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ABSTRACT
Androgen deprivation therapy in prostate cancer (PCa) causes neuroendocrine 

differentiation (NED) of prostatic adenocarcinomas (PAC) cells, leading to recurrence 
of PCa. Androgen-responsive genes involved in PCa progression including NED remain 
largely unknown. Here we demonstrated the importance of androgen receptor 
(AR)-microRNA-204 (miR-204)-XRN1 axis in PCa cell lines and the rat ventral 
prostate. Androgens downregulate miR-204, resulting in induction of XRN1 (5’-3’ 
exoribonuclease 1), which we identified as a miR-204 target. miR-204 acts as a 
tumor suppressor in two PAC cell lines (LNCaP and 22Rv1) and as an oncomiR in two 
neuroendocrine-like prostate cancer (NEPC) cell lines (PC-3 and CL1). Importantly, 
overexpression of miR-204 and knockdown of XRN1 inhibited AR expression in PCa 
cells. Repression of miR-34a, a known AR-targeting miRNA, contributes AR expression 
by XRN1. Thus we revealed the AR-miR-204-XRN1-miR-34a positive feedback loop 
and a dual function of miR-204/XRN1 axis in prostate cancer.

INTRODUCTION

PCa is the most common malignancy affecting 
males in western countries, and it is the second leading 
cause of cancer deaths worldwide [1]. Although androgen 
deprivation treatment (ADT) has been proven effectively 
to suppress the tumor growth and progression of androgen-
sensitive PCa, most of those androgen-sensitive PCa will 
eventually develop the resistance to ADT and become 

castration-resistant prostate cancer (CRPC), in which up-
regulation of androgen signaling pathway is believed to 
play an important role [2-4]. 

Most of PCa is characterized as prostatic 
adenocarcinoma (PAC) with luminal cell features and 
expression of AR and prostate-specific antigen (PSA) [5]. 
Interestingly, PAC usually contains a small population 
(usually ~1%) of scattered neuroendocrine-like prostate 
cancer (NEPC) cells that do not express AR and PSA 
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[6]. Furthermore, as a subtype of NEPC cells, small 
cell neuroendocrine carcinoma (SCNC) is often seen 
in patients with advanced disease, and is composed of 
pure neuroendocrine (NE) tumor cells [7] that express 
PCa stem cell marker CD44 [8-10]. Importantly, studies 
have shown that ADT may contribute to development 
of CRPC [11-13], in which the focal NED within the 
tumors raises and levels of NE-derived peptides such 
as neuron-specific enolase (NSE) and chromogranin-A 
(CgA) in the serum of CRPC patients are induced [14]. 
Consistent with this, studies indicated that suppression of 
AR expression is required for NED of cultured PAC cells 
[15, 16]. It is believed that cancerous NE cells secrete a 
variety of growth factors that can promote the proliferation 
of adjacent PAC cells via a paracrine mechanism in an 
androgen-ablated environment [17, 18], accounting for 
androgen-independent growth of PCa. However, the 
mechanism by which NED is induced after ADT still 
remains largely unclear. 

Pathogenic, diagnostic and prognostic roles of 
miRNAs have been reported before in PCa. Studies 
showed that some miRs can act either as oncomiRs or 
oncosuppressors, and their expression can be regulated 
by androgen in PAC cells [19-22]. However, regulatory 
roles of miRs in NEPC cells are poorly understood. In 
the present study, we identified an AR-miR-204-XRN1 
signaling axis in PCa cells, and revealed its dual yet 
opposite role in mediating growth of PAC and NEPC cells. 

RESULTS

miR-204 expression is down-regulated by 
Androgen in both PAC and NEPC Cells

To study the possible impact of androgen on the 
miR’s expression in PAC cells, we first used a miRNA 
array to compare miR expression of LNCaP cells in the 
presence and absence of androgen treatment. miR-204 was 
one of several miRs that was down-regulated by androgen 
(Supplementary Table 2). Consistent with this, our results 
showed that miR-204 levels increased gradually after 
the LNCaP cells were incubated in the medium with 
charcoal-stripped FBS that was depleted of androgen (Fig. 
1A). Subsequently, after the synthetic androgen analog 
R1881was added to the culture at 48 and 72 hours post 
androgen withdrawal, the level of miR-204 expression 
decreased when compared to the control (Fig. 1A). 
Furthermore, when an AR-siRNA was transfected into 
22Rv1 (an androgen-independent but androgen responsive 
PAC cell line [30]) and LNCaP cells, miR-204 expression 
increased by 2.51 folds and 2.12 folds, respectively, 
compared to those cells transfected with control GFP-
siRNA (Fig. 1B). Together, these results indicate that 
androgen down-regulates miR-204 in PAC cells.

PC-3 cell line represents a NEPC cell line without 
endogenous AR expression [8]. We previously reported 
that PC-3 cells with a forcedly-expressed AR have an AR-
regulated gene expression profile that is different from 
that in LNCaP cells [24]. As shown in Fig. 1C, miR-204 
expression was also suppressed by R1881 in PC-3 cells 
transfected with AR, but not in PC-3 cells transfected with 
the control vector, indicating that inhibition of miR-204 
expression in these cells is AR-dependent.

We next studied expression of miR-204 in NEPC 
cells, which do not expressed AR, by comparing their miR-
204 expression with that in PAC cells. PC-3 and CL1 cells 
were used in this approach. PC-3 cell line represents a cell 
line of SCNC [8], while CL1 was derived from LNCaP 
cells through long-term in-vitro androgen-deprivation 
[23], in which LNCaP cells undergo NED [31]. Therefore 
CL1 cells might be a NEPC cell line, due to its high 
expression of CD44 [32], a feature of PCa cells with NE 
phenotype [8-10]. In addition, we previously performed 
a comprehensive expression profiling analysis of LNCaP 
and CL1 cells using the massive parallel signature 
sequencing (MPSS) technology [33], and identified 
2088 MPSS signatures that are differentially expressed 
significantly (P<0.001) as listed in the Supplementary 
Table 2 of the publication [33]. Recently, Beltran et al. 
identified 1035 genes that are differentially expressed 
between NEPC and PCa tissues using RNA-seq [34]. 
Based on above information, we further compared the 
differentially expressed list of CL1 and LNCaP with the 
differentially expressed list of NEPC and CaP tissues, and 
identified an overlap of 35 genes. Among these 35 genes, 
28 (80%, 28/35) of them changed in the same direction 
in the comparison (Supplementary Table 3), suggesting 
that CL1 and NEPC are more similar to each other than 
LNCaP and NEPC. Moreover, we detected a much higher 
expression of NSE and CgA, the two NE markers, in CL1 
cells compared with that in LNCaP cells (Fig. 1D). All 
these support that CL1 represents a NEPC subclone of 
LNCaP cells. 

Finally, our results further showed that miR-204 
expression was significantly higher in the two NEPC cell 
lines (i.e. PC-3 and CL1) than that in the two PAC cell 
lines (i.e. LNCaP and 22Rv1) (Fig. 1E). Taken together, 
our results strongly suggest that AR is the key suppressor 
of miR-204 expression in PCa cells. 

miR-204 exhibits a dual regulation on PCa growth 
both in vitro and in vivo

To investigate whether miR-204 affects the growth 
of PCa cells, we overexpressed miR-204 in different 
PCa cells, and our results showed that overexpression 
of miR-204 inhibited the growth of LNCaP and 22Rv1 
cells (Fig. 2A), whereas it stimulated PC-3 and CL1 cell 
growth (Fig. 2B). Similarly, an opposite effect of miR-
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204 on the clonogenicity of LNCaP/22Rv1 and PC-3/
CL1 cell lines was also observed (Fig. 2C). Moreover, 
when a miR-204 inhibitor was transfected into cells, it 
significantly stimulated the growth of LNCaP and 22Rv1 
cells, but inhibited the growth of CL1 and PC-3 cells (Fig. 
2D). Together, all these results demonstrated that miR-
204 plays a dual yet opposite regulatory role in growth of 
different PCa cells in vitro. 

To further evaluate the impact of miR-204 on PCa 
growth in vivo, we used a xenograft model in nude mice 
injected with the PCa cells infected with either miR-204-
expressing virus or the control virus. Consistent with our 
in vitro observation (Fig. 2A-C), our results showed that 
overexpression of miR-204 in 22Rv1 tumor cells resulted 
in a time-dependent reduction of tumor volume (Fig. 2E). 
By contrast, overexpression of miR-204 significantly 

Figure 1: miR-204 expression is down-regulated by AR signaling. A. Relative miR-204 levels as measured by RT-qPCR in 
LNCaP cells in the presence and absence R1881 (1.0 nM). B. Silencing of AR up-regulates miR-204 expression in LNCaP cells and 22Rv1 
cells. Shown are RT-PCR results. C. The effect of exogenously-expressed AR on miR-204 expression in PC-3 cells. Shown are miR-204 
RT-PCR results in PC-3 cells transfected with AR (PC-3-AR) and control vector (PC-3-vector). D. Immunoblotting analysis of expression 
of NSE and CgA in LNCaP cells and CL1 cells. E. Relative levels of miR-204 in untreated PCa cell lines as indicated. The levels of miR-
204 were normalized to the levels measured in LNCaP cells. Bar, mean±SEM; * p<0.05, **p<0.01, n=3.
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promoted the growth of CL1 (Fig. 2F) and PC-3 (Fig. 2G) 
tumors in nude mice. These results again demonstrated the 
dual yet opposite role of miR-204 in regulation of tumor 
growth of PAC and NEPC in vivo. 

Identification of XRN1, a potential target of miR-
204 that participates in the dual regulation of PCa 
cell growth 

XRN1 (5’-3’ exoribonuclease 1) was inferred 
as a potential target of miR-204 via the algorithms of 
TargetScan 5.2 (http://targetscan.org/), PicTar (http://

pictar.mdc-berlin.de/), and DIANA-microT v3.0 (http://
diana.cslab.ece.ntua.gr/microT/). To validate it, a 
luciferase reporter construct was generated by cloning a 
562-bp-long 3’-UTR of XRN1 mRNA downstream of the 
Renilla luciferase gene. Subsequently, our assay indicated 
that the luciferase activity in this reporter was inhibited 
by 47.8% in LNCaP cells (Fig. 3A). Futhermore, the 
mutations introduced to the miR-204-pairing sequence 
in 3-UTR of XRN1 almost reversed the inhibition of 
luciferase activity by miR-204 (Fig. 3A), indicating 
that miR-204 directly targeted the 3’-UTR of XRN1. In 
support of this, ectopic expression of miR-204 lowered the 
level of XRN1 protein in all the PCa cell lines tested (Fig. 

Figure 2: miR-204 has a dual regulation on the growth and colony formation of PCa cells. (A and B) Cell growth of different 
PCa cell lines in the presence or absence of miR-204 overexpression by lentivirus. (C) Dual effect of miR-204 overexpression on the 
colony formation of PCa cells. (D) The effect of a miR-204 inhibitor on the growth of PCa cells. The four cell lines were transfected with 
the miR-204 inhibitor or a non-targeting control one day after they were seeded in 96-well plates (20 thousand cells each). The cells were 
used for cell counting 72 hours later. (E-G) The effect of miR-204 overexpression on prostate tumor growth rate in nude mice. 4 day after 
infected with miR-204-expressing virus or the control virus, 22Rv1 cells (E), CL-1 cells (F) and PC-3 cells (G) (2×106 each) were injected 
subcutaneously into the right flank of male nude mice (8 mice/group). The tumor volume was measured at the indicated times (data are 
represented as the mean± SEM; * p<0.05; **p<0.01). 
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Figure 3: XRN1, as a miR-204 target, is a dual regulator of PCa cell growth. (A) Luciferase assay of the reporter gene with 
wild-type (WT) or mutant (MU) 3’-UTR of XRN1 in LNCaP cells infected with or without miR-204-expressing lentivirus. (B) Western 
blot analysis of XRN1 expression in PCa cells in the presence of ectopic expression of miR-204 as indicated. (C) Levels of XRN1 mRNA 
in LNCaP and CL1 cells transfected with the miR-204 inhibitor or control oligonucleotides. (D) Western blot analysis of XRN1 expression 
in PAC cells with knockdown of AR. LNCaP and 22Rv1 cells were transfected with AR-siRNA or control RNA duplex. (E) Western blot 
analysis of the effect of miR-204 overexpression on regulation of XRN1 expression by androgen in LNCaP cells. (F) Western blot analysis 
of XRN1 in PCa cells transfected with XRN1 siRNA. (G and H) Effect of silencing of XRN1 on cell growth (G) and clonogenicity (H) of 
PCa cells. The data were obtained from at least three independent experiments, and the values are shown as the mean ± SEM; * p< 0.05; 
**p<0.01. 
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3B), whereas introduction of the miR-204 inhibitor raised 
level of XRN1mRNA (Fig. 3C), suggesting that miR-204 
is a repressor of XRN1 expression in PCa cells. 

Given that miR-204 suppressed XRN1 expression 
(Fig. 3B), it suggests that AR might up-regulate XRN1 
expression via its inhibitory effect on miR-204 expression 
(Fig. 1B). Consistent with this, introduction of AR-siRNA 
decreased XRN1 expression in LNCaP and 22Rv1 cells 
(Fig. 3D). Moreover, we detected that R1881 raised level 
of XRN1 in LNCaP cells, but the up-regulation was 
significantly blocked in the cells that overexpressed miR-

204 (Fig. 3E). Taken together, these results indicated the 
presence of AR-miR-204-XRN1 signaling axis in PCa 
cells. 

Finally, knocking down XRN1 (Fig. 3F) inhibited 
the growth of LNCaP and 22Rv1 cells (Fig. 3G), but 
increased the growth of CL1 and PC-3 cells (Fig. 3G). 
Similarly, while XRN1 knockdown significantly inhibited 
the colony-forming capacity of LNCaP and 22Rv1 cells, it 
instead increased the colony-formation of CL1 and PC-3 
cells (Fig. 3H). These results indicated that silencing of 
XRN1 recapitulates the dual yet opposite function of miR-

Figure 4: Inverse correlation of miR-204 and XRN1 expression in the ventral prostates of rats. Male rats were injected 
with TP (s.c., 25mg/kg/day) for 1–3 weeks. Ventral prostates were removed from three rats at the indicated time and were used to measure 
levels of miR-204 using RT-qPCR (A) and XRN1 using immunoblotting analysis (C). Ventral prostates were isolated from the three 
castrated rats at various times after castration, as indicated, and were used to monitor miR-204 expression (B) and for immunoblotting 
analysis of XRN1 expression (C). The data were obtained from three independent assays (Bar, mean± SEM; * p<0.05; ** p<0.01, n=3). (D) 
Inverse correlation between miR-204 and XRN1 protein in ventral prostates of castrated rats. Bottom, The 33-bp sequences in the 3’-UTRs 
of rat XRN1 mRNA (from nt3731 to nt3763) and human XRN1 mRNA (from nt4619 to nt4651) including the base-pairs (underlined) 
complementary to seed sequence of miR-204. 



Oncotarget7692www.impactjournals.com/oncotarget

204 in mediating growth of different PCa cells. 

Androgen down-regulates miR-204 but up-
regulates XRN1 in rat ventral prostate 

We further measured levels of miR-204 in ventral 
prostates of rats that were injected with testosterone 
propionate (TP) (Fig. 4A) or castrated (Fig. 4B). Our 
results showed that miR-204 gradually decreased as the 
prostate index (gross weight of prostate/weight of whole 
animal 100%) increased (Fig. 4A). However, castration 
dramatically increased expression of miR-204 (Fig. 4B). 
These results indicated that miR-204 is down-regulated 
by androgen in ventral prostates of rats. In contrast to 
miR-204, XRN1 was induced by androgen but inhibited 
by castration in rat ventral prostates (Fig. 4C). Given that 
XRN1 is a direct target of miR-204 (Fig. 3) and a miR-
204-paring sequence was also identified in the 3’-UTR 
of rat XRN1 mRNA (Fig. 4D), the inverse relationship 
between miR-204 and XRN1 expression in ventral 
prostate of castrated rats (Fig. 4D) provided an evidence 
strongly supporting the presence of AR-miR-204-XRN1 
axis in vivo. 

miR-204 and XRN1-siRNA repress AR expression 
and exhibit an dual regulation on key regulators 
of cell cycle progression in different PCa cells

Western blotting analysis showed that miR-204 
and XRN-siRNA inhibited AR expression in the two 
PAC cell lines (Fig. 5A and B). Androgen was reported 
to inhibit the transcription of p21WAF1, an inhibitor of 
cell cycle progression in LNCaP cells [35]. Consistent 
with this, miR-204 and XRN-siRNA also increased 
levels of p21WAF1 in two PAC cell lines (Fig. 5A and B). 
These results strongly suggested that down-regulation 
of AR by miR-204 or XRN-siRNA generates profound 
downstream signaling changes. In contrast to the response 
of p21WAF1 to miR-204 and XRN-siRNA, Cyclin D1 and 
Akt phosphorylation (both at T308 and S473) showed 
a significant up-regulation in the NEPC cell lines, but a 
down-regulation in the PAC cell lines overexpressing miR-
204 (Fig. 5A and B). These results revealed that the dual 
function of miR-204/XRN1 axis is closely associated with 
its dual modulation of expression of these key regulators 
of cell cycle progression. Finally, we studied effect of 
XRN1 knockdown on expression of CD44, the feature 
of NEPC cells [8-10]. Our results showed that XRN1-
siRNA increased CD44 expression in both CL1 and PC-3 
cells (Fig. 5C), suggesting that by down-regulating CD44 
expression XRN1 could be a potential suppressor of NE 
phenotype of PCa. 

XRN1 induces AR expression via its downstream 
effector miR-34a 

XRN1 is an exoribonuclease that participates in the 
degradation of mRNAs and miRs [36]. A number of miRs 
target AR [37], raising the possibility that XRN1 may, 
through degrading these miRs, maintain AR expression. 
To test this, we examined the impact of XRN1-siRNA 
on levels of four reported AR-targeting miRs (i.e. miR-
34a,-488,-185,-297) in LNCaP and CL-1 cell lines. 
Our results showed that one of them, i.e, miR-34a was 
significantly increased by XRN1-siRNA (~2.78 folds) 
in LNCaP cells but not in CL-1 cells (Fig. 5D). Our 
result also showed that level of miR-34a in CL-1 cells is 
approximately 14.7% of that in LNCaP cells (Fig. 5E). 
This low level of miR-34a in CL-1 cells might be below 
the threshold needed for the exoribonuclease activity of 
XRN1, which may account for ineffectiveness of XRN1 
on miR-34a expression in this cell line. 

Given AR expression is inhibited by miR-34a 
[37, 38] and miR-34a expression is inhibited by XRN1 
(Fig. 5D), it is expected that knockdown of XRN1 might 
reduce AR expression via miR-34a expression. Consistent 
with this, AR expression was induced moderately in 
LNCaP cells transfected with the miR-34a inhibitor 
when compared to its control (Fig. 5F), supporting that 
miR-34a is an AR-targeting miRNA [37]. In addition, 
AR expression in LNCaP cells transfected with XRN1-
siRNA alone was approximately 31% of that in the cells 
transfected with GFP-siRNA, but approximately 78% of 
that in cells co-transfected with XRN1-siRNA and the 
miR-34a inhibitor (Fig. 5F). In contrast to the miR-34a 
inhibitor, the miR-204 inhibitor marginally changed the 
AR expression after it was co-transfected into LNCaP cells 
with XRN1-siRNA. Taken together, our results indicated 
that XRN1, via miR-34a, positively regulated AR 
expression. Given that miR-204 and XRN1 are regulated 
by AR (Figs. 1 and 3), these results established an AR-
miR-204-XRN1-miR-34a feedback loop functionally 
active in PAC cells (Fig. 5G). 

Expression of miR-204 and XRN1 is down- 
and up-regulated in human PCa specimens, 
respectively

To further understand the pathological relevance of 
miR-204 and XRN1 in PCa, we performed the LNA-ISH 
analysis and IHC to measure expression of miR-204 and 
XRN1in PCa specimens mounted on TMA slices. Our 
results showed that miR-204 is primarily expressed in 
the epithelium of PCa and BPH (Fig. 6A). Furthermore, 
we found that miR-204 expression was significantly 
down-regulated in PCa compared to BPH specimens. The 
positive rate of miR-204 expression was 66.7% (32/48) 
in BPH specimens vs 18.5% (25/135) in PCa specimens 
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Figure 5: miR-204 and XRN1 regulate AR expression, and miR-34a is a XRN1 target that down-regulates AR. (A-B) 
Western blot analyses of PCa cells infected with miR-204-expressing virus or transfected with XRN1-siRNA. (C and E) RT-PCR assays 
of CD44 and miR-34a in different PCa cells as indicated. (D) RT-qPCR assays of four AR-targeting miRNAs in LNCaP (top) and CL-1 
(bottom) cells with XRN1 knockdown. . Shown are mean values ± SEM. *P < 0.05; **P < 0.01. n=3. (F) Western blot analysis of the effect 
of miR-34a inhibitor on XRN1-siRNA-induced down-regulation of AR in LNCaP cells. (G) Schematic representation of the proposed AR/
miR-204/XRN1/miR-34a feedback loop. The activation of the loop by androgen induces an up-regulation of AR signaling. The modulation 
is advantageous for development of aggressive phenotype of PAC
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Figure 6: miR-204 is down-regulated but XRN is up-regulated in primary PCa specimens. (A) A representative LNA-ISH 
of miR-204 in clinical PCa specimens. A moderate/strong miR-204 staining in the epithelium of a PCa specimen (b) and a BPH specimen 
(c). Notably, miR-204 was hardly observed in the stroma of the samples. (a) the negative control. (B) Summary of the numbers of PCa and 
BPH specimens with positive or negative expression of miR-204. (C) Representative IHC staining of XRN1 in PCa specimens in TMA, 
The framed area in (c) is shown with increased magnification in (d). (a) the negative control. (D) Summary of the numbers of PCa and BPH 
specimens with positive or negative XRN1 staining. (D) Inverse association of expression of miR-204 and XRN1 in PCa. Shown are IHC 
of two adjacent pairs (a/c & b/d) of TMA sections. black arrow, epithelium. red arrow, stroma.
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(p<0.0001) (Fig. 6B). 
IHC staining indicated that XRN1 expression was 

primarily localized in the cytoplasm of luminal glandular 
cells and stromal cells in both BPH and PCa (Fig. 6C). 
XRN1 expression was positive in the epithelium in 53.1% 
(69/130) of PCa specimens. However, epithelial staining 
only detected XRN1 expression in 8.7% (4/46) of the 
BPH specimens (Fig. 6D). Additionally, stromal XRN1 
expression was detected in 26.9% (29/108) of the PCa 
specimens and 8.7% (4/46) of the BPH specimens. The 
cellular localization of XRN1 in the PCa specimens was 
not significantly different from in the BPH specimens. 
Together, these results demonstrated that PCa has a higher 
level of XRN1 expression than BPH. 

We further used two adjacent consecutive TMA 
sections to investigate whether there is an inverse 
relationship between the expression of miR-204 and 
XRN1 in PCa specimens. The results in Fig. 6E (a and 
c) indicated a negative miR-204 expression with a strong 
XRN1 expression in the same PCa specimen. In another 
PCa specimen, whereas we observed a strong staining of 
miR-204 in luminal epithelial cells, a strong expression 
of XRN1 was detected in the stroma with almost absent 
expression in luminal epithelial cells (Fig. 6E-d). These 
observations indicated that there is an inverse correlation 
between miR-204 and XRN1 expression in these 
specimens, supporting that miR-204 is a negative regulator 
of XRN1 in a subgroup of PCa patients. 

Positive epithelial XRN1 expression is associated 
with high levels of serum PSA in PCa patients

As shown in Table 1, expression of XRN1 and 
miR-204 did not show a significant association of with 
the pathological stage, Gleason score and recurrence. 
However, 63.8% (37/58) of patients with high PSA level 

(>17.8 ng/L, the median level in the patients analyzed) 
were found to be XRN1-positvie. The positive rate of 
XRN1 expression was only 44.8% (26/58) in patients with 
low PSA level (≤17.8 ng/L) (Table 1). This difference is 
statistically significant (p=0.04), suggesting that there is 
a correlation between epithelial XRN1 expression and 
serum PSA levels in PCa patients. 

Expression of miR-204 affects association of 
XRN1 expression with clinicopathological 
characteristics of PCa 

Given XRN1 was validated as a miR-204 target, 
we further analyzed whether epithelial XRN1 expression 
was inversely associated with miR-204 expression in 
patient samples. As shown in Supplementary Table 4, we 
did not observe a significant inverse correlation in the 
total 171 clinical samples (BPH plus PCa). However, the 
correlation coefficient was -0.304 (p<0.05) in the 45 BPH 
specimens, indicating the presence of inverse association 
between expression of epithelial XRN1 and miR-204 in 
BPH. We did not observe an inverse correlation in the 
group of PCa patients. However, a weak but significant 
(coefficient=-0.269; p=0.021) inverse correlation was 
observed in PCa specimens only with high Gleason scores 
(N=74) (Supplementary Table 4). The inverse correlation 
was higher (coefficient=-0.533; p=0.028) in this subgroup 
without recurrence (N=20) (Supplementary Table 4). 
Taken together, these results suggest that miR-204 is the 
important regulator of XRN1 expression in the subgroup 
of poorly differentiated PCa which did not recur after 
ADT. 

Finally, we also analyzed the association between 
XRN1 and clinicopathological parameters in the 
specimens with and without miR-204 expression (Table 
2). Positive XRN1 expression was associated with higher 

Table 1: Expression XRN1 and miR-204 across clinicopathological parameters
XRN1 expression miR-204 expression

Positive
N (%)

Negative 
N (%) p Value Positive

N (%)
Negative

N (%) p Value

Pathological stage 0.918 0.51
pT2–pT3a 57 (53.3) 48 (46.7) 14 (15.2) 78 (84.8)

pT3b  9 (52.9)  8 (47.1)  3 (17.6) 14 (82.4)
Recurrence 0.936 0.981

Positive 39 (54.2) 33 (45.8) 10 (58.8)  7 (41.2)
Negative 28 (54.9) 23 (45.1) 55 (59.1) 38 (40.9)

Gleason scores 0.455 0.286
7 or Greater 17 (60.7) 11 (39.3) 13 (18.3) 58 (81.7)

6 or Less 49 (52.7) 44 (47.3)  4 (10.5) 34 (89.5)
Serum PSA 0.04 0.791

≤Median 26 (44.8) 32 (55.2) 9 (17.3) 43 (82.7)
>Median 37 (63.8) 21 (36.2) 8 (15.4) 44 (84.6)
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Gleason scores only in miR-204 negative patients (N=99). 
By contrast, the association was not observed when the 
total PCa specimens (N=121) were used for the analysis 
(Table 1). In addition, positive XRN1 expression was 
inversely associated with recurrence among miR-204 
positive patients (N=22), but not in miR-204-negative 
patients (Table 2), implying that XRN1 inhibits recurrence 
in miR-204 positive patients. The results strongly 
suggested that XRN1 has a different prognostic value in 
clinical PCa depending on miR-204 expression. 

DISCUSSION

In the present study, we demonstrated the presence 
of an AR-miR-204-XRN1 axis both in the cultured PCa 
cells (Figs. 1 and 3) and in ventral prostates of rat (Fig. 
4). We showed that miR-204 has a tumor suppressive 
function in PAC cells, but acts as an oncomiR in NEPC 
cells (Fig. 2). Such a dual yet opposite regulatory function 
of miR-204 was also observed by our study of miR-204 
target XRN1 (Fig. 3). Furthermore, the dual regulatory 
function of miR-204/XRN1 axis was demonstrated by 
its dual-regulation of some key regulators of cell cycle, 

including pAKT, p21WAF1 and Cyclin D1 (Fig. 5A and 
B). To the best of our knowledge, this is the first report 
showing that a single miRNA has the dual yet opposite 
regulatory function in the two types of PCa cell models. 
In addition, We also demonstrated that XRN1 selectively 
down-regulates expression of miR-34a, an AR-targeting 
micro-RNA (Fig. 5D), and that inactivation of miR-34a 
reduces expression of AR (Fig. 5F) [39] and increases 
aggressiveness of PAC cells [39]. Therefore, our analysis 
further expands AR-miR-204-XRN1 axis to AR-miR-204-
XRN1-miR-34a feedback loop. In this loop, androgen up-
regulates XRN1, by repressing miR-204 expression, while 
XRN1 raises AR expression by reducing expression of 
miR-34a (Fig. 5G). This loop forms a positively regulatory 
feedback for function of AR signaling in PAC cells and 
NEPC cells, and may represent a novel mechanism 
contributing to the dual yet opposite role of AR signaling 
in PCa progression [40]. 

Thus far, the molecular mechanism involved 
in development of NEPC remains unclear. For those 
SCNCs that arise from NED of PAC, it is believed that 
the rapidly dividing NEPC have completely overtaken the 
slowly growing adenocarcinoma, resulting in histological 

Table 2: miR-204 modification of the correlation of XRN1 expression with clinicopathological parameters
XRN1

positive 
XRN1

negative p Value OR 95%CI
lower upper

miR-204 
(-) Pathological stage 

pT2–pT3a 42(48.8%) 44(51.2%) 0.936 0.955 0.308 2.954
pT3b 7(50.0%) 7(50.0%)

Recurrence
positive 32(53.3%) 28(46.7%) 0.352 1.46 0.657 3.245
negative 18(43.9%) 23(56.1%)

Gleason score
7 or Greater 35(58.3%) 25(41.7%) 0.029 2.5 1.088 5.742

6 or Less 14(35.9%) 25(64.1%)
PSA

≤17.8 18(39.1%) 28(60.9%) 0.063 0.459 0.201 1.047
>17.8 28(58.3%) 20(41.7%)

miR-204 
(+) Pathological stage 

pT2–pT3a 15(78.9%) 4(21.1%) 1 1.875 0.134 26.32
pT3b 2(66.7%) 1(33.3%)

Recurrence
positive 7(58.3%) 5(41.7%) 0.04 0.14 0.013 1.474
negative 10(100.0%) 0(0.0%)

Gleason scores
7 or Greater 9(64.3%) 5(35.7%) 0.115 0.225 0.21 2.356

6 or Less 8(100.0%) 0(0.0%)
PSA

≤17.8 8(66.7%) 4(33.3%) 0.323 0.222 0.2 2.424
>17.8 9(90.0%) 1(10.0%)
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appearance of a pure SCNC. Therefore, it is possible 
that during the development of ADT-driven SCNC, 
ADT induces an up-regulated expression of miR-204, 
which, in turn, reduces AR expression, and eventually 
enables certain prostate tumor clones to assume a more 
NE phenotype. In addition, given our results strongly 
suggest that the dual function of miR-204 is decided by 
the status of AR expression in PCa cells, the adaptive 
shift of miR-204 towards oncomiR could be another 
important step following weakening or losing of AR 
signaling during the development of SCNC. Notably, 
the biological aggressiveness of prostatic NE tumor 
cells is probably further promoted by a sharp down-
regulation of XRN1 expression resulted from androgen-
deprivation (Fig. 4C). Moreover, since CD44 knockdown 
represses Akt phosphorylation and growth of PC-3 cells 
[41], inhibition of CD44 expression by XRN1 (Fig. 5C) 
is likely critical for XRN1 tumor suppressive function 
in NEPC cells. Finally, it should be noted that down-
regulation of miR-34a by XRN1 might contribute to PCa 
progression independent of AR, since miR-34a can act as 
a tumor suppressor through directly inhibiting CD44 in 
tumorigenic and metastatic PCa stem cells [42]. 

Function of AR/miR-204/XRN1/miR-34a loop 
could be regulated by many factors associated with PCa 
progression. For example, miR-34a expression is activated 
transcriptionally by the tumor suppressor p53 [43]. Given 
that TP53 is mutated in majority of NE tumor cells, which 
is important for progression of SCNC [44], it may help 
us to understand why compared with LNCaP cells that 
express wild-type p53, p53-null CL1 and PC-3 cells 
[33, 45] express low levels of miR-34a (Fig. 5E) [46]. 
Because of this, there might be a mutually functional 
regulation between XRN1 and p53 through miR-34a in 
PCa cells. Similarly, since CD44 is a target of miR-34a 
[42], high levels of CD44 expression in NEPC cells [8-
10] are probably resulted from low levels of miR-34a. 
Furthermore, given low expression of miR-34a is not 
sensitive to knockdown of XRN1 in CL-1 cells (Fig. 
5D), inhibition of CD44 expression by XRN1 (Fig. 5C) 
suggests that XRN1 regulates CD44 expression in the way 
independent of miR-34a in NEPC cells. 

miR-204 has been shown to down-regulated in a 
number of cancers [47-49], consistent with its potential 
tumor suppressive role. However, miR-204 expression was 
also shown high in some cancers such as melanomas [50]. 
An elevated expression of miR-204 was also previously 
reported in PCa, in which only 5 PCa specimens without 
pathological information were used [51]. Here we used 
a TMA that included 135 PCa specimens to analyze the 
association between miR-204 expression and PCa, and 
our result showed that lower levels of miR-204 (Fig. 6B) 
and higher levels of XRN1 (Fig. 6D) in primary PCa than 
that in the control samples, respectively. Moreover, an 
association of positive XRN1 expression in the epithelium 
with high serum PSA levels in PCa patients (Table 1) 

was observed, which is consistent with our results that 
XRN1 plays a role in maintaining expression of AR (Fig. 
5B), presumably controlling AR target PSA expression. 
Therefore, our results indicate an important prognostic role 
of XRN1 in PCa. Finally, our preliminary analysis also 
suggested the presence of recurrence-inhibitory role of 
epithelial XRN1 (Table 2). Because of the limited numbers 
of patients, this result needs to be further validated by 
using a larger number of specimens. Nevertheless, our 
results so far support that XRN1 may repress recurrence 
via its tumor suppressive activity in NEPC cells. In this 
respect, it will be important to further examine whether an 
inverse association between expression of XRN1 and NE 
markers exists in CRPC and SCNC in the future. 

In conclusion, we have demonstrated that AR-
miR-204-XRN1-miR-34a feedback loop (Fig. 5F) plays 
an important role in regulating growth of PAC cells. 
In contrast to its tumor suppressive role in PAC cells, 
miR-204, by targeting XRN1, functions as an oncomiR 
in NEPC cells. These findings have not only provided a 
novel mechanistic insight into ADT-induced NED, but 
also established a strong rationale for us to develop a 
cell type-specific strategy targeting miR-204 as a novel 
therapeutic approach against prostatic SCNC.

MATERIALS AND METHODS

Cell culture infection and transfection

The human PCa cell lines LNCaP, 22Rv1 and 
PC-3 cells were obtained from ATCC (Manassas, VA). 
LNCaP and CL1 cells were grown as described by Tso 
et al [23]. PC-3 and 22Rv1 cells were cultured in RPMI 
1640 medium supplemented with 10% fetal bovine serum 
(FBS) at 37º C in a humidified air atmosphere with 5% 
CO2. miR-34a, miR-204 (RiboBio,Guangzhou), AR-
siRNA and XRN1-siRNA (GenePharma, Shanghai) 
were transfected into cells using Lipofectamine 2000 
(Invitrogen) . Transfection of AR expression construct 
(pCMV-hAR) or its empty control vector into PC-3 cells 
and treatment of these cells with R1881 (Sigma, USA) 
were performed as previously described [24]. miR-204-
expressing recombinant lentivirus and its control virus 
were purchased from Kangchen Bio-tech (Shanghai, 
China). The delivery of miR-204 by viral infection was 
performed according to the manufacturer’s instructions. 

Cell number determination, colony formation 
assay, luciferase reporter assays, immunoblotting, 
xenograft analysis and qRT-PCR

These analyses were carried out as described 
previously [25, 26]. Bulge-Loop TMmiRNA qPCR primer 
sets (RiBoBio, Guangzhou, China) were used to measure 
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levels of miR-34a, miR-185, miR-297 and miR-488. The 
sequences of primers used for PCR in this study are listed 
in Supplementary Table 1.

Immunohistochemistry (IHC) and locked nucleic 
acid-in situ hybridization (LNA-ISH) in PCa 
tissue microarray (TMA)

The TMA-based experiments were performed 
according to published elsewhere [26, 27]. The sequence 
of LNA probes for miR-204 (Exiqon, Vedbaek, Denmark) 
was: 5’DIG-AGGCATAGGATGACAAAGGGAA-3’DIG. 
ISH-scores and IHC-scores were generated as previously 
described [28]. 

Experimental benign prostatic hypoplasia (BPH)

The rats were injected with testosterone propionate 
(TP) (Sigma, USA) for generation of experimental BPH or 
castrated, as previously described [29]. 

Statistics

Statistical significance was analyzed by student’s 
t-test and expressed as a P value. For analysis of the 
association between XRN1 expression or miR-204 
expression and clinicopathological parameters, chi-square 
test was performed. For evaluation of the correlation 
between XRN1 expression and miR-204 expression in 
clinical prostate specimens, linear regression analysis was 
carried out. 
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