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microRNA 338-3p exhibits tumor suppressor role and its down-
regulation is associated with adverse clinical outcome in prostate

cancer patients
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Abstract MicroRNAs (miRNAs) are small non-coding
RNAs that function in transcriptional and post-transcrip-
tional regulation of gene expression. Several miRNAs have
been implicated in regulating prostate cancer (PCa) pro-
gression. Deregulations of miRNA regulatory networks
have been reported in ERG positive PCa, which accounts
for ~50 % of PCa and have been suggested to affect tumor
aggressiveness. The function of miR338-3p, its prognostic
significance, and its association with ERG positive PCa has
not been fully investigated. Using microarray expression
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profiling, we identified miRNA338-3p as among the top
deregulated miRNAs associated with ERG status in PCa.
We investigated miR338-3p function using in vitro and
in vivo experimental models and its expression was
assessed and validated in clinical samples and a public
cohort of localized and metastatic prostate cancer. miR338-
3p was significantly down-regulated with disease progres-
sion from benign prostate tissue to primary and metastatic
lesions. In localized disease, patients with lower miR338-
3p expression levels showed increased association to bio-
chemical recurrence and several adverse pathological
parameters compared to patients with higher miRNA338-
3p tissue expression levels. Using in vitro PCa cell models,
overexpression of miR338-3p resulted in a decrease in cell
invasion and expression of chemokine signalling genes
CXCLI2, CXCR4, and CXCR7. In vivo, orthotropic
implantation of PC3 cells stably expressing miR338-3p
was associated with a significant decrease in tumor weights
compared to control cells. miR338-3p has anti-proliferative
and anti-invasive properties. It affects CXCR4 axis, and its
down-regulation is associated with adverse clinical out-
comes in PCa patients.

Keywords CXCR axis - ERG gene rearrangements -
Invasion - MiR338-3p - Prognosis - Prostate cancer
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miRNA  microRNA
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TFs Transcription factors
Introduction

Prostate cancer is the most common cancer diagnosed in
North American men, excluding skin cancers. It is estimated
that in 2015, approximately 220,800 new cases and 27,540
prostate cancer-related deaths will occur in the United States
[1], primarily as a result of metastatic dissemination of the
primary tumor. Although androgen ablation therapy repre-
sents a significant milestone in the management of advanced
PCa disease, tumors eventually become resistant in castra-
tion-resistant PCa (CRPC), which usually manifest by rapid
disease progression and shorter survival time [2]. ERG gene
rearrangements are the most common genetic aberration
described in PCa (affecting approximately 50 % of localized
PCa cases), with TMPRSS?2 representing the most common
ERG partner [3]. Earlier studies suggested that ERG gene
rearrangements define a specific molecular subtype of PCa
with potential prognostic and therapeutic implications [4].
However, although the current prognostic significance of
ERG gene rearrangements remains debated, several reports
have shown that TMPRSS2-ERG gene fusions promote
cancer progression and invasion [5, 6] and induce epithelial-
mesenchymal transition in PCa cellular models [7]. More-
over, in vivo TMPRSS2-driven ERG expression was repor-
ted to increase cancer stem cells (CSC) self-renewal in a
castration resistant subpopulation [8].

The transcript abundances of miRNAs are subject to
regulatory control by many more loci than previously
observed for mRNA expression particularly in TMPRSS2-
ERG positive prostate cancer cells [9]. As well, a possible
relationship between ERG and microRNAs (miRNAs),
commonly deregulated during PCa progression [10, 11], has
been proposed although the connection to ERG gene rear-
rangements has not yet been fully established. For instance,
one study reported that miR221 is down-regulated in asso-
ciation with TMPRSS2-ERG gene fusion [12], and another
reported the regulation of ERG expression by miR-145 [13].

miRNAs are an evolutionarily conserved class of
endogenous, small, noncoding RNAs (19-25 nucleotides),
involved in the regulation of expression of several target
genes. They exert their function by binding to the 3’-un-
translated region of a subset of mRNAs, resulting in their
degradation and/or repression of their translation [14, 15].
About 30 % of the proteins coding the human transcripts are
predicted to be regulated by miRNAs [16, 17] and evidence
points to the controversial role of miRNAs in promoting
either tumor suppressor or oncogenic activity [18-20].

The precursor miR338-3p sequence is intronically
encoded within the Apoptosis-associated Tyrosine Kinase
(AATK, also known as AATYK) host gene [21]. Both
AATK and miR338-3p are highly conserved genes that are
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prominently expressed in the vertebrate central nervous
system [22-24]. A recent study reported a possible mech-
anism by which miR338-3p participates in the regulation of
its host genes via modulation of the levels of AATK
mRNA, a kinase that plays a role in differentiation, apop-
tosis and possibly neuronal degeneration [24]. miR338-3p
also contributes to the formation of basolateral polarity in
epithelial cells [25]. Of equal relevance to this study,
among potential functional target gene for ERG transcrip-
tion factor in PCa is CXCR4, an alpha-chemokine receptor
specific for CXCL12 [26, 27]. CXCR-4 plays a crucial role
in invasion and metastasis of PCa cells along with
CXCL12 and CXCR7 [28-30]. Moreover, CXCR4 over-
expression in PCa cells accelerated tumor metastasis and
growth in vivo [31] and has been shown to be directly
affected by ERG, which directly binds to and promotes
CXCR4 expression [32].

In this study, we performed a miRNA expression profiling
comparing PCa tumors harbouring ERG gene rearrange-
ments versus those without. We identified miR338-3p
among the top differentially expressed miRNAs between the
two groups. As the role of miR338-3p in PCa has never been
investigated before, the current study investigates and
characterizes the role of miR338-3p in PCa progression and
in relation to ERG gene rearrangements and CXCR axis.

Materials and methods

Clinical samples and identification of miRNA
signature in relation to ERG rearrangement

We used seventeen samples representing locally advanced
castration resistant prostate cancer (CRPC) [9 ERG posi-
tive (ERG1) and 8 ERG negative (ERGO)], for miRNA
differential gene expression analysis. Differential expres-
sion analysis using mean fold difference (MFD) and sta-
tistical student ¢ test were conducted. All patients’
information and samples were collected with appropriate
ethical approval from the local institutional review board at
the University of Calgary, Calgary, Alberta.

Assessment of miR338-3p levels in clinical samples

miR338-3p expression levels was assessed in a cohort of 25
matched benign and localized PCa samples collected with
appropriate ethical approval from the Institutional Review
Board at University of Calgary. To assess and validate the
clinical and prognostic significance of miR338-3p expres-
sion in PCa, we used the Memorial Sloan Kettering Cancer
Center (MSKCC) cohort [33] (n = 139), where we inves-
tigated the relationship between miR338-3p expression and
ERG status, aggressive or non-aggressive cancer,
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pathological stage, PSA at diagnosis and Gleason score as
well as the association of miRNA338-3p expression to
patients’ clinical outcome.

Cell culture

Human Prostate carcinoma cell lines LNCaP, DU145,
VCaP, PC3, and human normal prostate epithelial cell line
RWPE-1 were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). Various prostate
cell lines with different PTEN and TMPRSS2-ERG status
were utilized in our study to evaluate whether miR338-3p
overexpression or knockdown would have an effect on
proliferation and invasion in these cells. While PC-3 cells
have sustained a homozygous deletion of PTEN, LNCaP
cells have a deletion of one allele and a mutation of the
other PTEN allele. Furthermore, DU145 cells contain one
wild-type PTEN allele and a second variant allele while
VCaP retained intact PTEN. Cells were maintained in
culture medium according to the manufacturers’ instruc-
tions and in 5 % CO, at 37 °C. All cell lines were
authenticated by on-site DNA (STR) profiling using an
Applied Biosystems 3130 Genetic Analyzer with AmpF/
STR Identifiler PCR Amplification Kit from Applied
Biosystems (Life Technologies Corp., Carlsbad, CA,
USA).

PC3-miR338-3p and transiently silenced VCaP-miR338-
3p-siRNA cells were generated in our laboratory. Details of
these cell variants are illustrated in the supplementary
materials and methods.

RNA extraction

Total RNA was extracted from PCa cell lines using the
miRNeasy Mini Kit (Qiagen Sciences, Maryland, USA)
according to the manufacturer’s protocol.

RNA was extracted from formaldehyde-fixed, paraffin-
embedded (FFPE) tissue samples with the RecoverAll™
Total Nucleic Acid Isolation Kit (Ambion, Austin, TX,
USA).

miRNA and RNA analysis

Mature miRNA expression was quantified in tissue samples
and in cell lines with the TagMan® miRNA assay RT kit
(Applied Biosystems, Carlsbad, CA) according to the
manufacturer’s protocol. Sample analysis was performed
using the ABI StepOne Plus system (Applied Biosystems).
Fold changes in miRNA expression between samples and
controls were determined by the comparative (AACt)
method. RNU48 was used as endogenous reference gene
and experiments were done in triplicates. For different gene
expression analyses, 1 pg of total RNA was used as

template in the reverse transcription reaction using
qScript™ cDNA  SuperMix (Quanta BioSciences,
Gaithersburg, MD) according to manufacturer’s protocol.
Real-time PCR was performed by the ABI StepOne Plus
system (Applied Biosystems) using PerfeCTa'™ SYBR
Green FastMix'™ (Quanta BioSciences). Beta-glucoro-
nidase (GUSB) was used as the endogenous control. The
relative expression of target genes (CXCR4, CXCR7 and
CXCLI2) was calculated using the comparative (AACt)
method using the data assist software provided by Applied
Biosystems.

Cell viability assay

Cell viability was assessed by XTT Cell Viability Kit
(Biotium, Hayward, CA) as recommended by the manu-
facturer. LNCaP and PC3 cells were seeded in 96-well
plates and left overnight to adhere to the surface of the
plates. VCaP cells were allowed to adhere for 48 h. Cells
were seeded at a density of 2.5 x 10° PC3), 5 x 10°
(LNCaP), and 2.5 x 10* (VCaP) cells/well. Fifty micro-
litres of the prepared XTT working solution was added to
each well and absorbance was read at 490 nm with a ref-
erence wavelength of 630-690 nm.

Invasion assay

Cell invasion assay was performed using 8 pum porous BD
BioCoat™ Matrige]™ Invasion Chambers (BD Bio-
sciences, NJ, USA) according to the manufacturer’s rec-
ommendations. Control cell migration experiments were
performed in uncoated transwell chambers (BD Bio-
sciences) under exact conditions as invasion assays.
Briefly, cells were serum starved for 24 h and then 10°
cells in 500 pl were seeded in serum free media in the
upper compartment of the trans-well chambers. The lower
compartment contained 750 pl of either serum free media
(RPMI-1640) or media supplemented with 100 ng/ml
recombinant human SDF-1a (Peprotech, Ricky Hill, NJ) as
a chemoattractant. After 24 h incubation, the Matrigel
(including non-migrating cells) was removed and cells
invading the membrane were fixed and stained with 0.1 %
crystal violet in 95 % ethanol, and quantified. Data was
expressed as percent invasion which is calculated by
dividing the mean of cells invaded through Matrigel insert
membrane by the mean of cells migrating through the
control inserts membrane multiplied by 100.

In vivo othrotopic tumor implantation in mice
In vivo studies were approved by the McGill Animal Care

Committee (Protocol number 4101) and were conducted in
accordance with institutional and Canadian Federal
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Guidelines. SCID mice (male) were purchased from
Charles River Laboratories (St. Zotique, Quebec, Canada).
Mice (n = 15) were anaesthetized using sodium pento-
barbital (given intra-peritoneal) and one million PC3 cells
(at 70 % confluence) were implanted in the prostate via a
lower midline incision, as previously described [34]. For-
mation of a bulla indicated a satisfactory injection. The
incision was then closed with a single layer of surgical
clips. At the end of experiment (larger palpable tumors),
animals were sacrificed, lymph nodes examined, and
prostate tumors isolated and weighed.

ChIPBase analysis

To find potential transcription factors (TFs) that have bind-
ing sites in the region upstream of the miR-338 gene we used
CHIPBase database that has a comprehensive annotation of
the transcription factors binding maps that were inferred
from more than 500 Chip-seq data [35]. We only focused on
the 5 kb upstream region of the miR-338-3p gene.

Statistical analysis and bioinformatics

Data were analyzed by the student’s ¢ test (Two-tailed)
using p < 0.05 to define statistically significant differences.
For differential expression analysis, we used significant
analysis of microarray (SAM) to identify differentially
expressed miRNAs in ERG positive vs ERG negative
prostate samples. Kaplan—Meier survival model, cox pro-
portional hazards regression analysis and the log rank test
were used for disease recurrence analysis and for the
multivariate analysis. Independent miRNA expression data
(GSE21036) was downloaded from public cohort cBio
Cancer Genomics Portal (http://cbio.mskcc.org) to validate
the significance of association between miR338-3p and
other clinical factors. To identify potential targets for
miR338-3p, we used microRNA.org, FindTar3 and
CHIPbase online bioinformatics tools.

Results

miRNA expression profiling in ERG-positive
and ERG-negative PCa

To identify miRNAs associated with ERG gene rear-
rangements, we assessed global miRNA gene expression
profiles in 17 samples of CRPC (9 ERG-positive and 8
ERG-negative. As shown in Fig. 1A, miR338-3p was
identified to be among the top de-regulated miRNAs
between the two groups with an average 1.5 fold changes in
expression. To validate miR338-3p expression levels rel-
ative to ERG in a larger clinical cohort (Fig. 1B), we used
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the MSKCC miRNA data [33], which confirmed miR338-
3p to be significantly upregulated in ERG-positive com-
pared to ERG-negative samples (p = 0.009). After segre-
gating samples based on tumor localization, there was still
significant up-regulation of miRNA338-3p levels in ERG-
positive primary tumors (p = 0.03) but not in ERG-posi-
tive metastatic samples (p = 0.36) as compared to their
corresponding ERG-negative samples (Fig. 1B).

Characterization of miR338-3p in clinical samples
and the MSKCC cohort

Using a different cohort from the University of Calgary, 25
patients” samples with localized PCa and adjacent benign
prostate tissue were utilized. miR338-3p expression levels
were determined by quantitative RT-PCR as described in
materials and methods. As shown in Fig. 2A, miR338-3p
levels were significantly down regulated in prostate cancer
tissues compared to their matched benign prostate tissue
(p = 0.037). Total results of the 25 cases are shown in Sup-
plementary Fig. S1 including any outliers. To validate
miR338-3p expression levels in relation to disease progres-
sion and patients’ prognosis, we used the MSKCC cohort [33]
(n = 139), which is composed of 98 primary PCa, 13 meta-
static and 28 benign prostate tissues. miR338-3p expression
levels were significantly down-regulated in primary and
metastatic samples compared to benign tissues and between
metastasis compared to primary cancer (p = 1.6E—4,
p = 4.8E—7 and p = 0.001, respectively; Fig. 2B). In addi-
tion, miR338-3p expression levels were significantly lower in
the aggressive cancer group, as defined by the original Taylor
et al. study [33], compared to non-aggressive cancer group
(p = 0.016; Fig. 2C). Regarding miR338-3p association to
other clinical and pathological parameters, miRNA338-3p
levels were lower in PCa patients presenting with serum PSA
(>4 ng/ml) compared to patients with serum PSA < 4
(p = 0.04), and lower in Gleason score (GS) > 7 compared
to GS = 7and <7 (p = —0.01 and p = 0.04, respectively)
(Fig. 2D, E, respectively). However, there was no statistical
difference between patients with pT3 stage disease compared
to those with pT2 (p = 0.3) (Fig. 2F). To further assess the
prognostic significance of miR338-3p in clinical progression,
analysis of the MSKCC cohort of patients with lower
miR338-3p expression levels revealed decreased survival
probability compared to patients with higher miR338-3p
levels as assessed by time from radical prostatectomy to PSA
recurrence (p = 0.02; Fig. 2G).

Biological significance of miR338-3p in prostate
cancer

Clinical results described above suggest a tumor suppres-
sive function of miRNA338-3p in PCa. To confirm this
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hypothesis, we investigated the impact of miR338-3p
in vitro and in vivo using established PCa cell models.
Initially, we assessed miR338-3p expression levels in the
immortalized normal prostate epithelial cell line RWPE-1
and the PCa cell lines LNCaP, VCaP, DU145 and PC3 by
quantitative RT-PCR. miR338-3p expression was signifi-
cantly higher in most PCa cell lines compared to RWPE-1,
and highest in the fusion-positive VCaP cell (p < 0.004),
followed by PC3 (p = 0.003) and DU145 (p = 0.017).
However, it was almost absent in RWPE-1 and LNCaP
cells (Fig. 3A). Based on this data, we chose LNCaP, and
PC3 to overexpress miR338-3p by creating stable cell
lines, and VCaP cells to knock-down miR338-3p tran-
siently. We tested the over expression and knockdown by
gPCR in each of those cells (Fig. 3B, C, respectively).

Effect of ERG on miR338-3p in PCa cells

To fully understand ERG-miR338-3p functional relation-
ship and to test any reciprocal regulation between them, we
investigated the influence of miR338-3p on ERG. In VCaP
cells, silencing miR338-3p did not have any effect on

|

TMPRSS2-ERG mRNA levels (p = 0.99) (Fig. 3D).
Based on the CHIPBase database, regulatory network of
miR-338 showed that ERG and Androgen Receptor (AR)
are potential transcription factors (TFs) that regulate miR-
338 gene (Supplementary Fig. S2). Our clinical data sug-
gested a functional link between ERG gene rearrangements
and miR338-3p expression levels.

Combined

Effect of miR338-3p on chemokine targets

Considering the significant impact of miR338-3p expres-
sion seen on PCa tumorigenicity, demonstrated both by
in vitro analysis and its association with PCa progression
and prognosis in PCa patients, we further investigated
potential downstream mechanism(s) involved. Using
available online tools to identify potential miRNA targets
(microRNA.org and FINDTar3), the chemokine receptor,
CXCR4, was identified as a candidate target for miR338-
3p. Since ERG gene rearrangements have been shown to be
associated with increased PCa invasiveness and progres-
sion to metastasis [3, 6], we focused on chemokine targets
which have been involved in these processes in prostate
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Fig. 2 Analysis of miR338-3p expression in prostate clinical sam-
ples. A Twenty-five pairs of patient matched benign versus cancer
specimen were studied for the expression of miR338-3p by qPCR and
results are shown by grouping benign versus cancer for all patients’
samples (p = 0.037). RNU48 was used as an endogenous control.
Results are presented as relative expression as calculated by the
comparative CT method (AACT) and error bars represent the SEM.
p <0.05 is considered significant. B MSKCC data showing that
miR338-3p is significantly down-regulated in primary tumors
(p = 1.6E—4) compared to its level in benign prostate tissues.
miR338-3p expression is significantly low in metastatic samples
compared to primary tumors (p = 0.001). There is also a significant
decrease of miR338-3p expression in metastatic compared to benign

cancer and are potentially linked to ERG [6]. In addition,
FindTar3 showed that CXCR7, and CXCL12 could be
additional potential targets. The bioinformatic analysis
reveals a putative target sites for miR338-3p in the 3’-UTR
of these chemokine genes, as shown in (Supplementary
Fig. S3). These data suggest that miR338-3p regulates
cancer molecular modulators, such as chemokines, and act
as a tumor suppressor for prostate cancer.

In support of the involvement of the CXCR axis,
miR338-3p significantly reduced the transcript levels of
CXCLI2 (p = 0.0001), CXCR4 (p = 0.0003) and CXCR7
(p = 0.001) in PC3 cells. LNCaP cells shows similar trend
of decreased chemokine expression but was not significant
(Fig. 4A), whereas no significant changes in the protein
levels could be seen in these chemokines (data not shown)
However, silencing miR338-3p significantly increased the
expression levels of CXCR4 (p = 0.006) but did not affect
CXCR7 or CXCLI2 in VCaP cells (Fig. 4B).
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samples (p = 4.8E—7). C MSKCC data showing that mir338-3p is
significantly lower in aggressive tumors (p = 0.016) compared to its
levels in non-aggressive ones. D MSKCC data showing that mir338-
3p is significantly lower in patients with PSA levels (>4) compared to
patients with PSA levels (<4) (p = 0.04). E MSKCC data showing
that mir338-3p is significantly lower in tumors with higher Gleason
score (GS > 7) compared to low Gleason score (GS < 7) (p = 0.04).
There is also significant decrease of miR338-3p in GS = 7 compared
to its levels in GS > 7 (p = 0.01). F MSKCC data showing that
mir338-3p is not significantly different in (pT3) stage compared to
PT2) (p=0.3). G MSKCC data showing that mir338-3p is
significantly lower (p = 0.02) in tumors with higher risk of
recurrence

Effects of miR338-3p on cell viability
and invasiveness

We investigated whether miR338-3p expression influence
cell proliferation in prostate cancer cells using in vitro cell
viability assay. Over-expression of miR338-3p significantly
inhibited the proliferation of LNCaP (p = 0.014 day 3 and
p = 0.003 day 4; Fig. 4C). However, over-expression of
miR338-3p in PC3 cells (Fig. 4D) and silencing miR338-3p
in VCaP cells did not have any significant effect on cell
proliferation (Data not shown). To assess miR338-3p effects
on cell invasion, we used PC3 cell lines stably expressing
miR338-3p and their corresponding control cells. In the
absence of chemotactic agents, over expression of miR338-
3p had no significant effect on cell migration or invasion
compared to control PC3 cells. However, in the presence of
the CXCR4 ligand, SDF-1o (CXCL12), used as a chemo-
attractant in the lower chamber of the Boyden chamber,
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control. Results are presented as relative expression as calculated by
the comparative Ct method (AACT) and error bars represent SEM.
p < 0.05 is considered significant. B Overexpression of miR338-3p in
different prostate cell lines. Overexpression of miR338-3p in LNCaP
(p < 0.001) and PC3 (p = 0.0005) cell lines as measured by qPCR
compared to their control. RNU 48 was included as an endogenous
control. Results are presented as relative expression as calculated by
the comparative Ct method (AACT) and errors bars represent the
SEM. C Knockdown of miR338-3p in VCaP cell line. VCaP cell line
was transiently transfected different with 100 nM of MIRIDIAN

over-expression of miR338-3p significantly reduced inva-
sion of PC3-miR338-3p cells (p = 0.03; Fig. 4E).

miR338-3p reduces PCa progression in an in vivo
orthotopic PC3 mouse model

To assess the effect of miR338-3p on prostate cancer pro-
gression in in vivo, we implanted PC3 cells stably expressing
miR338-3p orthotopically into mouse prostates (n = 7).
Matched PC3 cells expressing control miRNA were used as
acontrol (n = 8). As shown in Fig. 4F, miR338-3p-induced
a significant antitumor effect in comparison to controls based

= Control siRNA
OmiR338-3p siRNA

235
B .
100000 . m Control miRNA
2 0338-3p
% 100001 .
3
o 1000 |
7
© 100 -
3
[}
x
E 10'
g
£ 1
©
NN |
£ 0.1- .
LNCaP PC3
D
1.2 1 VCaP
] 1
c
S0
%ﬁ 0.8
2
52 06
o
2=
sF 044
¢
0.2
0.

Negative miR338-3p
control siRNA
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6, 9 and 12), and subjected to qPCR analysis of miR338-3p. miR338-
3p was significantly knockdown at day 2 (p = 0.0003), day 3
(p = 0.001), day 6 (p = 0.0005), day 9 (p = 1.1E—05), and at day 12
(p = 5.2E—05). miR338-3p expression was normalized to RNU48 as
an endogenous control. Results are presented as relative expression as
calculated by the comparative CT method (AACT) and errors bars
represent SEM. p < 0.05 is considered significant. D Effect of
Knocking down miR338-3p in VCaP cell line on TMPRSS2-ERG
expression. qPCR results showing that knocking down miR338-3p in
VCaP cell line has no significant effect on TMPRSS2-ERG expression
(p = 0.99). GUSB was included as an endogenous control. Results
are presented as relative expression as calculated by the comparative
Ct method (AACT) and errors bars represent the SEM. p < 0.05 is
considered significant

on tumor weights at sacrifice (p = 0.007 compared to con-
trols). Examination of macroscopic lymph nodes revealed a
slight reduction in the number of lymph nodes but this dif-
ference did not reach statistical significance (7.4 + 1.47 vs.
4.3 + 1.35;p = 0.14).

Discussion
Down-regulation of miR338-3p is a frequent event seen in

various cancer cell types including gastric cancer [36] and
colorectal carcinoma [37]. Up to our best knowledge, very
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Fig. 4 Effects of miR338-3p on CXCR axis, cell viability and
invasions in various cell lines. A Effect of miR338-3p over-
expression on CXClI12, CXCR4 and CXCR4 mRNA in different
prostate cell lines. qPCR results showing no significant effect of
miR338-3p over-expression on CXCli2 (p =0.18), CXCR4
(p = 0.21) and CXCR7 (p = 0.43) mRNA transcripts in LNCaP cell
line. In PC3 cells, miR338-3p over-expression significantly down-
regulated CXCLI2 (p = 0.0001), CXCR4 (p = 0.003) and CXCR7
(p = 0.001) mRNA transcripts. B Effect of knocking down miR338-
3p in VCaP cell line on CXCLI2, CXCR4 and CXCR7 transcript
levels. qPCR results showing that knocking down of miR-338-3p in
VCaP cells is associated with a significant increase in CXCR4
(p = 0.006) mRNA levels, but did not affect CXCR7 (p = 0.84) or
CXCLI2 (p = 0.51). GUSB was included as an endogenous control.
Results are presented as relative expression as calculated by the
comparative Cr method (AACy) and errors bars represent the SEM.
C Effect of over-expression of miR338-3p on cell viability of LNCaP
cell lines. Over-expression of miR338-3p significantly decreased cell
viability in LNCaP Cell line at day 3 (p = 0.014) and day 4
(p = 0.003) after adding the XTT reagents to the cells. Data are
represented as mean == SEM. Data are from three independent
experiments done in triplicate. p < 0.05 is considered significant.
D Effect of over-expression of miR338-3p on cell viability of PC3

few literature works was associating miR-338 to prostate
cancer. In this study, we selected miR-338-3p for further
investigation as it showed to be upregulated in Taylor’s
data comparing ERG1 vs ERGO and we hypothesized that
it might play a novel role in PCa progression. In this study,
we investigated the role and prognostic significance of
miR338-3p expression in PCa using clinical samples from
a cohort of patients with localized PCa and the MSKCC
cohort [33]. Parallel studies were conducted in PCa pre-
clinical models, both in vitro and in vivo, to examine the
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ControlmiRNA miR338-3p Control miRNAiR338-3p
cell lines. Over-expression of miR338-3p in PC3 cells did not have
any significant effect on cell proliferation. Data are represented as
mean = SEM. Data are from three independent experiments done in
triplicate. p < 0.05 is considered significant. E Influence of miR338-
3p over-expression on CXCR4-mediated migration and invasion of
PC3 cell line. PC3 cells were serum starved for 24 h and then 10°
cells were seeded in the upper Transwell chamber and allowed to
migrate and invade towards either vehicle (no SDF le<) or SDF 1le< in
the lower wells for 24 h at 37 °C. Five fields from each Transwell
were randomly selected and counted for migrated or invaded cells at
10X magnification using light microscope. Percent invasion was
calculated by dividing the mean of cells invaded through Matrigel
insert membrane by the mean of cells migrating through the control
inserts membrane multiplied by 100. miR338-3p over-expression
significantly decreased CXCR4—mediated invasion in PC3
(p = 0.03). Data are represented as mean + SEM. Data are from
three independent experiments done in triplicate. p < 0.05 is consid-
ered significant. F Anti-tumoral activity of miR338-3p in PC3
preclinical model. PC3 cells were implanted into the prostate of male
SCID mice. Tumor size is significantly smaller in PC3-338-3p
compared to PC3-control miRNA (p = 0.007). The number of
macroscopic lymph nodes was not significantly affected (please refer
to results)

impact on prostate cancer progression. miR338-3p
expression was significantly decreased in localized PCa
compared to benign prostate tissues, and analysis of
miR338-3p expression levels in the MSKCC miRNA
expression data (GSE21036) supported our results by
confirming that miR338-3p is significantly down-regulated
in localized and metastatic PCa, and also in the subgroup of
aggressive tumors, defined by Taylor et al., in addition to
being associated with patient prognosis [33]. Our data
support a potential prognostic role and effect on disease
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progression for miR338-3p in PCa, possibly through a
tumor suppressor activity. This is also supported by results
from our preclinical models, where a decrease in cell
invasion in vitro and tumor growth in vivo was observed
following enforced expression of miR338-3p. These results
are in concordance with previous reports in hepatocellular
carcinoma (HCC) documenting lower miR338-3p expres-
sion levels in comparison to non-cancerous liver tissues,
where those levels were also inversely related to increased
stage [38].

Our miRNA expression profiling data indicated that
ERG potentially effects miR-338-3p expression. To con-
firm and validate the relation between ERG and miR338-
3p, we used ChIPBase [35] analysis to identify transcrip-
tion factors (TFs) that have binding sites within 5 kb
upstream of the miR338-3p gene. ChIPBase is a compre-
hensive collection of TF maps and transcriptional regula-
tory relationships of TFs and genes from CHIP-Seq data.
ChIPBase analysis identified ERG and AR binding sites
upstream from miR-338-3p, in addition to other TFs. Using
the deepView genome browser within ChIPBase, ERG and
AR were shown to bind to the 5 kb upstream region of
miR338-3p in multiple experiments. In support of the
notion that ERG regulate miR-338-3p, our in vitro gene
expression analysis demonstrated that PC3, DU145, and
LNCaP cells, which do not harbor TMPRSS2-ERG fusion
gene, show significantly lower miR338-3p expression than
the fusion-positive VCaP cell line. One striking feature of
miRNA species is their ability to participate in negative
auto-regulatory feedback loops to control their own
expression [39]. A recent report showed that Paired-Like
Homeodomain Transcription Factor 3 (PITX3) transcrip-
tion factor regulates miR133b, which consecutively can
silence PITX3 [40]. Based on this notion, we investigated
if ERG is a putative target for miR-338-3p. The only
Evidence on the association between miR338-3p was based
on our study from analysis of MSKCC miRNA data.
However, this was not evident from our experiments on
VCaP cell lines which harbor TMPRSS2-ERG mRNA
rearrangement. Thus, we concluded that there is no recip-
rocal relationship between ERG and miR338-3p.

miRNAs are capable to modulate cancer driver genes by
complementary binding to their 3’-UTR and subsequently
repress their translation [41]. Our bioinformatic analysis
showed that 3’-UTR region of CXCLI12, CXCR4, and
CXCR?7 has a putative binding site for miR338-3p. It has
been shown that chemokines play important roles in tumor-
associated angiogenesis, cancer stem cell motility, and
tumor metastasis [42]. In particular, CXCR4 was reported
as the most common over-expressed chemokine receptor in
human cancer [43]. It has been reported that CXCR4
upregulation positively correlates with metastatic epithelial
cancer cell types including non-small cell lung cancer [44]

and breast cancer [45]. In addition, previous studies have
alluded to potential interaction linking ERG and the CXCR
axis [46]. In the study by Cai et al., it was demonstrated
that ERG binds to the CXCR4 gene promoter, providing a
potential link between ERG gene rearrangements and
enhanced metastasis of tumor cells through CXCR4 func-
tion in prostate cells [46]. More recently, it was demon-
strated that ERG factor activates CXCR4 expression by
binding to the specific ERG/ETS responsive elements and
intracellular kinases phosphorylate at ERG to induce
CXCR4 expression [32]. We observed that overexpression
of miR338-3p in parental PC3 cell line shows significantly
lower transcript levels of these chemokines. We have
performed a loss of function experiment to silence miR-
338-3p expression in VCaP and observed significant up-
regulation of CXCR4 mRNA levels. These data support a
functional link between miR338-3p and the CXCR axis
(CXCl112-CXCR4-CXCR7).

A drawback in our results is that, although miR338-3p
decreased CXCL12, CXCR4 and CXCR7 at the transcrip-
tional level, it did not affect the protein level in any of the cell
lines investigated (data not shown). This difference could be
extrapolated to the differential kinetics between CXCR4
mRNA and protein. In neuroblastoma cells, it was shown
that 55 kDa surface expressed CXCR4 isoform is slowly
ubiquitinated in comparison to 87, 67 kDa isoforms [47].
Clearly, additional studies are warranted to further investi-
gate the heterogeneity of CXCR4 protein kinetics in com-
parison to its mRNA half-life, in the context of PCa cell
lines. Moreover, we were unable to demonstrate that CXCR4
is a direct target of miR338-3p by luciferase reporter assay
(data not shown), implying that the role of miR338-3p on this
axis may be indirect. It was shown that CXCR4 increases
pancreatic cancer invasion and Hh pathway activation by
increasing the expression of Smoothened (SMO) [48], which
was found to be a validated target of miR338-3p, at least in
several cancer types [37]. These data is suggesting that
miR338-3p decrease expression of CXCR4, hence this could
lead to targeting of SMO protein [49, 50], as shown in our
suggested model (Fig. 5).

The observation that miR338-3p overexpression signif-
icantly decreased cell viability in LNCaP but not in PC3
cells, despite significantly decreasing invasiveness of the
latter cells, indicate a critical role for miR338-3p in PCa
metastasis. It is possible that alternative mechanisms are
being operative in different PCa lines. These cells have
different genetic makeup that influences the anti prolifer-
ative effects of miR338-3p. Perhaps LNCaP cells are most
suitable for miR338-3p to carry out its anti-proliferative
effects, primarily under in vitro conditions. Furthermore, it
should be kept in mind that since PC3 cell line has a very
high growth rate, the anti-proliferative effect of miR338-3p
in vitro might be subtle.
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Fig. 5 A putative model of the anti-carcinogenic role of miR338-3p
in prostate cancer. Red lines indicate downstream inhibition. The
dashed black arrow indicates an indirect biological relationship.
(Color figure online)

It is noteworthy that the high mortality rate of prostate
cancer is mostly attributed to the invasion of malignant cells
to distant organs [51]. It is intriguing that miR338-3p
inhibited CXCLI12, CXCR4 and CXCRY7, at least at the tran-
scriptional level with no negative effects on proliferation in
the PC3 cells. Although the down-regulation of CXCL12 and
CXCR?7 was clear in PC3 cell lines when miR338-3p was
overexpressed, only CXCR4 change in VCaP cells was
noticed by knocking down miR338-3p. Our conclusions will
be therefore focused on CXCR4 in this article.

Herein, we also demonstrate that that overexpression of
miR338-3p decreases CXCR4 mediated invasion in vitro
where SDF-1a /CXCL12 is used as chemoattractant, sup-
porting that the decrease of CXCR4 at the transcriptional
level have influenced the invasiveness of PC3 cell line.
These results are in line with several previous publications
where targeting CXCR4 led to decreased invasion and
metastasis [51, 52]. Essentially, CXCL12/CXCR4 axis has
been found to regulate bone metastasis in PCa [31]. Con-
sistent with our results, Uygur and Wu’s study showed that
knocking-down CXCR4 ligand, in PC3 cell lines inhibits
invasion but not proliferation [30]. On the other hand, the
mechanism(s) through which miR338-3p-induced a sig-
nificant antitumor effect in vivo based on tumor weights is
not yet clear. However, there is an increasing evidence that
cells implanted in vivo, but not those growing in vitro, are
able to release growth factors and recruit stroma cells [53].
For instance, it was reported that myofibroblasts facilitate
angiogenesis due to their ability to secrete stroma-derived
factor-1 (SDF-1/CXCL12) [53]. Since our data propose
CXCL12 as a potential target for miR338, we speculate
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that it might be that the inhibitory effect is seen more
clearly in vivo. However, the mechanisms, through which
miR-338-3p inhibit tumor growth in vivo, warrant further
investigations.

In summary, although the exact mechanism is not yet
clear, our study clearly supports and demonstrates anti-
proliferative and anti-invasive properties, and a tumor
suppressive role of miRNA338, as documented by our
clinical studies and in vitro and in vivo experimental
models. There is clearly a potential association between
miR338-3p and ERG but its exact nature needs further
investigations. The inhibitory effects of miR338-3p could
be potentially mediated-at least in part- by the CXCR axis.
Future work on miR338-3p to better characterize the reg-
ulation of miR338-3p expression and its direct targets may
lead to better understanding of pathways associated with
PCa progression and may impact the diagnosis and prog-
nosis of prostate cancer patients.
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