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Background: The combined effect of HuR and miR-331-3p on ERBB-2 expression in prostate cancer (PCa) is unknown.
Results: HuR regulated ERBB-2 expression and antagonized the repressive action of miR-331-3p.
Conclusion: HuR and miR-331-3p participate in overexpression of ERBB-2 in PCa.
Significance: Interplay between HuR and miR-331-3p regulates the post-transcriptional expression of ERBB-2 in PCa.

ERBB-2 overexpression is associated with the development
and progression of cancer and mediates its resistance to ther-
apy. It has been suggested that post-transcriptional mecha-
nisms control the overexpression of ERBB-2 in prostate can-
cer (PCa).We recently demonstrated that the 3�-untranslated
region (3�-UTR) of ERBB-2 mRNA contains two specific tar-
get sites for binding of the microRNA miR-331-3p and that
miR-331-3p represses ERBB-2 expression and signaling in
PCa cells. Here we investigate a U-rich element situated in
close proximity to the distal miR-331-3p target site in the
ERBB-2 3�-UTR. Specific binding of HuR to this U-rich ele-
ment promotes ERBB-2 expression in PCa cells. We show
that HuR antagonizes the repressive action of miR-331-3p on
its distal ERBB-2 3�-UTR target site. These results support a
model in which the interplay between RNA-binding proteins
and microRNAs controls the post-transcriptional regulation
of gene expression and suggest that both HuR and miR-
331-3p participate in the overexpression of ERBB-2 observed
in some PCas.

Prostate cancer (PCa)3 is a leading cause ofmale cancer death
(1). Although anti-androgen therapy is generally effective in the
initial treatment of locally advanced or metastatic PCa, the dis-

ease ultimately transforms into a hormone-independent state
that is associated with treatment resistance and a poor progno-
sis (2). A variety of agents have been tested for the treatment of
hormone-independent PCa, but results to date have been dis-
appointing, with only docetaxel-based chemotherapy being
shown to improve the survival of this group of patients (3, 4).
Consequently, there has been intense research toward under-
standing themolecular mechanisms that promote the develop-
ment and progression of hormone-independent PCa and that
mediate its aggressive behavior and treatment resistance. A
recent meta-analysis of 5,976 PCa patients found a significant
positive association between overexpression of the ERBB-2
receptor tyrosine kinase (also known asHER2/neu) and the risk
of disease recurrence and death (5). In addition to its role as a
prognostic indicator in PCa, ERBB-2 inhibitors have been eval-
uated in clinical trials for this disease, albeit with disappointing
results. Very limited anti-tumor activity was observed in a
phase II trial of trastuzumab involving 18 patients with
advanced hormone-independent PCa (6), whereas a phase II
trial of the dual ERBB-1/ERBB-2 inhibitor lapatinib in patients
with advanced, hormone naive PCa did not produce disease
regression (7). The precise mechanisms underlying the lack of
response to ERBB-2 inhibitors in PCa are unclear; however, a
majority of patients had tumors that did not express detectable
levels of ERBB-2 protein. Nevertheless, it is possible that com-
bining ERBB-2 inhibitors and cytotoxic agentsmight produce a
better therapeutic effect. In support of this, trastuzumab poten-
tiates the anti-tumor activity of docetaxel in a human PCa
xenograft model (8), whereas a phase I trial of docetaxel, estra-
mustine, and trastuzumab in metastatic androgen-indepen-
dent PCa produced objective responses in a subset of patients
(9). Similarly, strongly synergistic growth-inhibitory effects have
been reported when inhibitors of the Hedgehog and ERBB-2 sig-
naling pathways were used together in androgen-independent
PCa cells (10). Together, these results highlight the importance of
selecting patients with measurable tumor ERBB-2 expression for
ERBB-2 inhibitor treatment and the need to more effectively
inhibit downstream signaling pathways in those patients with low
or undetectable tumor ERBB-2 expression.
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ERBB-2 and activation of its downstream oncogenic signal-
ing networks (e.g. PI3K/Akt pathway) is thought to promote
persistent androgen receptor (AR) signaling in hormone-inde-
pendent PCa (11). An understanding of the regulation of
ERBB-2 expression in PCa might therefore enable the develop-
ment of new strategies to effectively block ERBB-2 expression
and downstream signaling, including cross-talk between
ERBB-2 signaling and the AR signaling pathway. A recent study
of more than 2,000 PCas found low level ERBB-2 overexpres-
sion in�20%of samples (12), althoughno significant difference
in ERBB-2 expression was observed between hormone-depen-
dent and hormone-independent tumors. Nevertheless, ERBB-2
gene amplification is extremely rare in PCa (12, 13), suggesting
that ERBB-2 overexpression is likely to result from transcrip-
tional and/or post-transcriptional mechanisms. Recently, we
demonstrated that microRNA-331-3p (miR-331-3p) down-
regulates ERBB-2 expression in PCa cells (14). microRNAs
(miRNAs) are a family of short, endogenous, non-coding RNAs
that bind with imperfect complementarity to the 3�-untrans-
lated region (3�-UTR) of specific target mRNAs, resulting in
degradation or translational repression (15, 16). An increasing
number of studies implicate miRNAs in processes such as cell
growth and differentiation (17, 18), and aberrant miRNA
expression is found in diseases such as cancer (19). Several
reports have described alteredmiRNA profiles in PCa (20–22),
and it has been suggested that specific miRNAs might have
potential as biomarkers or therapeutic targets in this disease
(23–27). Our work demonstrated that expression of miR-
331-3p is decreased in PCa cells relative to matched normal
adjacent prostate tissue and that miR-331-3p regulates ERBB-2
expression via direct binding to two miR-331-3p target sites
within the ERBB-2 mRNA 3�-UTR (14). As a result, miR-
331-3p can also inhibit the AR signaling pathway in PCa cells,
presumably at least in part via cross-talk between the PI3k/Akt
pathway downstream of ERBB-2 and the AR pathway. Other
studies have since confirmed the down-regulation of miR-
331-3p in PCa (22, 28), providing additional evidence to sup-
port its role as a tumor suppressor miRNA in this system.
In this study, we investigated the potential interplay between

miR-331-3p and RNA-binding proteins (RBPs) that simultane-
ously target the ERBB-2 3�-UTR. We hypothesized that a
U-rich element (URE) adjacent to a miR-331-3p target site
within the ERBB-2 3�-UTRmight represent a target for binding
of the RBP HuR and that this binding might alter the activity of
miR-331-3p upon its target site andhencemodulate the expres-
sion of ERBB-2mRNA in PCa cells. HuR is a member of the Hu
family of RBPs that has diverse biological functions, including
cell development, growth and proliferation, and stress
responses (29), and is overexpressed and/or accumulates in the
cytoplasm in a range of cancers (30–36), including PCa (30, 37).
In breast cancer cells, HuR binds the ERBB-2 mRNA 3�-UTR
(38), andmodulation ofHuR expression alters the expression of
ERBB-2 (39). Although the importance of transcriptional and
post-transcriptional mechanisms in the control of ERBB-2
expression in PCa is known, the role of HuR in this system has
not beendetermined. Furthermore, it is unclearwhetherHuR is
able to modulate action of miR-331-3p upon the ERBB-2
mRNA. Here, we present evidence showing that the ERBB-2

3�-UTR URE is a specific target for binding of HuR in PCa cells
and demonstrate that HuR promotes ERBB-2 expression by
antagonizing the repressive action of miR-331-3p upon its dis-
tal ERBB-2 3�-UTR target site. Our findings support a model of
post-transcriptional control of gene expression involving the
combined action of RBPs and miRNAs and suggest that both
HuR and miR-331-3p participate in the development and pro-
gression of PCa by regulating ERBB-2 expression in prostate
tumors.

EXPERIMENTAL PROCEDURES

Cell Culture, siRNA, miRNA Precursors, and Plasmid DNA—
LNCaP-FGC (LNCaP) cells were obtained from the American
Type Culture Collection (ATCC) and cultured at 37 °C in 5%
CO2 with RPMI 1640 supplemented with 10% fetal bovine
serum. Synthetic siRNA molecules corresponding to human
HuR (ELAV-1 Silencer� Select siRNA, catalog nos. S4608,
S4609, and S4610) and Negative Control (negative control 1
Silencer� Select siRNA) were sourced (Ambion). In addition,
an established HuR siRNA (si-HuR-Sully) (40) was obtained
(Dharmacon). Synthetic miRNA precursor molecules corre-
sponding to human miR-331-3p (pre-miR miRNA precursor
product ID: PM10881) and a negative controlmiRNA (pre-miR
miRNA precursor negative control 1 (miR-NC); catalog no.
AM17110) were also sourced from Ambion.
The dual luciferase reporter miRNA target clone for the

ERBB-2 3�-UTR (HmiT004969) was sourced from Geneco-
poeia (Rockville, MD) and contained the full-length ERBB-2
3�-UTR inserted downstream of a firefly luciferase reporter
gene as well as a Renilla luciferase gene for data normalization.
pmiR-REPORT luciferase vectors were constructed by ligating
synthetic DNA oligonucleotides corresponding to sequences
within the ERBB-2 3�-UTR (wild type and mutant) into pmiR-
REPORT (Ambion) using SpeI/HindIII restriction sites. Oligo-
nucleotide sequences from the ERBB-2 3�-UTR are indicated in
Table 1. The pGL3-ERBB-2 URE vector was constructed by
cloning the ERBB-2 3�-UTR URE sequence using SpeI/ApaI
restriction sites into a pGL3-control vector (Promega) that con-
tained a multiple cloning site (MCS) downstream of the firefly
luciferase gene (pGL3-MCS) (41). The pGL3-ERBB-2 URE
deletion mutant vector was constructed by amplifying frag-
ments on either side of the ERBB-2 3�-UTR URE with MseI
restriction sites added. Amplified MseI fragments were
digested with MseI and fused in the sense orientation to form
an ERBB-2 3�-UTR deletion mutant, which was inserted (SpeI/
ApaI) into the pGL3-MCS control vector. The empty pGL3-
MCS vector was used as a negative control in IP-RT-PCR
experiments (see “Immunoprecipitation (IP)-RT-PCR” and
“Plasmid DNA, siRNA, and miRNA Precursor Transfections
and Reporter Gene Assays”). For riboprobe synthesis, the
ERBB-2 3�-UTR URE element was cloned into pBluescript
(Stratagene) using BamHI/HindIII restriction sites. The
sequences of all plasmids were verified by DNA sequencing.
Immunoprecipitation (IP)-RT-PCR—IP-RT-PCRassayswere

performed as described previously (15) using extracts prepared
from LNCaP cells. Antibodies used were against HuR (3A2;
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), catalog no.
sc-5261), anti-mouse IgG (NA931V;GEHealthcare), or hnRNP
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E1 as an unrelated antibody control (T18; Santa Cruz Biotech-
nology Inc., catalog no. sc-16504). PCR primers for ERBB-2 or
LUC were as described above.
RT and PCR—Total RNA was extracted from cells with

TRIzol reagent (Invitrogen) and treated with DNase I (Pro-
mega) to eliminate contaminating genomic DNA. For IP-RT-
PCR analysis of ERBB-2 or luciferase (LUC)mRNA expression,
1 �g of total RNA was reverse transcribed to cDNA with ran-
dom hexamers and Thermoscript (Invitrogen). Semiquantita-
tive PCR for ERBB-2 or luciferase RNA was performed using a
PTC-100 programmable thermocycler (MJ Research Inc.) with
Platinum Taq DNA polymerase (Invitrogen) and primers
ERBB-2180-F (5�-GCT CCT CCT CGC CCT CTT GC-3�),
ERBB-2670-R (5�-GCC AGC TGG TTG TTC TTG TG-3�),
LUC-F (5�-TAC TGG GAC GAA GAC GAA CAC-3�), and
LUC-R (5�-GTT CAC CGG CGT CAT CGT CG-3�).
Expression of HuR mRNA was determined by qRT-PCR

analysis ofHuR and six reference genes (GAPDH,�-actin, K-al-
pha-1, ALAS-1, HPRT-1, and 18S rRNA (42, 43)) that were
selected using geNorm and NormFinder utilities in GENEX
software (MultiD). Primer sequences are as follows: �-actin-F,
5�-GCCAACACAGTGCTGTCTGG-3�; �-actin-R, 5�-TAC
TCC TGC TTG CTG ATC CA-3�; GAPDH-F, 5�-ATG GGG
AAG GTG AAG GTC G-3�; GAPDH-R, 5�-GGG GTC ATT
GAT GGC AAC AAT A-3�; K-alpha-1-F, 5�-TGG AAC CCA
CAG TCA TTG ATG A-3�; K-alpha-1-R, 5�-TGA TCT CCT
TGC CAA TGG TGT A-3�; HPRT-1-F, 5�-ACG AGC CCT
CAG GCG AAC CT-3�; HPRT-1-R, 5�-AAT CAC GAC GCC
AGG GCT GC-3�; ALAS-1-F, 5�-CGC TGT GGG GAC ACG
ACC AC-3�; ALAS-1-R, 5�-ATG GGC AGC GGC GAA CAA
CA-3�; 18 S-F, 5�-CAC TGT CAA CCC AAC ACA GG-3�; 18
S-R, 5�-GGC AGG TCA ATT TCA CTG GT-3�; HuR-F,
5�-CTC GGT TTG GGC GGA TCA TC-3�; HuR-R, 5�-TTC
TGC CTC CGA CCG TTT G-3�. For qRT-PCR analysis of ref-
erence and target genes, 125 ng of total RNA was reverse tran-
scribed to cDNA with random hexamers, oligo(dT) primers,
andQuantiscript (Qiagen). Quantitative PCR for reference and
target genes was performed on a Rotor-Gene 6000 real-time
rotary analyzer (Corbett Life Science) using the Rotor-Gene
SYBR Green PCR kit (Qiagen). Expression of HuR mRNA was
normalized to GAPDH and �-actinmRNA expression, and rel-
ative HuRmRNA expression was determined using the 2���Ct

method (44).
Plasmid DNA, siRNA, and miRNA Precursor Transfections

and Reporter Gene Assays—LNCaP cells were transfected with
siRNA to HuR (ELAV-1 Silencer� Select siRNA catalog
no. S4608; ELAV-1 Silencer� Select siRNA catalog no. S4610 or
si-HuR-Sully) or negative control (negative control 1 Silencer�
Select siRNA) at a final concentration of 5 nM, using Lipo-
fectamine 2000 (Invitrogen). Initial experiments confirmed
that si-HuR-Sully was effective to silence HuR expression in
LNCaP cells. ELAV-1 Silencer� Select siRNAs S4608 and s4610
were also confirmed as the most effective HuR siRNAs from a
set of three ELAV-1 siRNAs (catalog nos. S4608, S4609, and
S4610) in optimization experiments (data not shown).
miRNA transfection experiments were performed as

described (45). Briefly, cells were transfected with miR-331-3p
or miR-NC precursor at 2 nM (reporter gene assays, 24 h) or 30

nM (target validation, 3 days), respectively, using Lipofectamine
2000 (Invitrogen).
For reporter gene assays, 3 days aftermiRNAor siRNA trans-

fection, LNCaP cells were retransfected using 100 ng of pmiR-
REPORT vectors and a 5-ng Renilla luciferase vector. Lysates
were assayed for firefly and Renilla luciferase activities 24 h
after transfection using the Dual Luciferase reporter assay sys-
tem (Promega) and a Fluostar OPTIMA microplate reader
(BMG Labtech). Firefly luciferase activity was normalized to
Renilla luciferase activity.
Western Blotting—Cytoplasmic protein extracts were pre-

pared as described (41), resolved on NuPAGE 4–12% BisTris
gels or NuPAGE 10% BisTris gels (Invitrogen), and transferred
to PVDF Plus membranes (Roche Applied Science). Mem-
branes were blocked in 5% skim milk/TBST and probed with
anti-�-actin mouse monoclonal antibody (1:10,000; Abcam
catalog no. ab6276-100), anti-tubulin rat polyclonal antibody
(1:1,000; Abcam catalog no. ab6161-100), anti-HuR (3A-2)
(1:2,000, Santa Cruz Biotechnology, Inc., catalog no. sc-5261),
anti-ERBB-2 (CB-11) mouse monoclonal antibody (1:1,000;
Abcam catalog no. ab8054-1), or anti-AR (H-280) rabbitmono-
clonal antibody (1:1,000; Santa Cruz Biotechnology, Inc., cata-
log no. sc-13062). Secondary horseradish peroxidase-linked
anti-mouse-IgG (NA931V; GE Healthcare), anti-rabbit-IgG
(NA934V; GEHealthcare), or anti-rat-IgG (ab6734–1; Abcam)
antibodies were used at 1:10,000 prior to detection with ECL
Plus detection reagent and ECL-Hyperfilm (GE Healthcare).
Protein bands of interest were quantitated by obtaining pixel
densities of each band and correcting with a background pixel
density using Quantity One software (Bio-Rad).
RNA Electromobility Shift Assay (REMSA)—Overexpression

and purification of GST-HuR was performed as described pre-
viously (41). REMSA and RNase footprinting were performed
as described previously (46)4 for supershifts using HuR anti-
body (3A2; Santa Cruz Biotechnology catalog no. sc-5261) or
non-related hnRNP E1 antibody (T18; Santa Cruz Biotechnol-
ogy, Inc., catalog no. sc-16504). DNA analogues used to probe
miR-331-3p interactions with the ERBB-2UREwere as follows:
331-3pDNA (5�-GCCCCTGGGCCTATCCTAGAA-3�) and
URE-Comp DNA (a perfectly complementary DNA to the
ERBB-2 miR-331b site; 5�-CCC CCT GGG TCT TTA TTT
CAT-3�). A 10-fold excess of DNA was mixed with probe RNA
in water, heated to 75 °C for 5 min prior to dilution to 2� final
concentration in 2� binding buffer, and incubated at 37 °C for
20 min prior to the addition to binding reactions. RNase H
digestions (0.01 unit of RNase H from Invitrogen/reaction)
were performed in a manner comparable with other RNase
digestions.4
Statistical Analysis—The statistical significance of differ-

ences in luciferase expression data were evaluated using paired
(one-tailed or two-tailed, as indicated) Student’s t test. Synergy
in combined reporter mutations was assessed according to the
method of Bliss (48), where synergy occurs when EBliss �
EObserved. Statistical analysis of qRT-PCR data was performed
usingGENEXsoftware (MultiD).All analyseswere performed at a

4 A. Barker, M. R. Epis, C. J. Porter, B. R. Hopkins, M. C. Wilce, J. A. Wilce, K. M.
Giles, and P. J. Leedman, manuscript in preparation.
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minimumconfidence interval of 95% (CI� 0.95) andnormality of
data were confirmed by the Kolmogorov-Smirnov test.

RESULTS
HuR Interacts with a U-rich Element in Close Proximity to an

Established miR-331-3p Target Site within the 3�-UTR of
ERBB-2 mRNA in PCa Cells—Previously, we demonstrated
that the ERBB-2 mRNA 3�-UTR contains two specific target
sites for direct binding of miR-331-3p (14). Further analysis of
the ERBB-2 3�-UTR sequence identified a URE (nucleotides
4467–4511 of GenBankTM accession number NM_004448)
immediately adjacent to the distalmiR-331-3p target site (331b;
Fig. 1A), raising the possibility that this U-rich sequence was a

target for specific binding of HuR, an AU- and U-rich RBP impli-
cated in regulating expression of oncogenic mRNAs (49, 50),
including ERBB-2 in breast cancer (38, 39). To investigate the
interaction, we performed IP-RT-PCR assays using LNCaP cells
(Fig. 1B). These demonstrated co-immunopurification of ERBB-2
mRNAwithHuR(Fig. 1B, lane4), providingevidence foran invivo
interaction between HuR and ERBB-2mRNA in PCa cells.
To determine whether the ERBB-2 3�-UTR URE was a spe-

cific target for HuR binding, we transfected LNCaP cells with
pGL3-control or pGL3-ERBB-2-URE luciferase reporter con-
structs, immunoprecipitated cell lysates with HuR or unrelated
antibody (mouse IgG or hnRNP E1), and used RT-PCR to

FIGURE 1. HuR binds the ERBB-2 mRNA 3�-UTR URE in vitro and in vivo. A, the ERBB-2 mRNA 3�-UTR contains two miR-331-3p binding sites (miR-331-3p
target A and miR-331-3p target B) as well as a URE. The nucleotide sequences of the URE (boxed) and the miR-331-3p target B (seed region is underlined)
are provided, and the individual nucleotide positions are indicated (also refer to Fig. 5). B, co-immunopurification of ERBB-2 mRNA with HuR in PCa cells.
LNCaP protein lysates were immunoprecipitated with IgG (control) or HuR antibody, and RT-PCR was used to detect co-purification of ERBB-2 mRNA
with endogenous HuR. C, co-immunopurification of HuR with chimeric ERBB-2 3�-UTR URE-luciferase RNA in LNCaP cells. After transfection of LNCaP
cells with pGL3-control or pGL3-ERBB-2 URE plasmid DNA, protein lysates were immunoprecipitated with IgG (control), HuR, or hnRNP E1 (unrelated)
antibody. RT-PCR was used to detect co-purification of ERBB-2 URE-luciferase RNA with endogenous HuR, demonstrating an in vivo association between
HuR and the ERBB-2 URE in PCa cells. D, recombinant GST-HuR binds the ERBB-2 URE in REMSA. GST fusion proteins were incubated with 32P-pBluescript
(vector control) or 32P-pBluescript-ERBB-2 URE riboprobes. RPCs were resolved by non-denaturing PAGE and visualized by autoradiography. The
addition of HuR antibody to binding reactions produced a specific supershift (SS) of RPCs containing GST-HuR and 32P-pBluescript-ERBB-2 URE RNA.
Lane numbers are shown above all gels.
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detect exogenous luciferase mRNA. Marked enrichment of
luciferase mRNAwas observed fromHuR immunoprecipitates
of LNCaP cells transfected with pGL3-ERBB-2-URE (Fig. 1C,
lane 11) but not with pGL3-control-transfected cells (Fig. 1C,
lanes 7–9) or with unrelated antibodies (Fig. 1C, lanes 10 and
12). This suggested that HuR was directly associated with the
ERBB-2 URE element in PCa cells.
To confirm this finding, we performed REMSA experiments

with recombinant GST-HuR and 32P-labeled riboprobes (Fig.
1D). RNA-protein complexes (RPCs) formed when GST-HuR
was incubated with 32P-pBlue-ERBB-2-URE (lane 8) but not
with 32P-pBlue (lane 3). GST did not bind to either riboprobe
(lanes 2 and 7), validating the specificity of the GST-HuR/32P-
pBlue-ERBB-2-URE interaction. Furthermore, an anti-HuR
antibody shifted the GST-HuR/32P-pBlue-ERBB-2-URE RPCs,
whereas an unrelated (hnRNP E1) antibody did not (lane 9 ver-
sus lane 10). Together, these results indicate that HuR binds
directly and specifically to the ERBB-2 3�-UTR URE in PCa
cells.
HuR Regulates ERBB-2 Expression in PCa Cells—HuR

siRNAs (si-HuR) were transfected into LNCaP cells to assess
the functional significance of HuR on ERBB-2 expression in
PCa. This resulted in a significant HuR mRNA knockdown
assessed by qRT-PCR for two different siRNA molecules (Fig.
2A). Immunoblotting confirmed the reduction in HuR expres-
sion and revealed decreased levels of ERBB-2 protein, which
was quantified by densitometry (Fig. 2B). In contrast, si-HuR
did not alter expression of �-actin. These data suggest that
binding of HuR to the ERBB-2 URE regulates the post-tran-
scriptional expression of ERBB-2 in PCa cells.
HuR Antagonizes the Action of miR-331-3p on ERBB-2

mRNA—Our previous work indicated that miR-331-3p regu-
lates ERBB-2 expression in PCa cells via its interactionwith two
specific target sites in the ERBB-2 3�-UTR (14), one of which is
immediately distal to the ERBB-2-URE (miR-331b; Fig. 1A).
Interestingly, whereas miR-331-3p expression is down-regu-
lated in PCa cells (14, 22, 28), HuR is typically overexpressed
and/or aberrantly accumulates in the cytoplasm in various can-
cers (15, 16, 30, 31, 51–55), including PCa (37).We investigated
whether HuR could antagonize the ability of miR-331-3p to
down-regulate ERBB-2 expression in PCa cells. To address this,
we focused our analysis on the ERBB-2 URE and its distal miR-
331-3p site (miR-331b; Fig. 1A). In addition to the wild type
ERBB-2 URE and wild type miR-331-3p site (WT-URE/WT-
331b), we generated luciferase reporter constructs that con-
tained mutants of the URE and/or the miR-331b site (Fig. 3A)
for transfection studies using LNCaP cells together with syn-
thetic miR-331-3p precursor RNA.
Co-transfection of LNCaP cells with miR-331-3p and pmiR-

REPORT-WT-URE/WT-331b resulted in repression of
reporter gene activity relative to the same vector with miR-NC
(Fig. 3B, lane 2 versus lane 1), consistent with our earlier finding
(14). In LNCaP cells transfected with pmiR-REPORT-MT-
URE/WT-331b, co-transfection with miR-NC reduced basal
reporter expression relative to the WT-URE construct with
miR-NC (lane 3 versus lane 1), an effect that was increased
when cells were instead co-transfectedwithmiR-331-3p (lane 4
versus lane 1). These results suggested thatHuR can antagonize

the action of miR-331-3p on ERBB-2 mRNA because altering
HuR binding (MT-URE; lanes 3 and 4) lowers basal reporter
activity and increases the repressive effect of miR-331-3p on
reporter activity. To determine whether the combined effect of
altered HuR binding (MT-URE) and co-transfection with miR-

FIGURE 2. HuR regulates ERBB-2 expression in LNCaP cells. A, qRT-PCR
assays of HuR mRNA from LNCaP cells transfected with HuR siRNAs (si-HuR
s4608 and s4610) or si-NC for 24 h. HuR mRNA expression was normalized to
GAPDH mRNA expression and is shown as a ratio of si-HuR-transfected cells to
si-NC-transfected cells using the 2���Ct method and GENEX statistical soft-
ware. The asterisks indicate a significant difference from si-NC-transfected
control (*, p � 0.01). Error bars represent confidence intervals (CI � 0.95).
B, immunoblotting detection of ERBB-2, �-actin, and HuR expression using
protein extracts harvested from LNCaP cells 3 days after transfection with HuR
siRNAs (si-HuR Sully and s4610) or si-NC. ERBB-2 expression was quantitated
by densitometry measurement using Quantity One software. Asterisks indi-
cate a significant difference from si-NC-transfected control (*, p � 0.05). Error
bars, S.D.
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331-3p was synergistic, we performed Bliss analysis (48). For
the effect to be synergistic, the observed fractional inhibition
for the combination of altered HuR binding and miR-331-3p
transfection (lane 4) would exceed the sum of the individual
effects.We observed a fractional inhibition for the combination
of 0.6265 (EObserved) that is greater than the expected fractional
inhibition (EBliss; 0.5682), indicating that the combined effect is
synergistic.
When the miR-331b site was mutated (pmiR-REPORT

WT-URE/MT-331b), the repressive action of miR-331-3p was
blocked (Fig. 3B, compare lanes 5 and 6 with lanes 1 and 2),
supporting its role as a negative regulator of ERBB-2 expres-
sion. The double mutant construct (MT-URE/MT-331b)
showed reduced expression consistent with reducedHuR bind-
ing, and this effect was not substantially increased by the addi-
tion of miR-331-3p (lanes 7 and 8). Finally, we confirmed that
the observedmiR-331-3p repressionwas due tomiR-331-3p, by
co-transfection of miR-331-3p with a luciferase reporter vector
containing a perfect miR-331-3p target site. Co-transfection of
miR-331-3p resulted in significant reduction of activity of this
reporter compared with co-transfection of miR-NC (lane 10
versus lane 9).
To support these observations, we used si-HuR to first

deplete HuR expression in LNCaP cells. Co-transfection of
these cells with miR-331-3p and a full-length ERBB-2 3�-UTR
reporter construct showed significantly reduced luciferase
expression in si-HuR-transfected cells relative to cells trans-
fected with a non-targeting siRNA (si-NC) (Fig. 3C, lanes 4 and
6 versus lane 2). Because a large number of proteins could
potentially interact with the URE (56), this result indicates that
it is the binding of HuR to the ERBB-2-URE that prevents miR-
331-3p from targeting the miR-331b site.
The ERBB-2 MT-URE Is Still Bound by HuR—To confirm

that the MT-URE mutation affects HuR binding and that the
MT-331b mutation does not, we performed REMSA experi-
ments with purified full-lengthHuRorwith a truncated formof
the protein, HuRI&II, that contains only the first two RRM

FIGURE 3. HuR antagonizes the action of miR-331-3p on ERBB-2 mRNA.
A, schematic representation of firefly luciferase reporter constructs for
wild type or mutant ERBB-2 URE (WT-URE or MT-URE) together with wild
type or mutant miR-331-3p target B (WT-331b or MT-331b). A firefly lucif-
erase plasmid that contained a perfect miR-331-3p target site was
included as a positive control for miR-331-3p activity (14). B, LNCaP cells
were co-transfected with reporter constructs containing wild type or
mutant ERBB-2 URE and miR-331-3p site B and miR-NC or miR-331-3p and
assayed for firefly and Renilla luciferase activities after 24 h. Relative lucif-
erase expression (firefly normalized to Renilla) values are expressed as a
ratio of WT-URE/WT-331b � miR-NC-transfected cells (i.e. relative to lane
1). Results are representative of three independent experiments. Error
bars, S.E. Asterisks represent statistically significant differences (*, p � 0.05;
**, p � 0.005; ***, p � 0.0005) and are from one-tailed t tests except for the
comparison between WT-URE/WT-331b � miR-331-3p and MT-URE/WT-
331b � miR-331-3p, which is two-tailed. Synergy for the combined effect
of URE mutation and transfection of miR-331-3p was assessed using Bliss
analysis (48), where EBliss � 0.6857 � 0.1175 � 0.5682, and EObserved �
0.6265. C, LNCaP cells were co-transfected with a luciferase plasmid con-
taining full-length ERBB-2 3�-UTR, si-NC or si-HuR (HuR siRNA s4610 or
s4608), and miR-NC or miR-331-3p. At 24 h, lysates were assayed for firefly
and Renilla luciferase activities and relative luciferase expression (firefly
normalized to Renilla) indicated as a ratio of miR-NC-transfected cells.
Error bars, S.D. Asterisks indicate a significant difference from miR-NC (*,
p � 0.05; **, p � 0.01).

TABLE 1
RNA sequences of probes used
Probes were generated from Acc65I-linearized pBluescript vectors by in vitro tran-
scription from the vector T7 promoter. Bases in ERBB-2 MT-URE, ERBB-2
WT-URE/MT-331b, or ERBB-2 MT-URE/MT-331b that are mutated in compari-
son with ERBB-2 WT-URE/WT-331b are underlined for ease of identification.
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domains (50, 57) and target RNAs corresponding to the rele-
vant portion of the luciferase constructs used in Fig. 3B (Table
1). As shown in Fig. 4 and Table 2, HuR and HuRI&II bind to
ERBB-2 WT-URE/WT-331b RNA: HuR with an affinity com-
parablewith that of other target RNAs evaluated previously and
HuRI&II with a higher affinity than HuR, a situation contrary to
that seen with other target RNAs.4 Surprisingly, given the dra-
matic effects on HuR binding caused by introducing guanine
residues in other RNA targets (50),4 the MT-URE mutation
(MT-URE/WT-331b) had amodest effect onHuR binding (Fig.
4B) with a less than 2-fold reduction inKd (Table 2), although a
greater effect is discernible forHuRI&II binding. There is also an
apparent reduction in themobility shift of the bound (retarded)
band in both cases. As expected, mutations within the miR-
331-3p seed region (WT-URE/MT-331b) did not affect HuR
binding (Fig. 4C andTable 2), whereas the combinedmutations
(MT-URE/MT-331b) were bound by HuR in an equivalent
manner to the MT-URE/WT-331b RNA (Fig. 4D and Table 2).
The addition of competitor tRNA did not significantly alter
HuR or HuRI&II binding (supplemental Fig. S1).

Given the results obtained in Fig. 4, B and D, we determined
the position of the primary binding sites for HuR in ERBB-2
WT-URE/WT-331b (Fig. 5) and ERBB-2 MT-URE/WT-331b
(Fig. 6) using RNase footprint assays. As noted previously for
c-Fos ARE, TNF� ARE, and MTA1 URE RNAs,4 a marked
preference of RNase A for the distal uracil in a string of
uracils in the ERBB-2 URE makes assignment of protected
bases difficult in these regions. However, weak digestion of
unbound RNA at bases immediately distal to U68 by RNase 1
and to C70 by RNase A is absent at the lowest concentration
of added HuR (Fig. 5, lanes 5 and 22). Protection is also
apparent at positions proximal to G63 but only at higher
concentrations of added protein. The appearance of RNase
hypersensitivity (Fig. 5, lanes 4–7, 13–16, 25–29, and 31–34)
with increasing HuR or HuRI&II concentration at bases distal
to U90 indicates the absence of bound protein in this region
as well as potential changes to RNA secondary structure
upon HuR binding.
The introduction of multiple guanines in ERBB-2 WT-URE

produced clearer RNase digestion patterns. Nevertheless,
RNase 1 gives the clearest indication of protection at the lowest
concentration ofHuR,which occurs betweenC51 andU68 (Fig.
6, lane 22). Some protection, notably at the highest HuR con-
centration examined, also occurs between U68 and U90, and
RNase hypersensitivity is apparent distal to U90, again raising
the possibility of alterations to RNA secondary structure upon
HuR binding. This result confirms that a shift in the primary
binding site for HuR has occurred, from between U68 and U90

FIGURE 4. Mutations within the ERBB-2 URE affect HuR binding. REMSAs
were performed with purified HuR or HuRI&II and several different probes:
ERBB-2 WT-URE/WT-331b (A), ERBB-2 MT-URE/WT-331b (B), ERBB-2 WT-URE/
MT-331b (C), or ERBB-2 MT-URE/MT-331b (D). Target sequences are shown in
Table 1. Lane numbers are indicated above each gel. The binding reaction for
lane 1 contained no protein. Binding reactions for lanes 2– 8 contained the
following: 1 � 10�8

M, 2 � 10�8
M, 5 � 10�8

M, 1 � 10�7
M, 2 � 10�7

M, 5 �
10�7

M, or 1 � 10�6
M HuR (calculated per monomer), respectively. Binding

reactions for lanes 9 –15 contained amounts of HuRI&II equivalent to the
amounts of HuR in lanes 2– 8. All binding reactions contained 1 � 10�8

M

concentrations of the relevant target RNA. �, absence of protein. Wedges
labeled with HuR or HuRI&II indicate increasing concentrations of each protein
above the other lanes. The positions of the free RNA (unbound) and slot (ori-
gin) are indicated to the right of each gel. Kd values calculated by non-linear
regression analysis of multiple repeats of each gel are shown in Table 2.

TABLE 2
Apparent Kd values for the initial binding of HuR or HuRI&II to the
ERBB-2 WT-URE/WT-331b or mutant RNAs shown in Fig. 4

Target RNA
Kd

HuR HuRI&II

M

WT-URE/WT-331b 8.2 	 1.1 � 10�8 4.1 	 0.4 � 10�8

MT-URE/WT-331b 1.1 	 0.3 � 10�7 2.0 	 0.5 � 10�7

WT-URE/MT-331b 8.3 	 1.1 � 10�8 4.3 	 0.7 � 10�8

MT-URE/MT-331b 1.2 	 0.3 � 10�7 3.4 	 1.9 � 10�7
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for ERBB-2 WT-URE (Fig. 5) to between C51 and U68 for
ERBB-2 MT-URE (Fig. 6).
HuR Binding Does Not Directly Inhibit miR-331-3p Binding

to the ERBB-2 URE—Because the primary HuR binding site in
the ERBB-2 URE shifts upon introduction of the MT-URE
mutation, we hypothesized that the synergy between introduc-
tion of the MT-URE mutation and the addition of miR-331-3p
by co-transfection (Fig. 3B) could be due to removal of steric

hindrance of miR-331-3p binding by bound HuR and designed
an in vitro RNase H digestion assay to test this. First, ERBB-2
WT-URE/WT-331b or ERBB-2 MT-URE/WT-331b RNA was
hybridized with either a DNA analog of miR-331-3p or a DNA
fully complementary to the miR-331b region. A mobility shift
was apparent for the latter but not the former upon hybridiza-
tion to both RNAs (supplemental Fig. S2), indicating that if a
complex does form between 331-3p DNA and the miR-331b

FIGURE 5. RNase footprint analysis of HuR binding to ERBB-2 WT-URE/WT-331b RNA. Lane 1 contains “untreated” ERBB-2 WT-URE/WT-331b RNA (mock-
digested) and is also labeled UN. Lane 2 contains ERBB-2 WT-URE/WT-331b RNA subjected to partial alkaline hydrolysis in order to generate a ladder corre-
sponding to consecutive bases and is also labeled AH. Lanes 3–11 are partially digested with RNase A (which cleaves after U or C bases), and binding reactions
contain the following: no protein (lane 3); 2 � 10�8

M HuR (lane 4); 5 � 10�8
M HuR (lane 5); 1 � 10�7

M HuR (lane 6); 2 � 10�7
M HuR (lane 7); 5 � 10�8

M HuRI&II
(lane 8); 1 � 10�7

M HuRI&II (lane 9); 2 � 10�7
M HuRI&II (lane 10); or 5 � 10�7

M HuRI&II (lane 11). The presence or absence of protein is indicated as previously.
RNase A digestion is also indicated by a label above lanes 3–11. Lanes 12–20 are RNase T1-digested (which cleaves after G bases); lanes 21–29 are RNase
1-digested (which cleaves preferentially after non-base-paired residues); and lanes 30 –38 are RNase V1-digested (which cleaves preferentially after base-paired
residues). Bands in the gel are assigned to the ERBB-2 WT-URE/WT-331b target RNA sequence below the gel by numbering. *, putative HuR binding site.
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site, it is at best transient. Interestingly, although significant
alterations in the pattern of band retardation by HuR are not
apparent (supplemental Fig. S2), the presence of the fully com-
plementary URE-Comp DNA leads to an approximate 2-fold
tightening of HuR binding for both target RNAs (Table 3).
Probing the observed complexes for DNA-RNA hybrids using
RNase H digestion reveals that 331-3p DNA forms a complex
with both ERBB-2WT-URE/WT-331b and ERBB-2 MT-URE/
WT-331b RNAs and that this complex appears to be strength-
ened by HuR binding (Fig. 7A). The main sites of digestion
observed for both RNA targets are within the miR-331b seed
sequence, indicating that the miR-331-3p DNA analog is faith-
fully mimickingmiR-331-3p binding (Fig. 7B). The URE-Comp
DNA complex does not alter in intensity with increasing HuR

as expected, with the major sites of RNase H digestion occur-
ring around the middle of the hybridized DNA. Thus, HuR
binding to the wild-type ERBB-2 URE does not prevent miR-
331-3p binding to its adjacent seed (miR-331b), although the
spacing between the two sites may be critical for the regulatory
outcome (Fig. 3B).

FIGURE 6. RNase footprint analysis of HuR binding to ERBB-2 MT-URE/WT-331b target RNA. Lane labeling, protein concentrations, and RNase designa-
tions are identical to the gel shown in Fig. 5 except that the target RNA used is the ERBB-2 MT-URE/WT-331b target RNA. *, putative HuR binding site.

TABLE 3
Apparent Kd values for the initial binding of HuR to the ERBB-2
WT-URE/WT-331b and MT-URE/WT-331b RNAs in the presence of
hybridizing DNA shown in Fig. 7

Target RNA Hybridizing DNA HuR Kd (M)

WT-URE/WT-331b 331-3p DNA 7.4 	 2.0 � 10�8

WT-URE/WT-331b Complementary DNA 3.7 	 0.8 � 10�8

MT-URE/WT-331b 331-3p DNA 1.4 	 0.4 � 10�7

MT-URE/WT-331b Complementary DNA 7.6 	 3.0 � 10�8
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Finally, to confirm the validity of our ERBB-2 3�-UTR URE
mutation (MT-URE) with respect to miR-331-3p action on its
miR-331b site, we deleted the entire URE from the ERBB-2
full-length 3�-UTR and tested its repression by exogenousmiR-
331-3p in LNCaP cells. The addition of miR-331-3p yielded a
significantly greater repression of luciferase expression from
the ERBB-2 full-length 3�-UTR-URE deletion mutant reporter
than from the ERBB-2 full-length 3�-UTR reporter (supple-
mental Fig. S3). This result indicates that loss ofHuR binding to
the ERBB-2 3�-UTR URE increases the repressive action of
miR-331-3p upon ERBB-2 mRNA.

DISCUSSION

In this study, we have investigated the coordinate roles of
HuR and miR-331-3p in regulating ERBB-2 expression in PCa
cells. We have shown that HuR is able to bind the ERBB-2
3�-UTR both in vivo and in vitro. Scott and co-workers (39)
demonstrated the binding of HuR to the 3�-UTR of ERBB-2 in
SkBr3 breast cancer cells; ourwork complements this finding in
PCa. We have found that RNAi-mediated knockdown of HuR
in the LNCaPPCa cell line reduces ERBB-2 expression.Observ-
ing the close proximity between the HuR binding site and the
distal miR-331-3p binding site in the ERBB-2 3�-UTR, we

hypothesized that altering HuR levels may impact on accessi-
bility of miR-331-3p to its distal 3�-UTR binding site. The
RNase H assay we used to probe this interaction indicated,
however, that naked miR-331-3p is able to hybridize to the
miR-331b site even when HuR is bound and that moving the
relative position of the bound HuR in relation to the miR-331b
site does not alter miR-331-3p binding (Fig. 8A). However, the
combined effect on reporter constructs (moving the HuR bind-
ing site by mutation and the addition of exogenous miR-331-
3p) is synergistic in LNCaP cells. This suggests thatHuRmay be
sterically hindering miR-331-3p/RISC association with the
miR-331b site in the ERBB-2 3�-UTR.
Moving the HuR binding site has a greater effect than HuR

depletion (hence the observed synergy) upon miR-331-3p-me-
diated down-regulation, raising the possibility that HuR could
even aid miR-331-3p/RISC association if the two contacted
sites are sufficiently separated to avoid steric clashes. IL-1�
mRNA, with an ARE-containing 3�-UTR, has been shown to be
destabilized by HuR binding (53). Bioinformatic predictions
(TargetScan release 5.1) suggest a seed formiR-1178 10 bases to
the 5�-end of the ARE (not shown). In contrast, the well char-
acterizedTNF�AREhasmultiplemiRNAseed sequences over-
lapping its 5�-end, raising the possibility that the conversion of

FIGURE 7. RNase H digestion assay reveals that miR-331-3p can bind both ERBB-2 WT-URE/WT-331b and ERBB-2 MT-URE/WT-331b RNAs. A, 331-3p
DNA (left) or URE-Comp DNA (right) was hybridized to ERBB-2 WT-URE/WT-331b RNA (top) or ERBB-2 MT-URE/WT-331b RNA (bottom) for binding reactions with
HuR, followed by RNase H digestion. RNase A (U � C) and RNase T1 (G) digests were done in the absence of hybridizing DNA. Protein and RNA concentrations
and labeling are the same as described previously. B, a schematic summarizing the digestion results obtained from A.
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HuR into a prodegradation factor via repositioning of its bind-
ing site in relation to close miRNA seed sequences could be a
general property. We are currently testing this hypothesis.
Deregulated expression of miRNAs in cancer may be associ-

ated with gain or loss of chromosomal regions because many
miRNA genes are located in fragile sites that are frequently
altered in cancer (58, 59). In addition, aberrant miRNA expres-
sion can occur through epigenetic mechanisms or by defects in
miRNAbiogenesis (60–62).We previously observed decreased
expression of both primary and mature miR-331-3p in PCa tis-
sue relative to normal adjacent prostate tissue (14), suggesting
that reduced miR-331-3p expression in PCa cells does not

result from abnormal processing of pre-miR-331-3p. The
human miR-331 gene is located at 12q22, a chromosomal
region that is not commonly altered in PCa.One possible expla-
nation for decreased miR-331-3p expression in PCa is that
there is reduced miR-331 gene transcription, resulting in less
primary, and therefore mature, miR-331-3p being produced.
We propose that in the normal prostate, the net effect of a
relative abundance of miR-331-3p and low cytoplasmic HuR
maintains low steady state expression of ERBB-2 mRNA. In
contrast, down-regulation of miR-331-3p combined with
increased levels of cytoplasmic HuR in PCa (37) facilitates sta-
bilization of ERBB-2 mRNA (Fig. 8B) and increased ERBB-2
protein expression in the absence of ERBB-2 gene amplifica-
tion. Of interest, recent reports have demonstrated regulation
of HuR by miR-16 in breast cancer cells (63) and by miR-519 in
lung, ovarian, colon, and kidney cancer cells (64, 65). It is
unclear whether HuR overexpression in PCa is the result of a
loss of miRNA-mediated repression.
Several recent studies have raised the possibility of interplay

between miRNAs and RBPs (47, 66–71). HuR binding to the
3�-UTR of CAT1 counteracts the effects of miR-122 in hepato-
cellular carcinoma cells (47). Similarly, Dead End 1 (Dnd1) RBP
affects the function of several miRNAs in human cells and in
primordial germ cells of zebrafish (69). In these instances, an
RBP interferes with the association between a miRNA and its
associated silencing complex and a target mRNA. Our findings
suggest that HuR acts in a similar manner. In other words, HuR
may not prevent miR-331-3p binding to its distal ERBB-2
3�-UTR binding site; rather, it may reduce the association
between ERBB-2 mRNA and the RNA silencing complex. Fur-
thermore, these findings emphasize the importance of consid-
ering the contribution of both miRNA and RBP binding sites
when studying the posttranscriptional regulation of gene
expression (56).
The combined effects of increasing cytoplasmic HuR and

decreased miR-331-3p could lead to the increase of ERBB-2
expression seen in the absence of gene amplification in some
PCas (12). Counteracting these combined effects to reduce
ERBB-2 expression represents a possible approach for the treat-
ment of hormone-refractory PCa.
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Canoves, P., Gorospe, M., and Muñoz, A. (2003) Mol. Cell Biol. 23,
4991–5004

52. Gorospe, M. (2003) Cell Cycle 2, 412–414
53. Katsanou, V., Papadaki, O., Milatos, S., Blackshear, P. J., Anderson, P.,

Kollias, G., and Kontoyiannis, D. L. (2005)Mol. Cell 19, 777–789
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