediated in part through the novel miR-
191 target retinoid X receptor alpha (RXRA). Knockdown of RXRA
promotes radiation resistance in PCa cells, and re-sensitization can be
achieved by treatment with the RXRA ligand 9-cis-retinoic acid (9cRA).
In PCa patient cohorts, we demonstrated the prognostic ability of high
miR-191 alone and in combination with low RXRA in highlighting
patients with earlier disease recurrence.

Fig. 4. Low RXRA prostate cancer abundance is associated with worse patient outcomes.
(A) Prostate tumors from the TCGA dataset exhibit lower RXRA abundance compared with normal prostate tissue. (B) Kaplan-Meier plot of CPC-GENE patient cohort
showing biochemical relapse-free survival rate (BCR) stratified by RXRA abundance (HR = 0.56). (C) Combined Kaplan-Meier plot with biochemical relapse-free
survival rate stratified by miR-191 and RXRA abundance in CPC-GENE cohort. (D) Kaplan-Meier plot of Belfast prostate cancer cohort showing metastatic-free
survival stratified by RXRA abundance.
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The abundance of miR-191 is frequently elevated in tumor com-
pared with normal tissue, such as in breast, hepatocellular, colon, lung,
and pancreatic cancers [8,9,21]. Wang et al. recently reported that miR-
191 is more abundant in human PCa tissue relative to benign tissue
using a small cohort of PCa patients [22]. However, no outcome data
was reported and thus correlation of miR-191 abundance with patient
outcomes could not be determined. In a different study, Leite et al.
identified that high miR-191 is associated with a higher risk of bio-
chemical recurrence, using a small cohort of patients treated with ra-
dical prostatectomy [23]. Both of these previous studies in PCa support

our own analysis using larger patient cohorts, in which miR-191
abundance was increased in tumors versus normal tissue and associated
with increasing Gleason grade and faster time to biochemical relapse.
However, based on our findings demonstrating a role for miR-191 in
radiation response, patients treated with definitive radiotherapy would
be the optimal cohort to examine miR-191 as a predictor of clinical
outcome. Unfortunately, there are currently no large datasets con-
taining miRNA abundance derived from pre-radiotherapy PCa biopsies,
and this this will be an important area of research for the future.

Several studies have identified miR-191 as highly abundant in

Fig. 5. miR-191 mediates radioresistance through RXRA, in established and primary prostate cancer cell line hPCA9.
(A) Radiation clonogenic survival curves and (B) viable cell results of DU145 and PC3 cells transfected with control or RXRA siRNA. (C) Surviving fraction after 8Gy
(IR) of DU145 cells transfected with control or miR-191 mimic and treated with DMSO or 1 μM 9cRA prior to IR. (D) Clonogenic survival of hPCA9 cells transfected
with miR-191 mimic (left) or RXRA siRNA (right). (E) Surviving fraction at 6Gy of hPCA9 cells pretreated with DMSO or 0.1 μM 9cRA prior to IR. Data represented as
mean ± SEM, statistical significance denoted (* p < 0.05, ** p < 0.01, ns = not significant).
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Fig. 6. miR-191 promotes radiation resistance in vivo.
(A) Radiation clonogenic survival (left) and viable cell counts (right) of DU145
cells with stable miR-191 (miR-191-st) or control (control-st) overexpression. (B) DU145 control and miR-191 stable tumors treated with mock irradiation (Mock IR)
or 6Gy (+IR) at Day 0. Tumor volume normalized to starting volume at Day 0. (C) H&E staining for tumor necrosis and (D) immunohistochemistry staining for the
proliferative marker Ki-67 in DU145 control-st and miR-191-st tumor sections treated with 6Gy radiation (+IR), representative sections shown on the right. Necrotic
area relative to total tumor area. Data represented as mean ± SEM, statistical significance denoted (* p < 0.05, ** p < 0.01, ns = not significant).
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patient tissue samples, and evaluated it as a potential endogenous
normalization control for miRNA quantification experiments [24].
Based on our identification of differential normal versus tumor abun-
dance in PCa, as well as previous studies demonstrating variable ex-
pression between normal and carcinoma samples [9], there is accu-
mulating evidence that miR-191 plays a functional role in oncogenesis
and its abundance can differ in disease.

The molecular contribution of miR-191 in oncogenesis has been best
characterized in breast cancer, where multiple reports have indicated
its importance in promoting invasion and proliferation in an estrogen
responsive manner [6,7,25–27]. However, its functional role in PCa has
not been well elucidated to date. To our knowledge, the report by Wang
et al. represents the only published in vitro study, with no studies, to
date, assessing radiation response or function in vivo [22]. In searching
for miRNA that displayed altered abundance following ionizing radia-
tion, Li et al. discovered that miR-191 was increased 3.3-fold in LNCaP
PCa cells suggesting its potential role in radiation response [11].
However, no further experiments were conducted to specifically eval-
uate its role. We have now provided data that demonstrates the ability
of miR-191 to promote radiation resistance. This is supported me-
chanistically by miR-191's effects on cell cycle distribution and pro-
liferation, with a reduction in G2-M phase arrest post-radiation illus-
trating the ability of these cells to overcome growth arrest and continue
cell division. Although we observed no significant difference in pro-
liferation between control and miR-191 cells prior to radiation, the
miR-191 cells retained increased viability following irradiation relative
to untreated proliferative capacity. We did not observe an increased
proportion of miR-191 cells in S-phase prior or following radiotherapy,
suggesting that this least radiosensitive phase of the cell cycle is not
contributing to radioresistance. Additionally, we evaluated resolution
of γ-H2AX foci following irradiation and noted no significant differ-
ences in resolution between control and miR-191 mimic
(Supplementary Figure 4). Thus, miR-191 does not promote radio-
resistance via increased S-phase population nor enhanced DNA double-
stranded break repair.

Several miR-191 targets have been identified in various cancers,
which is well summarized in a review by Nagpal et al. [8]. We ex-
amined miR-191 effect on candidate targets that were previously re-
ported in other cancer types, but did not observe a consistent decrease
in their mRNA expression in PCa as evaluated by transcriptomic ana-
lyses and qRT-PCR (data not shown). However, it is known that miRNA
target genes and molecular functions can be dependent on cancer type,
tissue location, and genetic or epigenetic regulation within the cell
[28,29]. Through combining in silico predictions with our own tran-
scriptomic data, we identified and validated RXRA as a novel target of
miR-191 in PCa, through which radiation survival is promoted. Indeed,
we discovered that reduced RXRA abundance results in a greater risk of
distant metastatic failure following prostate radiotherapy.

RXRA is one of three retinoic X receptors (RXRs), a family of nuclear
receptors which form homodimers as well as heterodimers with several
other nuclear receptors including retinoic acid receptors (RARs). The
role of retinoic acid receptors and ligands in cancer therapy have been
explored since the 1990's, and therapeutic agonists targeting RARs and
RXRs are being studied in cancer clinical trials [30]. Indeed, 9cRA has
been postulated as a chemopreventive agent for PCa based upon its
ability to decrease PCa development in a rat model using dietary 9cRA
supplementation with no reported toxicity [31]. Additionally, IRX4204
was developed as a highly selective RXR agonist compound and a phase
II clinical trial in men with metastatic castration-resistant PCa has
shown progression-free survival responses of greater than 56 days in
57% of patients [32]. Many of these patients were heavily pre-treated
(i.e., failed taxane chemotherapy) and IRX4204 was well tolerated, thus
providing support for RXR agonists as a therapeutic avenue in advanced
PCa.

Our work demonstrates that knockdown of RXRA promotes radia-
tion survival, supporting miR-191/RXRA interaction as the mechanism

of miR-191 induced radioresistance. The ability of the RXR agonist
9cRA to radiosensitize PCa cells supports an important role of retinoic
acid signaling in PCa radiation response. The radiosensitizing effect of
9cRA is non-significant in miR-191 overexpressing cells, and we hy-
pothesize that this is due to reduced RXRA protein abundance, resulting
in an attenuated effect of RXRA agonist treatment. This effect of RXRA
abundance altering 9cRA efficacy has been demonstrated previously
with apoptosis in a different PCa cell line [33].

Prostate cancer research has long been hindered by the lack of
availability of in vitro models. Many of these models have been derived
from metastatic lesions and therefore are not representative of the
primary form of the disease. While other cancer fields, e.g. breast, have
benefited from the increased use of primary cell lines to investigate
novel drug targets, the PCa field has lagged as a result of primary tumor
cell lines being notoriously hard to derive and maintain [15]. However
even with these drawbacks, primary prostate cell lines offer advantages
over other cell line models as they are a closer representation of the
heterogeneity of an individual patients tumor. The primary prostate
cancer cell line, hPCA9, was derived from a local recurrence arising in a
patient with previously treated disease, and thus represents a clinically
relevant model of localized PCa. Using this model we further validated
the miR-191/RXRA interaction as a mechanism for radiation resistance,
and have shown that the RXRA agonist 9cRA induces radiation sensi-
tivity in a primary PCa model.

In summary, we have demonstrated for the first time that miR-191
can promote radiation resistance in vitro and in vivo and its abundance
in prostate cancer is increased in higher Gleason grade, and predicts for
an earlier relapse-rate. Our discovery of the RXRA-9cRA axis as a target
of miR-191 opens up a novel avenue for therapeutic intervention to
improve radiation response.
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