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Abstract

MicroRNAs are important epigenetic regulators of protein expression by triggering degradation of 

target mRNAs and/or inhibiting their translation. Dysregulation of microRNA expression has been 

reported in several cancers, including prostate cancer (PC). We comprehensively characterized the 

proteomic footprint of a panel of 12 microRNAs that are potently Suppressed in Metastatic PC 

(SiM-miRNAs: miR-1, miR-133a, miR-133b, miR-135a, miR-143-3p, miR-145-3p, miR-205, 

miR-221-3p, miR-221-5p, miR-222-3p, miR-24-1-5p and miR-31) using Reverse Phase Proteomic 

Arrays (RPPA). Re-expression of these SiM-miRNAs in PC cells suppressed cell proliferation and 

targeted key oncogenic pathways, including cell cycle, apoptosis, Akt/mTOR signaling, metastasis 

and the AR axis. However, only 12%, at most, of these observed protein expression changes could 

be explained by predicted direct binding of miRNAs to corresponding mRNAs, suggesting that the 

majority of these proteomic effects result indirectly. AR and its Steroid Receptor Coactivators 

(SRC-1, -2, and -3) were recurrently affected by these SiM-miRNAs. In agreement, we identified 

inverse correlations between expression of these SiM-miRNAs and early clinical recurrence, as 

well as with AR transcriptional activity in human PC tissues. We also identified robust induction 

of miR-135a by androgen and strong direct binding of AR to the miR-135a locus. As miR-135a 

potently suppresses AR expression, this results in a negative feedback loop that suppresses AR 

protein expression in an androgen-dependent manner, while de-repressing AR expression upon 

androgen deprivation. Our results demonstrate that epigenetic silencing of these SiM-miRNAs can 

result in increased AR axis activity and cell proliferation, thus contributing to disease progression. 

We further demonstrate that a negative feedback loop involving miR-135a can restore AR 

expression under androgen deprivation conditions, thus contributing to the upregulation of AR 
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protein expression in CRPC. Finally, our unbiased proteomic profiling demonstrates that the 

majority of actual protein expression changes induced by SiM-miRNAs cannot be explained based 

on predicted direct interactions.
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INTRODUCTION

Despite significant advances in prostate cancer (PC) treatment, progression eventually 

occurs, highlighting an unmet need for a better understanding of the driving mechanisms of 

castration-resistant PC (CRPC). CRPC frequently still expresses AR and AR-target genes, 

such as PSA1, suggesting the AR axis is reactivated in situ and drives CRPC, despite castrate 

levels of peripheral testosterone2, 3. Several mechanisms contribute to persistent AR 

signaling2–4, including the frequent overexpression of AR protein5–8 and its coactivators, 

Steroid Receptor Coactivator (SRC)-1, -2 and -39–14. Interestingly, AR and SRC gene 

amplification occurs in only a subset of these tumors15–17, suggesting possible epigenetic 

mechanisms being responsible as well. MicroRNAs (miRNAs) represent a key epigenetic 

regulatory mechanism, which we examined in detail in this study.

MicroRNAs bind preferentially to specific sequences in the 3′-untranslated region (3′UTR) 

of mRNAs, and regulate protein output through translational repression and/or mRNA 

destabilization18, 19. Most protein coding genes and virtually every biological process are 

subject to miRNA-mediated regulation18–20. Several studies have examined the dysregulated 

expression of miRNAs in PC (mainly in primary tumors), and have reported suppression of 

several miRNAs including miR-31, miR-1, miR-133a/b, miR-143, and miR-145 with 

variable overlap in their findings21–31. Conversely, several miRs have been found to be 

overexpressed in PC22, including miR-32, miR-148a24, miR-2132 and the miR-106b-25 

cluster33.

While the expression patterns of miRNAs in PC (in particular primary tumors) have been 

reported extensively, their targets are not well defined, and usually limited to the study of a 

handful of selected proteins and/or guided by bioinformatic predictions of miRNA/mRNA 

interactions using algorithms that frequently give incomplete or divergent results and can 

miss important effects34–36. Consequently, a comprehensive map of the actual (not 

predicted) proteomic footprint of miRNAs in PC, in particular metastatic PC (metPC), is still 

needed. Utilizing Reverse Phase Proteomic Arrays (RPPA), we characterized the proteomic 

footprint of miRNAs that are suppressed in metPC (SiM-miRNAs). We determined that the 

majority of the proteomic effects observed result from indirect mechanism(s), whereas only 

12% of the protein alterations could be explained by direct binding of miRNAs to the 

corresponding mRNA. AR itself and its Steroid Receptor Coactivators (SRC-1, -2, and -3) 

were observed to be recurrently affected by these SiM-miRNAs. We also identified a 

negative feedback loop involving miR-135a-5p that regulates AR protein expression by 
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androgen and de-represses AR expression upon androgen deprivation, thus contributing to 

the upregulation of AR protein expression in CRPC.

RESULTS

SiM-miRNAs are consistently downregulated in multiple PC datasets

To characterize the microRNA landscape of metPC, we examined a publicly available 

dataset of 28 normal prostate, 99 primary PC and 14 metastatic PC samples [GSE2103617]. 

We selected the top 14 miRNAs suppressed in metPC (SiM-miRNAs) for further evaluation 

(Figure 1A). Thirteen of the 14 were also downregulated in primary PC in the same dataset, 

compared to normal prostate (t-test, P<0.01, Figure 1A). We also examined three additional, 

independent datasets and found that many of the fourteen SiM-miRNAs were significantly 

downregulated in primary PC (compared to normal prostate) in the GSE36803 dataset21 (t-

test, p<0.01; Fig. S1A); in the GSE45604 dataset37 (t-test, p<0.01, Fig. S1B); and in the 

GSE6636 dataset (t-test, p<0.01, Fig. S1C). Next, we examined DNA methylation 

differences between normal prostate tissue and metPC, and found that the genomic loci 

corresponding to twelve out of these fourteen SiM-miRNAs are hypermethylated in metPC 

samples (Figure 1B, t-test, p<0.05).

Copy number alterations in SiM-miRNAs

To assess the potential role of copy number alterations (CNAs), particularly deletions, in 

dysregulation of SiM-miRNA expression, we integrated CNA data from patient cohorts 

containing primary and metastatic PC. Frequency of deletion of the corresponding loci in 

157 primary and 37 metastatic specimens from the Taylor et al cohort17, and in 11 primary 

and 50 metastatic specimens from the Grasso et al cohort38 are presented in Fig. S1D and 

S1E, respectively. In 14 metastatic specimens from the Taylor et al cohort17 where both 

CNA and SiM-miRNA expression datasets were available, we found that SiM-miRNA 

expression was suppressed in the majority of specimens, even in the absence of locus 

deletion, suggesting epigenetic silencing (Fig. S1F).

Prognostic significance of the SiM-miRNAs in primary PC specimens

We next examined for possible association between SiM-miRNA expression and clinical 

outcomes. Using the 99 primary PC patient samples of the Taylor et al. cohort17, we found 

that, for nine SiM-miRNAs, low expression (bottom quartile) was associated with worse 

biochemical recurrence (BCR)-free survival (p<0.05, Figure 2A, vs Fig. S2 for SiM-

miRNAs without prognostic significance). For miR-1 and miR-31, our findings confirm 

previously published individual reports from other groups21, 25. To examine whether this 

prognostic significance is related to the Gleason score (or if the SiM-miRNAs can provide 

additional prognostic insight), we examined whether expression of the SiM-miRNAs is 

correlated with the Gleason score (GS). As shown in Fig. S1G, only two (miR-205 and 

miR-31) of the 14 SiM-miRNAs exhibited any (specifically, negative) correlation with GS 

(PC samples with high GS exhibited lower miR-205 and miR-31 expression, one way 

ANOVA, p<0.05). This suggests that the prognostic information provided by most SiM-

miRNAs is not linked to their relationship to GS.
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Anticancer effect of SiM-miRNAs in PC cell lines

To determine the functional impact of the fourteen SiM-miRNAs on PC cells, we transfected 

the corresponding miRNA mimetics into the androgen-dependent LNCaP and LAPC4 and 

the AR-dependent, androgen-independent 22Rv1 PC cells for 96 hrs, followed by MTT 

assay. We found that the SiM-miRNAs significantly reduced PC cell number, with 

particularly robust effects in the cases of miR-1, miR-221-5p, miR-135a-5p, miR-31, 

mir-133b, miR-24-1-5p, while the others induced variable reductions across the cell lines 

used (Figure 2B).

Proteomic footprint of the SiM-miRNAs in PC cells

We next sought to define a comprehensive proteomic profile of the molecular footprint of 

the SiM-miRNAs in PC cells. We transfected LNCaP cells with mimetics corresponding to 

12 SiM-miRNAs (miR-143-5p and miR-204 were excluded due to a lack of prognostic 

significance in the patient cohort and minimal anti-cancer activity in LNCaP cells) and 

performed RPPA analysis. Overall, combining the proteomic footprint of the 12 SiM-

miRNAs, we determined 466 SiM-miRNA-induced protein expression changes. Because 

miRNAs can lead to mRNA degradation and/or translation inhibition via direct binding to 

the 3′UTR of the corresponding genes, we estimated what percentage of the observed 

proteomic changes could be possibly explained by direct SiM-miRNA/mRNA interactions. 

Using the union of five leading prediction algorithms (for most comprehensive and inclusive 

predictions), we determined which down-regulated proteins were also predicted to be direct 

targets of each of the 12 SiM-miRNAs (Table S2). Only 12.01% of the protein expression 

changes measured using RPPA could be potentially attributed to predicted direct binding of 

SiM-miRNAs to mRNAs, even when the most inclusive predictions were used. This result 

led us to focus on the pathways and processes that were recurrently affected by re-

expression of the SiM-miRNAs, rather than on particular miRNA/mRNA binding.

Pathways and processes affected by the 12 SiM-miRNAs

We determined pathways and processes enriched in the proteomic signatures of the 12 SiM-

miRNAs using the ConsensusPathDB resource. Of note, one of the top terms was “Prostate 

Cancer”. Other common processes and pathways concordantly affected by the SiM-miRNAs 

in metPC include cell cycle, apoptosis, Akt/mTOR signaling, migration, and the AR axis 

(Fig. 3A: pathways containing member proteins affected by at least 4 SiM-miRNAs; Fig. 

S3A: 10 pathways significantly enriched (p<0.05, hypergeometric distribution) in the 

proteomic footprint of at least 4 miRNAs). Setting a threshold of concordant change by at 

least 4 SiM-miRNAs for each protein/target, followed by pathway enrichment analysis using 

ConsensusPathDB, revealed effects on mTOR signaling, protein translation, PKB/Akt 

signaling, cell cycle/growth arrest (CDKN1A [p21] and CDKN1B [p27]) and apoptosis 

signaling through BIM (Figure 4A-C and Fig. S4A-M).

SiM-miRNAs suppress AR signaling

Considering the known importance of AR for PC, it was particularly interesting that 10 of 

the 12 SiM-miRNAs suppressed AR protein expression (Figure 3B [log2 fold change] and 

confirmation by immunoblot is shown in Figure 5). Moreover, 6 of the 12 SiM-miRNAs 
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suppressed the protein expression of the AR coactivator SRC-3 (Figure 3C [log2 fold 

change], and confirmation by immunoblot is shown in Figure 5). The AR-inducible protein 

INPP4B was also suppressed by 6 of the 12 SiM-miRNAs (Table S3). This concordant effect 

on AR signaling prompted us to examine the impact of SiM-miRNAs on the other AR 

coactivators SRC-1 and SRC-2 (not included in the RPPA panel). We observed variable but 

robust suppression of both SRC1 and SRC2 by SiM-miRNAs (Figure 5). Moreover, re-

expression of SiM-miRNAs in LNCaP cells significantly depleted the expression levels of c-

Myc and SKP2, and induced PARP cleavage, a marker for caspase-mediated apoptosis.

To understand the potential mechanism behind these effects, we utilized multiple prediction 

algorithms to examine if any of the SiM-miRs could directly target AR and the p160 co-

activators. Interestingly, miR-135a-5p, miR-1-5p, and miR-143-5p were predicted to target 

SRC1 3′UTR via multiple miRNA/mRNA prediction algorithms (Table S4). Following this, 

we interrogated over 50 Argonaute-HITS-CLIP and PAR-CLIP experiments from the 

Starbase compendium for evidence of SiM-miRNA binding to AR and p160 SRC mRNAs 

(Table S5)39–44. Focusing on miR-135a-5p, we identified evidence for a direct interaction 

with SRC1 (and ROCK1, which has been previously reported to be a direct target45), but not 

for AR, SRC2 or SRC3. In agreement, we next observed significant depletion (p <0.05) of 

SRC1 but not of AR, SRC2 or SRC3 mRNA in LNCaP and LAPC4 cells transfected with 

miR-135a-5p mimic (Fig. S5A and S5B, respectively).

To further examine the impact of SiM-miRNAs on AR signaling, we re-expressed SiM-

miRNAs in LNCaP and LAPC4 cells and confirmed that SiM-miRNAs, in particular 

miR-135a-5p, miR-1 and miR-221-5p, could suppress known AR-dependent mRNAs 

(KLK3/PSA and TMPRSS2, Figure 3D and 3E).

We next examined the relationship between SiM-miRNA expression and AR transcriptional 

activity utilizing mRNA and miRNA expression data from primary PC samples17. We 

applied a transcriptomic signature that we previously derived from LNCaP cells treated with 

two different AR siRNAs46 and calculated the gene signature score for each PC specimen. 

We then examined its correlation with the expression levels of each of the 12 SiM-miRNAs 

(Pearson correlation coefficient was computed as previously47, p<0.05). For 11 of 12 SiM-

miRNAs, miRNA expression was positively correlated with presence of a gene signature 

generated by silencing AR (i.e. inversely correlated with AR transcriptional activity), further 

supporting the role of SiM-miRNAs in the regulation of the AR axis in PC (Fig. S6A-C). 

The one notable exception was miR-135a-5p, despite having potently suppressed AR 

expression and transcriptional activity in our experiments (Figure 3, Figure 4, and Figure 5). 

To further examine the regulatory relationship between miR-135a-5p and AR signaling, we 

compared (by GSEA) a publicly available gene expression signature of LNCaP cells after re-

expression of miR-135a-5p (GSE45620)45 with our previously derived signatures from 

LNCaP cells treated with two different AR siRNAs46. We found that AR-induced genes 

(genes down-regulated by AR siRNA A or B) are significantly enriched among the genes 

suppressed by miR-135a-5p (Fig. S6D), confirming that acute treatment with miR-135a-5p 

suppresses AR transcriptional activity. This led us to the hypothesis that the regulatory 

relationship between miR-135a-5p and AR signaling is complex and distinct from the 

relationship of the other 11 SiM-miRNAs. Notably, miR-135a-5p was also an outlier in 
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regards to its lack of downregulation in three of four primary PC datasets (Figure 1A, Fig. 

S1A-C), further suggesting that its epigenetic silencing in metPC may be related to a 

mechanism distinct from those of other SiM-miRNAs.

Re-expression of miR-135a-5p suppresses genes related to metastasis in PC 
cells—We next examined whether miR-135a-5p would affect the expression of metastasis-

related genes in PC cells by comparing publicly available datasets of metastatic PC 

specimens with the transcriptional impact of re-expression of miR-135a-5p on LNCaP cells. 

GSEA demonstrated that genes upregulated in metastatic PC are suppressed by re-

expression of miR-135a-5p in LNCaP cells (NES score of −1.88, q<0.09, Fig. S7). These 

data are in line with a recently reported elegant study in which re-expression of 

miR-135a-5p reduced metastasis-promoting genes in cells in vitro. Furthermore, the re-

expression of miR-135a-5p significantly inhibited tumor growth and dramatically reduced 

spontaneous metastases of the breast cancer cells to the bone of mice implanted with the 

MDA-MB-231 cells48.

Androgen induces expression of miR-135a-5p in PC cells

We next determined the impact of androgen (R1881) on miR-135a-5p expression in LNCaP, 

VCaP, and LAPC4 cells. Treatment of androgen-starved cells with 1 nM of R1881 robustly 

induced miR-135a-5p expression in LNCaP and VCaP cells (Figure 6A) and to a lesser 

degree in LAPC4 cells (Fig. S8). In line with these effects, treatment of androgen-exposed 

cells with the androgen receptor antagonist MDV3100 suppressed miR-135a-5p expression 

in LNCaP and VCaP cells (Figure 6B). These results demonstrate that miR-135a-5p has a 

distinct regulatory interplay with the AR signaling axis. Examination of our previously 

published ChIP-Seq datasets46 demonstrated strong binding of AR, its pioneer factors 

FOXA1 and GATA2, the coactivator SRC-2, CBP, p300 and RNA Pol II at a downstream 

enhancer of RMST, the host gene of miR-135a-5p (Figure 6C). The enhancer role of this 

complex was supported by strong co-localization of H3K4me1, H3K4me2, and H3K27ac, 

but not H3K4me3 (Figure 6C); this chromatin mark profile has been established to 

correspond to an enhancer role49, 50.

SiM-miRNAs are epigenetically silenced in PC

We next examined the mechanism(s) behind the downregulation of SiM-miRNAs in PC, 

utilizing ChIP-Seq data (GSE38685) for the active transcription mark H3K4me3 and the 

repressive mark H3K27me3 in prostate epithelial cells (PrEC) and LNCaP cells. Compared 

to PrEC cells, the sequence tag density of H3K4me3 was markedly reduced in LNCaP cells 

at the RMST gene locus (host gene of miR-135a, p < 0.05). Conversely, the H3K27me3 

signal tag density was significantly increased at the same locus in LNCaP compared to PrEC 

cells (p < 0.05, Figure 7A and Table S6). In addition, at the miR-221/miR-222 locus, the 

H3K4me3 sequence tag density was decreased in LNCaP compared to PrEC cells (p<0.05, 

Fig. S9A and Suppl Table 6), with a trend for increased H3K27me3 in LNCaP that did not 

reach statistical significance. Upstream of the MIB1 gene (host gene for miR-1 and 

miR-133a) the H3K27me3 sequence tag density was significantly greater in LNCaP than 

PrEC cells (p<0.05, Fig. S9B and Table S6), whereas the H3K4me3 sequence tag density 

was not significantly different between the two cell types. As previously observed in PC 
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cells21, the miR-31HG locus exhibits both lower H3K4me3 and higher H3K27me3 sequence 

tag density in LNCaP compared to PrEC cells (p<0.05, Fig. S9C and Table S6). These 

results point to epigenetic regulation of the SiM-miRNAs miR-135a-5p, miR-221-5p and 

miR-1 in PC and are in agreement with prior findings for miR-3121.

Epigenetic modifying agents modulate SiM-miRNA expression in PC cells

Having established that several SiM-miRNAs are epigenetically silenced in PC, we next 

determined the effects of treatment with the pan-HDAC inhibitor vorinostat and the DNA 

methyltransferase inhibitor 5-azacytidine on miR-135a-5p, miR-1 and miR-221-5p 

expression in PC cells. Vorinostat markedly and significantly increased miR-135a-5p 

expression in LNCaP, LAPC4 and VCaP cells (Figure 7B-C and Fig. S10A). Vorinostat also 

variably increased miR-1, miR-221-5p and miR-31 levels (Figure 7B-C and Fig. S10A). The 

DNA methyltransferase inhibitor 5-azacytidine also markedly induced miR-135a-5p, miR-1, 

and miR-31 expression in PC cells (Figure 7D and Fig S10B). The induction of miR-31 by 

vorinostat and by 5-azacytidine served as a positive control, as has been previously 

reported21. Having previously determined that the promoter of the host gene for miR-135a is 

highly marked by H3K27 trimethylation, which is catalyzed by the histone lysine 

methyltransferase EZH2 (a component of the Polycomb Repressive Complex 2), we also 

determined the role of EZH2 on the expression of miR-135a in PC cells. Silencing EZH2 

resulted in the de-repression of miR-135a-5p expression in LNCaP and LAPC4 cells (Figure 

7E and Figure S10C).

DISCUSSION

Dysregulation of miRNA expression has been reported in PC21–33, in particular primary PC, 

but their actual protein targets are less well defined. We comprehensively profiled the 

proteomic footprint of miRNAs suppressed in metPC and delineated their role in a series of 

processes, including cell cycle, apoptosis, AKT/mTOR signaling and the AR axis. We mined 

microRNA data from a large PC patient cohort17 and focused our attention on those most 

suppressed in metPC (SiM-miRNAs). The majority of the SiM-miRNAs were also 

suppressed in primary PCs in the same dataset17 and in additional, independent datasets 

(Refs 21, 37 and GSE6636). For nine SiM-miRNAs, their expression levels were associated 

with clinical outcome (higher levels were inversely associated with biochemical recurrence 

after prostatectomy). In agreement with a significant regulatory role in PC biology, we found 

that most of these SiM-miRNAs exerted potent growth-inhibitory effects upon their re-

introduction into PC cell lines.

Our comprehensive analysis of these SiM-miRNAs agrees with and consolidates individual 

prior reports on miR-3121 and miR-125. Interestingly, we found miR-221 and miR-222 to be 

downregulated in PC in this present study and the same was reported in other studies24, 51, 

yet their expression is increased in the androgen-independent cell line LNCaP-Abl, 

compared to the androgen-dependent parental LNCaP cells, and they have been reported to 

promote the CRPC phenotype52–54.

As the proteomic footprint of microRNAs in PC had not previously been defined 

comprehensively, we performed RPPA analysis in LNCaP cells transfected with SiM-
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miRNA mimetics. Importantly, only 12%, at most, of the SiM-miRNA effects measured via 

RPPA could be explained by direct miRNA binding onto the corresponding mRNAs. This 

suggests that most of the effects of these SiM-mRNAs in cells are indirect. We focused our 

analysis on common pathways concordantly regulated by the SiM-miRNAs in metPC, 

including cell cycle, apoptosis, Akt/mTOR signaling, migration, and the AR axis. In 

agreement with the anti-proliferative effect of the SiM-miRNAs seen in our MTT 

experiments, positive regulators of cell cycle, including phospho-Rb(pSer807/811), cyclin 

B1, PCNA, CDK1 and c-Myc, were suppressed, whereas the negative regulators Cyclin E1 

and p27 were increased. The increase in p27 is consistent with the significant decrease in 

Skp2 (Figure 5). Receptor tyrosine kinase (RTK) cell cycle activators, such as HER3, 

pEGFR(pTyr1068), IGF1R and VEGFR2, as well as the AKT/mTOR pathway were 

frequently affected. Positive regulators of apoptosis, such as BIM and SMAC, were 

increased, in agreement with our finding of increased cleaved PARP levels. Moreover, cell 

junction and cell adhesion proteins that generally suppress cell migration and metastasis, 

such as claudin7 and E-cadherin, were concordantly upregulated upon re-expression of the 

SiM-miRNAs mimetics. MicroRNA-205 has been previously reported to upregulate E-

cadherin and induce a mesenchymal to epithelial transition (MET)55. Collectively, our 

findings indicate that the SiM-miRNAs induce a combinatorial proteomic profile of 

suppressed cell cycle, AKT/mTOR signaling and metastatic potential, with increased 

apoptosis, cell adhesion and MET signaling. Thus, the silencing of these miRNAs in metPC 

would have a broad impact across cellular functions, including increased mitosis, AKT/

mTOR signaling, and metastatic potential, while suppressing apoptosis and cell adhesion.

Due to the critical role of the AR axis in PC, it is intriguing that the SiM-miRNAs 

concordantly suppressed AR signaling. Ten out of 12 SiM-miRNAs suppressed AR at the 

protein level. Moreover, the AR p160 coactivators SRC-1, SRC-2, and SRC-3 were recurrent 

targets of the SiM-miRNAs. Overexpression of AR and SRC-1, -2 and -3 proteins is very 

common in CRPCs and can contribute to persistent AR signaling5–14. Elevated expression of 

all three SRCs is associated with shorter time to recurrence, resistance to androgen 

deprivation therapy and overall more aggressive PC9–13, 17. AR and SRC-2 (NCOA2) gene 

amplifications occur in small subsets of PCs, mainly CRPCs15–17, while SRC-1 (NCOA1) 

and SRC-3 (NCOA3) gene amplifications are not commonly encountered17, 38, 56. 

Consequently, a large part of the overexpression of AR and SRC-2 proteins and almost the 

entire overexpression of SRC-1 and SRC-3 proteins has to be attributed to epigenetic and 

post-transcriptional mechanisms. Our study now identifies an additional epigenetic 

mechanism regulating expression of AR and its SRC coactivators, namely miRNAs that are 

downregulated in metPC, leading to de-repression of the AR signaling axis.

Next, we examined the relationship between SiM-miRNAs and AR transcriptional activity in 

PC tissue. We determined that for 11 of 12 SiM-miRNAs, the miRNA levels were positively 

correlated with the presence of a gene signature generated by silencing AR (i.e. inversely 

correlated with AR transcriptional activity). These data further supported the role of SiM-

miRNAs in the regulation of the AR axis in PC. The single outlier was miR-135a-5p, a SiM-

miRNA that potently suppresses AR expression and activity, suggesting a more complex 

relationship to AR. Moreover, miR-135a-5p expression is generally not suppressed in 

primary PC (only one out of four primary PC datasets indicated miR-135a-5p 
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downregulation). This further suggested that silencing of miR135a-5p in metPC may be 

related to mechanism(s) distinct from those of the other SiM-miRNAs. Indeed, we 

documented that androgen potently induced the expression of miR-135a-5p, consistent with 

a previous report by Kroiss et al45 who identified an androgen response element (ARE) in 

the miR-135a promoter region. While we also found AR recruitment to the same ARE under 

androgen stimulation of LNCaP cells with 1 nM R1881 (data not shown), we additionally 

identified stronger co-recruitment of AR, its pioneer factors FOXA1 and GATA2, the 

coactivator SRC-2, CBP, p300 and RNA Pol II to a region immediately downstream of the 

miR-135a-5p gene in LNCaP cells cultured without the addition of synthetic androgen. The 

robust presence of H3K4me1, H3K4me2, and H3K27ac, but not H3K4me3, at the latter site 

further suggests that it functions as an enhancer, even under normal growth conditions 

(medium supplemented with 10% FBS). Combined with the inhibitory effect of 

miR-135a-5p on expression of AR, SRC-1, SRC-2 and SRC-3, this suggests a negative 

feedback loop that regulates AR axis transcriptional output and can de-repress it upon 

androgen deprivation. These findings also explain why miR-135a-5p was the sole outlier 

that lacked an inverse correlation of its levels with AR transcriptional activity in PC tissues 

(because the negative feedback nature of this dual interaction stabilizes this network and 

blunts any correlation under steady-state conditions) and why miR-135a-5p expression is not 

significantly downregulated in three of the four primary PC datasets that we analyzed 

(because they had not yet been exposed to androgen deprivation).

Our findings add to previously reported negative feedback loops through which AR can 

auto-regulate its expression: a) AR directly binds its own gene to repress its own expression 

through recruitment of lysine specific demethylase 1 (LSD5/KDM1A) and H3K4me2 and 

H3K4me1 demethylation57; and b) androgen starvation upregulates GATA2 expression, 

which then binds to the AR gene promoter to induce AR expression46. Of note, Lin et al. 

have reported a different epigenetic loop that involves regulation of AR by a miRNA: 

miR-31 and AR can mutually repress each other21. Thus, in the context of androgen 

deprivation, both of them will be increased, resulting in a positive feedback loop, in contrast 

to the negative feedback loop of miR-135a-5p with AR. It is obviously possible that 

additional miRNAs can also regulate AR signaling: Östling et al. identified 71 miRNAs that 

influenced AR levels in human PC cells (52 decreasing and 19 increasing AR protein)58, 

although with very little overlap with the findings of our study.

We observed significant increases in CpG methylation in metPC patient samples compared 

to normal prostate samples at or within SiM-miRNA promoters and host genes, suggesting 

an additional layer of epigenetic regulation. In agreement, this epigenetic silencing was 

relieved by treatment with the DNMT1 inhibitor 5-azacytidine. Similar to prior observations 

for miR-3121, we also observed that SiM-miRNAs miR-1, miR-135a-5p, and miR-221-5p 

are also epigenetically (dys)regulated at the level of histone methylation marks in PC. 

Specifically, PC LNCaP cells exhibit decreased levels of H3K4me3 (active transcription 

mark) and/or increased H3K27me3 (transcriptional repression mark) at the gene loci of 

these SiM-miRNAs, compared to PrEC cells. This epigenetic silencing was relieved by 

depleting the histone lysine methyltransferase EZH2 (that catalyzes H3K27 trimethylation), 

as well as by treatment with the pan-HDAC inhibitor vorinostat.
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Therefore, epigenetic silencing appears to be a widespread phenomenon that suppresses the 

expression of SiM-miRNAs in metPC, which, in turn, results in diverse impact across 

cellular functions, including increased AR activity, mitosis, AKT/mTOR signaling, EMT 

and metastatic potential, while suppressing apoptosis and cell adhesion. As previously 

proposed for miR-3121, these findings further support that epigenetic therapies could 

complement existing hormonal agents in order to inhibit the AR axis in CRPC.

MATERIALS AND METHODS

Human PC datasets

To characterize the microRNA landscape of metPC, we examined a publicly available 

dataset of 28 normal prostate samples, 99 primary PC samples and 14 metastatic PC samples 

profiled by Agilent-019118 Human miRNA Microarray 2.0 G4470B (GSE2103617). We first 

selected miRNAs suppressed at least 4-fold in metPC compared to the normal prostate 

samples. Next, we sorted the miRNAs by their final expression in the metastatic data in 

increasing order, and chose the top fifteen microRNAs for further investigation. One of 

them, hsa-miR-886-3p, was determined, according to miRBase, to be a fragment of Vault 

RNA and not a microRNA, so it was excluded from further analysis, leaving fourteen 

microRNAs. We also studied the primary PC datasets GSE3680321, GSE4560437 and 

GSE6636. Statistical differences between normal samples and metastatic tumor samples, or 

normal samples and primary tumor samples were determined utilizing a two-tailed t-test. P-

values <0.01 were considered significant.

Prognostic significance of SiM-miRNA expression in PC patients

We evaluated the prognostic significance of SiM-miRNA expression in the Taylor et al17 

patient cohort. For each SiM-miRNA and for each PC specimen, we computed the z-score 

for its expression within each cohort, as described previously17. Specimens were then ranked 

according to their individual miRNA z-score, and association with biochemical recurrence 

(BCR)-free survival was evaluated by comparing the bottom quarter of the ranked specimens 

with the rest of the specimens (upper three quarters) using the log-rank test. Survival 

significance was assessed by employing the package survival59 in the R statistical system. P-

values < 0.05 were considered significant. Moreover, we divided the patients in three groups 

according to the Gleason score: low (<7), intermediate (=7), and high (>7). Significant 

association with the Gleason score was assessed independently for each of the SiM-miRNAs 

using the one-way ANOVA test (p<0.05) implemented in the Graphpad Prism statistical 

analysis software (GraphPad Software, Inc., La Jolla, CA).

Reagents

All reagents used in this study were obtained from commercial vendors. Detailed 

descriptions are provided in the Supplement.

Cell Culture

Human cell lines were obtained and cultured as previously described60.
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Analysis of DNA methylation in human PC specimens

We analyzed DNA methylation data obtained with the Illumina Infinium Human 

Methylation 450K BeadChip Kit (GSE3824061). This dataset contains profiles of four 

normal prostate samples and eight metPC samples. We analyzed methylation differences at 

the level of individual CpG probes. Statistical significance of DNA methylation changes was 

assessed using the t-test (p<0.05) implemented in the R statistical system.

Statistical Analysis

In cell viability assays, each experimental point was set up in at least triplicate wells and 

each assay was repeated identically and independently at least twice. Data were expressed as 

percentage of the value obtained from control wells. Values are expressed as mean ± SD. 

Statistical significance was assessed using the t-test. P-values < 0.05 were considered 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of microRNAs suppressed in metPC (SiM-miRNAs)
A. Bioinformatic analysis of the miRNA expression levels in 14 metPC samples compared 

to 28 normal prostate samples from the GSE21036 dataset selected fourteen miRNAs 

significantly downregulated in metPC (SiM-miRNAs, P<0.05 for all by t-test) for further 

analysis. Of these 14 microRNAs, thirteen were also downregulated in the 99 primary PC 

samples of the same dataset, compared to normal prostate. * indicates p values < 0.01; ** 

indicates p values < 0.001; *** indicates p values < 0.0001 as determined by two-tailed t-

test. B. Analysis of DNA methylation within the promoter of each SiM-miRNA gene locus 
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in metPC samples compared to normal prostate samples in the GSE38240 dataset, that 

contains 4 normal (N) and 8 metPC (Met) patient samples assayed with the Illumina 

Infinium Human Methylation 450K BeadChip Kit. Our results include 12 SiM-miRNAs in 8 

boxplots, as some of the SiM-miRNAs occur in the same host gene or in clusters. DNA 

methylation levels are significantly increased (p < 0.05) in metPC at twelve out of fourteen 

SiM-miRNA loci: MIB1 (host gene of miR-1 and miR-133a), the miR-31HG (host gene of 

miR-31), RMST (host gene of miR-135a-5p), MIR143HG (host gene of miR-143-5p, 

miR-143-3p and miR-145-3p), the miR-221-5p/miR-221-3p/miR-222 cluster, the miR-205 

HG (host gene of miR-205), and the host gene for miR-24-1-5p. There were no significant 

CpG methylation differences observed within the loci analyzed for miR-133b or miR-204 in 

this dataset (p >0.05).
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Figure 2. A. Expression of SiM-miRNAs is associated with clinical outcome in primary PC
We ranked the 99 primary PC patient samples of the Taylor et al cohort (GSE21036,17) 

according to their individual miRNA z-score (compared to normal prostate tissue) for each 

SiM-miRNA. We then compared the biochemical recurrence (BCR)-free survival between 

the bottom quartile and the top 3 quartiles of the ranked specimens using the log-rank test. 

We observed that for nine SiM-miRNA (miR-205, miR-1, miR-133a, miR-133b, 

miR-145-3p, miR-221-5p, miR-31, miR-221-3p, and miR-135a-5p), low expression of the 

microRNA (bottom quartile) was associated with worse BCR-free survival (p<0.05). B. 
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Transfection of SiM-miRNA mimetics into PC cell lines suppresses cell number. 

LNCaP, LAPC4 and 22Rv1 cells were transfected with SiM-miRNA mimetics or negative 

control non-target miR (miR-NT) to a final concentration of 30 nM and incubated for 96 

hours. MTT assays were performed and are reported as mean cell viability ± S.D.
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Figure 3. Restoration of expression of SiM-miRNAs markedly depletes AR expression and 
inhibits androgen-mediated induction of AR target genes KLK3 and TMPRSS2
A. LNCaP cells were transfected with SiM-miRNA mimetics or non-target miR (miR-NT) 

for 48 hours, followed by RPPA. Pathway analysis was run on the identified target protein 

changes. The graph displays the cancer-related KEGG pathways for proteins altered in the 

same direction by at least four of the twelve SiM-miRNAs. B-C. LNCaP cells were 

transfected with SiM-miRNA mimetics for 48 hours, followed by RPPA. The log2 fold 

change in AR and SRC3 expression following transfection with each SiM-miRNA is shown. 
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Restoration of expression of miR-1, miR-135a-5p, miR-221-5p and miR-31 results in the 

greatest repression of AR protein expression. Columns represent the average of 3 

independent transfections; Bars, S.E. D-E. LNCaP (D) and LAPC4 (E) cells were 

transfected with the indicated SiM-miRNA mimetics in charcoal stripped serum for 24 

hours. Following this, the cells were treated with 1 nM of R1881 for 24 more hours. At the 

end of treatment, total RNA was isolated and reverse transcribed. The resulting cDNA was 

utilized for qRT-PCR to determine the expression levels of KLK3 and TMPRSS2 in the 

cells. Relative mRNA expression is normalized to the expression of β-Actin mRNA; Bars, 

S.E.
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Figure 4. Proteomic analysis of PC cells following restoration of expression of SiM microRNAs
A. Diagrammatic and pie chart representation of cell cycle, G1/S transition, AR axis and 

PI3K/PTEN/AKT/mTOR signaling pathways and proteins altered by expression of the SiM-

miRNA mimetics in LNCaP cells. The order of the SiM-miRNAs in each pie chart follows 

that depicted in (B) for AR. C. Pathway analysis of the RPPA results indicates that many of 

the targets altered by the SiM-miRNA mimetics (at least six in the same direction) are 

involved in G1/S transition, DNA replication, eukaryotic translation initiation, activation of 

post-cap dependent binding to ribosomes, AKT and mTOR signaling. The AKT/mTOR 

pathway was significantly targeted, with phospho-AKT(pSer473 and Thr308), phospho-

GSK3(Ser9), phospho-S6(Ser235/236 and Ser240/244), phospho-p90RSK(pThr359/Ser363) 

and phospho-4EBP1(pSer65, Thr37/46/70) being suppressed by SiM-miRNA mimetic 

transfection. Interestingly, mTOR (phospho and total) tended to be increased. D. Heatmap of 

RPPA results from LNCaP cells transfected with miR135a-5p mimetics in biologic 

triplicates for 48 hours. Each column represents a separate transfection for miR-NT (non-

target miR) or miR-135a-5p.
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Figure 5. Restoration of expression of SiM-miRNAs depletes AR and steroid receptor 
coactivators in PC cells
LNCaP cells were transfected with the indicated SiM-miRNA mimetics for 48 hours. Then, 

cells were harvested and total cell lysates were prepared. Immunoblot analyses were 

conducted for the expression levels of AR, SRC-1, SRC-2, SRC-3, p-AKT(S473), total 

AKT, p-S6(S235/236), total S6, cleaved PARP, c-Myc, SKP2 and β-Actin in the cell lysates. 

The numbers beneath the bands represent densitometry analysis of band intensity relative to 

the expression of β-Actin.
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Figure 6. Androgen induces miR-135a-5p expression in PC cells
A. LNCaP and VCaP cells were plated in media supplemented with 10% charcoal stripped 

FBS for 48 hours. Then, R1881 (1 nM) was added and the cells were incubated for an 

additional 24 hours. At the end of treatment, total RNA was isolated by the Trizol method 

and reverse transcribed. Stem loop-mediated reverse transcription of mRNA was performed 

with 250 ng of total RNA for miR-135a-5p and RNU6B. Relative expression of 

miR-135a-5p in each cell line was determined by quantitative PCR and normalized to 

RNU6B; Bars, S.E. B. LNCaP and VCaP cells were treated with MDV3100, as indicated, 
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for 48 hours. Total RNA was isolated and reverse transcribed utilizing stem loop-mediated 

reverse transcription for miR-135a-5p and RNU6B. Relative expression of miR-135a-5p in 

each cell line was determined by quantitative PCR and normalized to RNU6B; Bars, S.E. C. 

We examined the ChIP-Seq profiles for AR, FOXA1, GATA2, SRC-2, CBP, p300, RNA Pol 

II, H3K4me1, H3K4me2, H3K4me3 and H3K27Ac at the RMST gene locus in LNCaP cells 

utilizing the IGV browser. We observed significant binding/localization of these proteins to a 

region approximately 5 kb downstream of the miR-135a-5p coding sequence within the 

RMST gene (gray arrow), which is the host gene for miR-135a-5p (black arrow).
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Figure 7. Epigenetic features and chromatin structure determines expression and accessibility of 
miR-135a-5p in PC versus normal prostate epithelial cells
A. ChIP-Seq datasets for chromatin marks (H3K4me3 and H3K27me3) from PrEC and 

LNCaP cells were visualized utilizing the IGV browser. A. In LNCaP cells, the RMST gene 

(the host gene for miR-135a-5p) locus exhibits stronger H3K27me3 signal and weaker 

H3K4me3 signal compared to PrEC cells. B-D. Treatment with pan-histone deacetylase 
inhibitor and DNA demethylating agents causes reactivation of miR-135a-5p, miR-1, 
miR-31 and miR-221-5p expression in PC cells. B-D. LNCaP and LAPC4 cells were 
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treated as indicated for 24 hours with vorinostat (VS) or 96 hours with the DNA 

methyltransferase inhibitor 5-azacitidine (5-Aza). Total RNA was isolated and reverse 

transcribed utilizing a Stem loop-mediated reverse transcription kit for miR-135a-5p, miR-1, 

miR-31 and miR-221-5p. Relative expression of each miR was determined by quantitative 

PCR and normalized to RNU6B; Bars, S.E. E Silencing of EZH2 activates the expression 
of miR-135a-5p in PC cells. LNCaP cells were transfected with si-NT or si-EZH2 for 48 

hours. At the end of treatment, total RNA was isolated by the Trizol method. Stem loop-

mediated reverse transcription of miR-135a-5p was performed with 250 ng of total RNA. 

Relative expression of miR-135a-5p was determined by quantitative PCR and normalized to 

RNU6B; Bars, S.E.
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