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MicroRNAs (miRNAs) are short, non-coding RNAs that reg-
ulate gene expression and are aberrantly expressed in human
cancer. The ERBB-2 tyrosine kinase receptor is frequently over-
expressed in prostate cancer and is associated with disease
progression and poor survival. We have identified two spe-
cific miR-331-3p target sites within the ERBB-2 mRNA
3�-untranslated region and show that miR-331-3p expression
is decreased in prostate cancer tissue relative to normal adja-
cent prostate tissue. Transfection of multiple prostate cancer
cell lines with miR-331-3p reduced ERBB-2 mRNA and pro-
tein expression and blocked downstream phosphatidylinosi-
tol 3-kinase/AKT signaling. Furthermore, miR-331-3p trans-
fection blocked the androgen receptor signaling pathway in
prostate cancer cells, reducing activity of an androgen-stim-
ulated prostate-specific antigen promoter and blocking pros-
tate-specific antigen expression. Our findings provide insight
into the regulation of ERBB-2 expression in cancer and sug-
gest that miR-331-3p has the capacity to regulate signaling
pathways critical to the development and progression of
prostate cancer cells.

Prostate cancer (PCa)3 is the second leading cause of cancer
death among men in the United States. In 2007, 218,890 new
cases and 27,050 prostate cancer-related deaths had occurred
in the United States (1). Initially, prostate tumors express the
androgen receptor (AR) and are dependent on androgens for
their growth, providing the basis of androgen ablation therapy;
however, some of these tumors will eventually recur in an
androgen-independent form, with a significantly worse prog-
nosis. There are no effective therapies for androgen-indepen-
dent prostate cancer. Overexpression of the human epidermal

growth factor receptor 2 (ERBB-2/HER2) and activation of its
downstream signaling cascades, including the PI3K/AKT path-
way, which promotes cell proliferation, metastasis, apoptosis
resistance, and angiogenesis, has been identified in a range of
tumors, including those of the breast, prostate, and pancreas
(2). Studies in patients with localized PCa have shown that
ERBB-2 expression is significantly associated with disease pro-
gression, metastasis, and survival (3). In addition, it is thought
that elevated ERBB-2 expression and AKT signaling facilitates
the development of androgen-independent PCa by activating
AR signaling in the absence of androgen (4–7). These studies
emphasize the important functional role of ERBB-2 and its sig-
naling pathways in the progression of PCa, in part through
interactions with AR signaling, and highlight its potential as a
therapeutic target.
MicroRNAs (miRNAs) are a class of short, endogenous,

non-coding RNA molecules that bind with imperfect comple-
mentarity to the 3�-untranslated regions (3�-UTRs) of target
mRNAs, causing translational repression or message degrada-
tion (8, 9). MiRNAs have important roles in normal cellular
development and function (10, 11), and altered expression of
miRNAs is associated with cancer (12).ManymiRNA genes are
located at fragile genomic regions that are amplified, deleted, or
rearranged in cancer (13), whereas aberrant expression of other
miRNAs in cancer can be attributed to alterations in miRNA
biogenesis or miRNA promoter methylation (14–16), or to
transcription factors such as MYC and p53 that directly regu-
late miRNA transcription (17, 18). It has been suggested that
some miRNAs may act as oncogenes or tumor suppressor
genes (12, 19). For example, decreased expression of the let-7
miRNAs is associated with RAS oncogene overexpression
and reduced survival in non-small cell lung cancer (20, 21),
whereas increased miR-21 expression in a range of cancers,
including those of the breast, prostate, lung, colon, pancreas,
and stomach (22), is associated with reduced apoptosis, che-
moresistance, and increased tumor growth (23). Several
studies have reported aberrant patterns of miRNA expres-
sion in PCa (24, 25), whereas others have implicated specific
miRNAs in the development of androgen-independent PCa.
These include miR-125b, which regulates expression of the
pro-apoptotic factor Bak1 and promotes androgen-indepen-
dent growth (26) and miR-146a, which regulates expression
of the oncogenic ROCK1 kinase andmodulates tumorigenic-
ity (27). Interestingly, the tumor suppressor miRNAs miR-
125a andmiR-125b (22) have been shown to directly regulate
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ERBB-2 expression in breast cancer (28), but not in PCa (26).
To date it has been unclear whether miRNAs regulate
ERBB-2 expression in PCa.
In this study, we show that miR-331-3p directly regulates

ERBB-2 mRNA and protein expression in multiple PCa cell
lines via two specific ERBB-2 3�-UTR target binding sites.
We found that miR-331-3p expression is down-regulated in
ERBB-2-overexpressing PCa tissue relative to normal adja-
cent prostate tissue, and that miR-331-3p reduces down-

stream ERBB-2 signaling via phosphorylated AKT in PCa
cells. Furthermore, miR-331-3p blocked the AR signaling
pathway by reducing transcriptional activity and expression
of prostate-specific antigen (PSA), an AR target gene. Our
data show a new mechanism by which reduced miR-331-3p
expression in PCa promotes elevated ERBB-2 expression and
signaling; through cross-talk this facilitates AR signaling
and has implications for the development, progression, and
treatment of PCa.

FIGURE 1. Identification of two specific miR-331-3p target sites within the ERBB-2 mRNA 3�-UTR. A, schematic representation of the ERBB-2 mRNA with
two 3�-UTR miR-331-3p binding sites (A and B) predicted by TargetScan. The miR-331-3p seed sequence is underlined. B, sequence alignment of the predicted
ERBB-2 3�-UTR miR-331-3p target sites showing conservation between human, mouse, rat, and dog. The miR-331-3p seed sequence (CCAGGGG) is shown in
bold and underlined, and conserved nucleotides are shaded. Stars indicate nucleotides conserved across all four species.
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EXPERIMENTAL PROCEDURES

Cell Culture, miRNA Precursors, and LNA Inhibitors, and
Normal/Tumor Tissue RNA—LNCaP-FGC, CWR-22RV1, and
DU145 cell lines were obtained from the American Type Cul-
ture Collection (ATCC) and cultured at 37 °C in 5% CO2 with
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. For ligand treatments, cells were starved
overnight in 1% charcoal-stripped serum and stimulated with
heregulin (�-subunit, Sigma; 50 ng/ml for 20 min), or DHT
and/or bicalutamide at 10 nM and 10 �M, respectively, for
24 h. Synthetic miRNA precursor molecules corresponding to
human miR-331-3p (precursor miR miRNA product ID
PM10881) and a negative control miRNA (miR-NC; precursor
miRmiRNA negative control number 1, product ID AM17110)
were obtained from Ambion. Synthetic LNA precursor mol-
ecules corresponding to hsa-miR-331-3p (miRCURY knock-
down number 138573-00) and a negative control scramble-
LNA (miRCURY knockdown number 199002-00) were
obtained from Exiqon. Total RNA from normal adjacent tis-
sue (NAT) and prostate tumor were purchased fromAmbion
(FirstChoice; product ID AM7288, acinar adenocarcinoma,
moderately differentiated, stage II, T2N0M0, Gleason score
6 (3 � 3)).
Luciferase Plasmid Construction—pmiR-REPORT-miR-331-

3p-targetwas generated by ligating annealedDNAoligonucleo-
tides corresponding to a perfect hsa-miR-331-3p target site
(forward, 5�-CAA CAA AAT CAC TAG TCT TCC A-3� and
reverse, 5�-TGG AAG ACT AGT GAT TTT GTT G-3�) to

unique SpeI and HindIII sites that
were inserted 3� of the luciferase
open reading frame of pmiR-
REPORT (Promega) firefly lucifer-
ase reporter vector. Full-length
ERBB-2 3�-UTR reporter plasmid
was generated by cloning the PCR-
amplified, full-length ERBB-2 3�-
UTR (nucleotides 4006–4624 of
GenBankTM accession number NM_
004448) into the pmiR-REPORT
luciferase plasmid backbone
(Ambion). Wild type and mutant
ERBB-2 target reporter plasmids
pmiR-REPORT-ERBB-2-A and -B
were generated by cloning annealed
oligonucleotides corresponding to
nucleotides 4093–4115 and 4513–
4535, respectively, of ERBB-2
(GenBank accession number
NM_004448) mRNA 3�-UTR into
SpeI and HindIII sites in pmiR-
REPORT. Mutant vectors con-
tainedmutations in themiR-331-3p
seed binding regions. Oligonucleo-
tide sequences were: target A wild
type, 5�-ACT AGTGCC CTC CGA
CCA CTT CCA GGG GAA AGC
TT; target A mutant, 5�-ACT AGT
GCC CTC CGA CCA CTT CGA

CGC GAA AGC TT; target B wild type, 5�-ACT AGT AGA
TGA AAT AAA GAC CCA GGG GGA AGC TT; and target B
mutant, 5�-ACT AGT AGA TGA AAT AAA GAG CGA CGC
GGA AGC TT. Mutated bases are underlined. All plasmid
DNA sequences were verified by DNA sequencing.
Transfections and Luciferase Assays—Cells were seeded 24 h

prior to transfection and transfected using Lipofectamine 2000
(Invitrogen) with miRNA precursor molecules at final concen-
trations ranging from 1 to 30 nM. Cells were harvested at 12–24
h (for RNA extraction) or 3 days (for protein extraction). For
reporter gene assays, cells were seeded in 24-well plates and co-
transfected using Lipofectamine 2000 (Invitrogen) with 100 ng of
firefly luciferase reporter DNA and either 20 ng of pRL-CMV or
100 ng of pRL-thymidine kinase Renilla luciferase reporter DNA
as a transfection control. Cell lysates were assayed for firefly and
Renilla luciferase activities 24 h after transfection using the Dual
Luciferase Reporter Assay System (Promega) and a Fluostar
OPTIMA luminometer (BMG Labtech), and firefly luciferase
activities normalized to Renilla luciferase activities.
RNAExtraction and RT-PCR—Total RNAwas extracted from

cell lineswithTRIzol reagent (Invitrogen) and treatedwithDNase
I (Promega) to eliminate contaminating genomic DNA. For qRT-
PCR analysis of ERBB-2, GAPDH, and pri-miR-331-3p expres-
sion, 125 ng of total RNA was reverse transcribed to cDNA with
randomhexamers andThermoscript (Invitrogen). Real-timePCR
for ERBB-2,GAPDH, and pri-miR-331-3p was performed using a
Corbett 3000 RotorGene instrument (Corbett Research) with
Platinum� SYBR� Green (Invitrogen) and ERBB-2 and GAPDH

FIGURE 2. miR-331-3p regulates ERBB-2 expression in prostate cancer cell lines. A, immunoblotting detec-
tion of ERBB-2 and �-actin expression using protein extracts harvested from LNCaP, 22RV1, and DU145 cells 3
days after transfection with miR-331-3p or the miR-NC precursor. B, qRT-PCR analysis of ERBB-2 mRNA expres-
sion in LNCaP, 22RV1, and DU145 cells 24 h after transfection with miR-331-3p or miR-NC. ERBB-2 RNA expres-
sion was normalized to GAPDH RNA expression, and is shown as a ratio of miR-331-3p-transfected cells to
miR-NC-transfected cells using the 2���CT method and GenEx statistical software. Data are representative of
three independent experiments. Asterisk indicates a significant difference from miR-NC-transfected control
cells (p � 0.03). Error bars represent confidence intervals (CI � 0.95).
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primers from Primer Bank (29) and pri-miR-331-3p primers (30):
ERBB-2-F, 5�-TGA CACCTAGCGGAGCGAT-3�; ERBB-2-R,
5�-GGG GGA TGT GTT TTC CCT CAA-3�; GAPDH-F,
5�-ATG GGG AAG GTG AAG GTC G-3�; GAPDH-R, 5�-
GGG GTC ATT GAT GGC AAC AAT A-3�; miR-331-3p-F,
5�-GAGCTGAAAGCACTCCCAA-3�;miR-331-3p-R,5�-CAC
ACT CTT GAT GTT CCA GGA-3�. Expression of ERBB-2 or
pri-miR-331 RNA relative to GAPDH mRNA was determined
using the 2���CTmethod (31). For analysis ofmiR-331-3p expres-
sion by qRT-PCR, reverse transcription and PCRwere carried out
using TaqMan miRNA assay kits (Applied Biosystems) for hsa-
miR-331 (part number 4373046), U44 small nuclear RNA (part
number 4373384), and U6 small nuclear RNA (part number
4373381) with a Corbett 3000 RotorGene thermocycler (Corbett
Research) according to themanufacturer’s instructions.
Western Blotting—Cytoplasmic protein extracts were pre-

pared as described (32), resolved on NuPAGE 4–12% BisTris
gels or NuPAGE 10% BisTris gels (Invitrogen), and transferred
to polyvinylidene difluoride membranes (Roche). Membranes
were blocked in 5% skimmilk/Tris-Buffered-Saline Tween and
probed with anti-�-actin mouse monoclonal antibody
(1:10000, Abcam ab6276-100), anti-ERBB-2 (CB-11) mouse

monoclonal antibody (1:1000,
Abcam ab8054-1), anti-phospho-
ERBB-2 rabbit monoclonal anti-
body (1:1000, Abcam ab47755-100),
anti-AKT rabbit monoclonal anti-
body (1:1000, Cell SignalingTechnol-
ogy number 9272), anti-phospho-
AKT (Ser-473) rabbit monoclonal
antibody (1:500, Cell Signaling
Technology number 4060), anti-AR
(H-280) rabbit monoclonal anti-
body (1:1000, Santa Cruz Biotech-
nology sc-13062), or anti-PSA rab-
bit polyclonal antibody (1:1000,
DakoCytomation A0562). Second-
ary horseradish peroxidase-linked
anti-mouse IgG (NA931V) and anti-
rabbit IgG (NA934V) antibodies
were used at 1:10000 (GE Health-
care), prior to detection with ECL
Plus detection reagent and ECL-Hy-
perfilm (GE Healthcare).
Statistical Analysis—Statistical

analysis of qRT-PCR data were
performed using GenEx software
(MultiD). All analyses were per-
formed at a minimum confidence
interval of 95% (CI � 0.95) and nor-
mality of data were confirmed by the
Kolmogorov-Smirnov test (KS test).

RESULTS

The ERBB-2 3�-UTR Contains
Two Putative Target Sites for
miR-331-3p—TargetScan (33) anal-
ysis (release 5: December 2008) pre-

dicted that the ERBB-2 3�-UTR contains two putative miR-
331-3p binding sites at nucleotide 4108–4115 (labeledA) and a
second site at nucleotide 4528–4534 (labeledB, Fig. 1A). TheA
target site has a context score of 97% on TargetScan, the B site
has a lower score of 88%, and is less well conserved within the
seed region (34). However, both miR-331-3p sites had some
degree of sequence conservation between human, mouse, rat,
and dog (Fig. 1B). Although there were three other miRNAs
with two predicted putative binding sites in the ERBB-2mRNA
3�-UTR (miR-1197, miR-1207-5p, and miR-1252) the Tar-
getScan context score for each site was significantly lower than
for both of the miR-331-3p sites (70 and 27, 42 and 54, and 35
and 41%, respectively).
miR-331-3p Down-regulates ERBB-2 Gene Expression in

Human Prostate Cancer Cells—Given our interest in ERBB-2
expression and signaling in PCa, we investigated the potential
for miR-331-3p to regulate ERBB-2 expression in three differ-
ent PCa cell lines (LNCaP, AR�; 22RV1, AR�; and DU145,
AR).We found lowmiR-331-3p expression across the cell lines,
with the highest levels in DU145 cells and lower levels in the
two AR� cell lines (supplemental Fig. S1A). ERBB-2 mRNA
expression was inversely correlated with miR-331-3p expres-

FIGURE 3. miR-331-3p expression is reduced in prostate tumor relative to normal adjacent tissue and is
inversely correlated with ERBB-2 mRNA expression. A, qRT-PCR analysis of the pri-miR-331-3p expression in
normal adjacent prostate tissue (NAT) RNA versus prostate tumor (T) RNA. Total RNA was reverse transcribed and
miR-331-3p expression determined by qRT-PCR. Data were normalized to GAPDH expression and relative tumor
miR-331-3p expression was calculated. Asterisk indicates a significant difference between pri-miR-331-3p expres-
sion in NAT versus tumor (p�0.0001). B, qRT-PCR analysis for mature miR-331-3p in NAT versus tumor. Total RNA was
reverse transcribed and miR-331-3p expression determined by the TaqMan miRNA qRT-PCR assay. Data were nor-
malized to U44 and U6 small nuclear RNA expression and relative miR-331-3p expression was calculated. Asterisk
indicates a significant difference between mature miR-331-3p expression in tumor versus NAT (p � 0.00001). C, qRT-
PCR analysis of ERBB-2 mRNA expression in NAT versus tumor RNA. Total RNA was reverse transcribed and ERBB-2
and GAPDH expression determined by qRT-PCR. Data were normalized to GAPDH RNA expression and tumor ERBB-2
was expressed relative to NAT ERBB-2. Asterisk indicates a significant difference between ERBB-2 expression in tumor
versus NAT (p � 0.0001). Error bars are as described in the legend to Fig. 2.
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sion, as DU145 cells express the least, whereas LNCaP and
22RV1 cells contain higher levels of ERBB-2 mRNA (supple-
mental Fig. S1B). To evaluate the effects ofmiR-331-3p on each
of these cell lines, we transfected either a negative control or
miR-331-3p precursor into the cells and determined the level of
ERBB-2 gene expression at 72 h post-transfection. Compared
with a negative control miRNA precursor, miR-331-3p signifi-
cantly down-regulated expression of both ERBB-2 protein and
RNA in each of the PCa cell lines, independent ofAR status (Fig.
2, A and B).
We next examined the expression of miR-331-3p in PCa ver-

sus normal adjacent tissue. The expression of miR-331-3p was
substantially lower in the tumor tissue compared with normal
prostate, for both miR-331-3p, as well as the pri-miR-331-3p
transcript (Fig. 3, A and B). We also noted elevated ERBB-2
expression in the same tumor sample relative to normal adja-
cent tissue (Fig. 3C), suggesting a reciprocal relationship
between the levels of miR-331-3p and ERBB-2 in human PCa.
The 3�-UTR of ERBB-2 Is a Direct Target of miR-331-3p in

Prostate Cancer Cells—TargetScan analysis suggested that
the 3�-UTR of ERBB-2 would be a direct target for miR-331-
3p, via one or both predicted binding sites. To test this
hypothesis, we generated miR-331-3p perfect target and
ERBB-2 3�-UTR reporter constructs (Fig. 4A). PCa cells
(22RV1) were transfected with either a negative control
miRNA (miR-NC) or miR-331-3p precursor to up-regulate
miR-331-3p expression, or a negative control or miR-331-3p
antagonist (locked nucleic acid-modified oligonucleotide,
LNA-anti-miR) to block miR-331-3p activity. In 22RV1 cells
co-transfected with miR-331-3p precursor and a perfect
miR-331-3p target site reporter, there was a significant
reduction in reporter activity, compared with cells with the
miR-NC precursor (Fig. 4A). Similarly, with the full-length
ERBB-2 3�-UTR, the miR-331-3p precursor induced a signif-
icant decrease in reporter activity. In contrast, cells trans-
fected with LNA-miR-331-3p showed an increase in reporter
activity, which was not evident in LNA NC-transfected cells
(Fig. 4A).
Wenext determined the contribution of each of the twomiR-

331-3p sites to the regulation of reporter activity. Using the
miR-331-3p perfect target reporter, and wild type ERBB-2
3�-UTR site A and B reporter constructs, we found that there
was a similar contribution to reporter activity from both
sites with miR-331-3p transfection, when compared with
transfection with an unrelated miRNA (supplemental Fig.
S2). Furthermore, smaller 3�-UTR ERBB-2 constructs were
tested (see Fig. 4B). In 22RV1 cells transfected withmutant A
and B site reporters, the effect of miR-331-3p was elimi-
nated, consistent with miR-331-3p binding directly to each
of the two target sites (Fig. 4B).

Taken together, these data confirm that each of the twomiR-
331-3p target sites in theERBB-2 3�-UTR is a direct and specific
target for miR-331-3p, and that both sites contribute to the
regulation of ERBB-2 expression by miR-331-3p. These effects
are observed in a range of human PCa cell lines, independent of
AR status.
MiR-331-3p Regulates ERBB-2 and AR Signaling in Prostate

Cancer Cells—To evaluate the effects of miR-331-3p on PCa
cell signaling, we initially treated 22RV1, DU145, and LNCaP
cells with heregulin to confirm activation of the ERBB-2 path-
way. In 22RV1, DU145, and LNCaP cells treated with heregulin
for 20 min, transfection with the miR-331-3p precursor signif-
icantly reduced the level of phosphorylated ERBB-2 (Fig. 5A
and supplemental Fig. S3,A and B). Furthermore, we examined
the effects of miR-331-3p on phosphorylated AKT levels in
prostate cancer cells to determine whether miR-331-3p could
regulate the PI3K/AKT signaling pathway downstream of
ERBB-2. Cells transfected with miR-331-3p had substantially
lower phosphorylated AKT levels, consistent with miR-331-3p
regulating the PI3K/AKT kinase pathway.
It has been proposed that elevated levels of ERBB-2 expres-

sion and PI3K/AKT signaling promote the progression of pros-
tate cancer by activating the AR signaling pathway. Cross-talk
between the ERBB-2 and AR pathways can activate transcrip-
tion of AR pathway genes, even in the absence of androgen
stimulation (4, 6). To investigate whethermiR-331-3pmodifies
AR signaling via its blockade of ERBB-2 signaling, we trans-
fected LNCaP cells with miR-331-3p or the miR-NC precursor
and, after 24 h, stimulated the cells with DHT, with or without
bicalutamide, an AR antagonist. As expected, DHT induced
PSA protein expression and this effect was blocked by either
bicalutamide or miR-331-3p treatment (Fig. 5B), suggesting
thatmiR-331-3p repressesAR signaling indirectly by regulating
ERBB-2 expression and signaling, because miR-331-3p did not
regulate AR expression directly (Fig. 5A), and the AR mRNA
3�-UTR does not contain the predicted miR-331-3p target sites
(data not shown).
To define the mechanism by which miR-331-3p blocks AR

signaling, we co-transfected LNCaP cells with a DHT-respon-
sive PSA-LUC reporter construct and either miR-331-3p or
miR-NC (Fig. 5C). Reporter activity was increased following
DHT treatment, and this effect was significantly reduced by
miR-331-3p transfection. Furthermore, the combination of
miR-331-3p and bicalutamide was more effective at reducing
DHT-induced PSA-LUC reporter activity than either treat-
ment alone.
Taken together, these data suggest that by regulating ERBB-2

expression and PI3K/AKT signaling, miR-331-3p can regulate
AR signaling in PCa. miR-331-3p blocked DHT-induced PSA
expression and PSA-LUC reporter gene activity in LNCaP cells

FIGURE 4. The 3�-UTR of ERBB-2 mRNA is a direct target of miR-331-3p via two miR-331-3p target sites. A, schematic representation of firefly luciferase
reporter constructs for full-length, wild type ERBB-2 3�-UTR and perfect miR-331-3p target. 22RV1 cells were co-transfected with pmiR-REPORT constructs and
miR-NC (1 nM), miR-331-3p (1 nM), LNA-NC (10 nM), or LNA-miR-331-3p (10 nM). B, schematic representation of firefly luciferase reporter constructs of wild type
and mutant ERBB-2 3�-UTR miR-331-3p-A and -B target sites and perfect -3p target. 22RV1 cells were co-transfected with pmiR-REPORT and CMV-Renilla
constructs, and miR-NC or miR-331-3p (1 nM), and assayed for firefly and Renilla luciferase activities after 24 h. Relative luciferase expression values are
expressed as a ratio of miR-NC to LNA. Asterisk indicates significant difference between miR-NC transfected control cells (p � 0.05). All data are representative
of at least three independent experiments. Error bars are as described in the legend to Fig. 2.
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but it did not alter AR expression,
suggesting that miR-331-3p indi-
rectly reduces transcription and
expression of AR pathway target
genes such as PSA via cross-talk
between ERBB-2 and AR signaling
pathways.

DISCUSSION

We have demonstrated that the
ERBB-2 mRNA 3�-UTR contains
two specific, direct miR-331-3p tar-
get sites, and that miR-331-3p
down-regulates ERBB-2mRNA and
protein expression and signaling
in multiple PCa cell lines. The
observed reduction in ERBB-2
mRNA levels by miR-331-3p is con-
sistent with recent reports indicat-
ing that manymiRNAs regulate tar-
get gene expression by promoting
mRNA decay (35, 36). miR-331-3p
expression is decreased in ERBB-2
overexpressing PCa tissue relative
to normal adjacent tissue, suggest-
ing a role for miR-331-3p in the
development and progression of
this disease. Furthermore, we have
shown that miR-331-3p blocked AR
signaling in PCa cells, without reduc-
ing AR expression, by decreasing
androgen-induced PSA promoter
activity and PSA protein expression.
These data suggest that loss of miR-
331-3p expression could promote the
increasedERBB-2 expression and sig-
naling seen inmany prostate cancers,
and that thismaypromote theARsig-
naling pathway.
Although ERBB-2 gene amplifi-

cation is common in ERBB-2 over-
expressing breast tumors, it is a very
rare event in PCa (37), suggesting
that post-transcriptional mecha-
nisms, such as regulation by miR-
NAs, may determine its expression
in this disease. Recent evidence sug-
gests that expression of the ERBB
receptor family in cancer cells can
be mediated in part by miRNAs (28,
38, 39). There is poor conservation
of the two ERBB-2 3�-UTR miR-
331-3p target sites (Fig. 1B,A andB)
between human and rodent. How-
ever, TargetScan analysis (33) indi-
cates that these sites are among the
highest ranking predicted miR-
331-3p target sites, with context

FIGURE 5. miR-331-3p decreases ERBB-2 protein expression and signaling, and blocks PSA expression and
promoter activity in LNCaP cells. A, LNCaP cells were transfected with miR-NC or miR-331-3p (30 nM) for 48 h and
serum starved for 24 h thereafter, followed by stimulation � heregulin (HRG; 50 ng/ml) for 20 min. Cell lysates were
analyzed for total ERBB-2, phospho-ERBB-2, AR, total AKT, and phospho-AKT expression by immunoblotting. B,
LNCaP cells were transfected with miR-331-3p for 48 h and treated � DHT (10 nM) and � bicalutamide (10 �M). Total
PSA expression was determined by immunoblotting. C, LNCaP cells were co-transfected with a PSA-luciferase vector
(PSA-LUC) and thymidine kinase-Renilla vector and with miR-NC or miR-331-3p (1 nM). Relative luciferase expression
(firefly normalized to Renilla) values are expressed as a ratio of miR-NC-transfected cells (�S.D.). Asterisk indicates signifi-
cantdifferencebetweenmiR-NCtransfectedcontrolcells(p�0.05).Errorbarsrepresent confidence intervals (CI�0.95).
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score percentiles of 97 and 88%, respectively, when taking into
account criteria that are associated with miRNA target site
functionality, such as 3� compensatory base pairing, local AU
sequence content, and position within the 3�-UTR (34). Our
reporter gene assays indicate that target sites A and B contrib-
ute to the direct repression of ERBB-2 expression by miR-
331-3p despite their weak evolutionary conservation. This is
consistent with our previous findings with miR-7 and the epi-
dermal growth factor receptor, wheremiR-7 targets two poorly
conserved sites within the epidermal growth factor receptor
3�-UTR to regulate epidermal growth factor receptor expres-
sion and signaling (39), emphasizing that strong miRNA target
site conservation between species is not essential for a site to be
functional. Importantly, mutation of each ERBB-2 3�-UTR
miR-331-3p target site seed binding region impaired repression
of reporter gene activity by miR-331-3p, whereas in contrast,
transfection with unrelated miRNA did not repress reporter
activity. This confirmed the direct and specific interaction of
miR-331-3p with each ERBB-2mRNA 3�-UTR site.

Anti-androgen therapy (bicalutamide (CasodexTM)) is
widely used for locally advanced PCa; however, after an initial
response to treatment some tumors recur in an androgen-inde-
pendent form. The molecular mechanisms underlying andro-
gen independence are not fully understood, however, elevated
ERBB-2 expression and signaling is thought to promote the
progression of PCa from an androgen-dependent to an andro-
gen-independent state by producing constitutive activation of
AR signaling despite androgen withdrawal or blockade (4, 6).
This may be achieved by enhanced recruitment of the AR to
androgen-responsive promoters (40). Thus, ERBB-2 has
emerged as a therapeutic target in PCa, with preclinical and
clinical studies investigating the efficacy of anti-ERBB-2mono-
clonal antibodies (e.g. trastuzumab or pertuzumab) for the
treatment of the disease (41–44). These studies have yielded
disappointing results with little or no anti-tumor activity
observed. However, these trials have involved patients with
advanced PCa and patients have not been stratified or recruited
according to tumor ERBB-2 expression, suggesting that better
selection may be required in future studies (37). It is possible
that blocking ERBB-2 signaling will hinder the progression of
PCa to androgen independence, or that ERBB-2 blockade will
restore androgen dependence, suggesting that co-administra-
tion of an ERBB-2 inhibitor with an anti-androgen (e.g. bicalu-
tamide) might have clinical benefits (45). Our transfection
studies are consistent with this hypothesis, with the combina-
tion of miR-331-3p and bicalutamide giving stronger repres-
sion of androgen-stimulated PSA promoter activity than either
miR-331-3p or bicalutamide alone (Figs. 5C and 6). It has also
been suggested that resistance to second line therapies, includ-
ing ERBB-2 inhibitors, may result from loss of the tumor sup-
pressor PTEN and subsequent activation of the PI3K/AKT
pathway, a common event in advanced PCa that is associated
with androgen independence (46–48). Indeed, PTEN loss is
associated with trastuzumab resistance in breast cancer (49).
Furthermore, bicalutamide monotherapy is associated with
increased expression of ERBB-2 and phosphorylated AKT and
reduced expression of PTEN in PCa (5). Interestingly, our work
suggests that miR-331-3p has the capacity to block PI3K/AKT

signaling in PCa cells independent of their PTEN status
(LNCaP, PTEN-negative; 22Rv1 and DU145, PTEN-positive)
(50), possibly by targeting other molecules involved in this
pathway downstream of PTEN, and thus miR-331-3p could be
used to overcome the inherent resistance of PTEN-negative
prostate cancers to anti-ERBB-2 and other second line thera-
pies (e.g. chemotherapy).
Our study is the first to implicatemiR-331-3p in PCa. Dereg-

ulated expression of miRNAs in cancer is often associated with
gain or loss of chromosomal regions, with many miRNA genes
located in fragile sites that are frequently altered in cancer (51–
53). Alternatively, aberrant miRNA expression can occur
through epigenetic mechanisms or by defects in miRNA bio-
genesis (14–16). We observed decreased expression of both
primary and mature miR-331-3p in PCa tissue relative to nor-
mal adjacent prostate tissue (Fig. 3, A and B), suggesting that
reduced miR-331-3p expression in PCa cells does not result
fromabnormal processing ofmiR-331-3p. The humanmiR-331
gene is located at 12q22, a chromosomal region that is not com-
monly altered in PCa. One possible explanation for decreased
miR-331-3p expression in PCa is that there is reduced miR-
331-3p gene transcription, resulting in less primary, and there-
fore mature, miR-331-3p being produced. Other studies have
reported altered transcription of miRNA genes in cancer (17,
54). In this regard, it will be interesting to characterize themiR-
331-3p promoter and its activity in PCa cells.
In summary, we have identified ERBB-2 as a direct and spe-

cific target of miR-331-3p in PCa cells. miR-331-3p expression
is reduced in PCa and promotes elevated ERBB-2 expression
and signaling, which increases AR signaling. Transfection of
PCa cell lines with miR-331-3p reduced ERBB-2 expression,
PI3K/AKT signaling, and blocked AR signaling. This suggests
that miR-331-3p has the capacity to regulate activity of critical

FIGURE 6. miR-331-3p blocks AR signaling via inhibition of ERBB-2
expression and AKT activity in prostate cancer cells. AR antagonists such
as bicalutamide bind to the AR and prevent its activation and expression of
AR target genes, such as PSA. Nevertheless, AR signaling may persist in pros-
tate cancer cells despite AR blockade, in part via increased expression of the
ERBB-2 receptor tyrosine kinase and subsequent activation of the PI3K/AKT
pathway, which causes AR phosphorylation and promotes expression of AR
target genes. miR-331-3p directly targets the ERBB-2 mRNA 3�-UTR to regu-
late ERBB-2 protein expression, thereby reducing PI3K/AKT signaling and AR
signaling. The combination of an AR antagonist (bicalutamide) and miR-
331-3p effectively blocks AR signaling (PSA expression and PSA promoter
activity) in LNCaP prostate cancer cells. (�) indicates activation step of path-
way and (�) indicates inhibition of pathway component.
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signaling pathways in PCa cells. Ongoing studies will investi-
gate the potential for miR-331-3p to mediate cross-talk
between the AR and ERBB-2 signaling pathways and modulate
the sensitivity of PCa cells to anti-androgen and anti-ERBB-2
therapies.
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