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Abstract
Androgen receptor (AR) is a ligand-dependent transcription factor, which plays a significant role
in prostate carcinogenesis. Blockade of AR and its ligand, androgen is the basis for the treatment
of prostate cancer (PCa). Nevertheless, a modest increase in the critical levels of AR mRNA and
corresponding protein is sufficient for the development of resistance to antiandrogen therapy. A
strategy to further downregulate AR mRNA and protein expression in combination with
antiandrogen therapy may prevent or delay the development of androgen-independent PCa. Recent
studies show that microRNAs (miRNAs) perform tumor suppressor functions in various cancers.
In this study, we demonstrate that the overexpression of miR 488* downregulates the
transcriptional activity of AR and inhibits the endogenous AR protein production in both
androgen-dependent and androgen-independent PCa cells. In addition, miR 488* blocks the
proliferation and enhances the apoptosis of PCa cells. Our data indicate that miR 488* targets AR
and is a potential modulator of AR mediated signaling. Our findings provide insight for utilizing
miRNAs as novel therapeutics to target AR in PCa.
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Introduction
Prostate cancer (PCa) is the most frequently diagnosed malignancy and the second leading
cause of cancer-related death in American men.1 Both hereditary and environmental factors
have been implicated in the development of PCa. A few PCa susceptibility genes, including
HPC1, RNASEL, MSR1, CYP17, SRD5A2 and AR have been characterized.2 Although
PCa is heterogeneous in its etiology and progression, AR gene has emerged as the most
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significant contributor to PCa development. The AR protein is a ligand-dependent
transcription factor belonging to the nuclear hormone receptor superfamily.3 The
physiological ligands for AR include the androgens, testosterone and dihydrotestosterone
(DHT). On activation by the binding of androgens, AR undergoes rapid homodimerization
and nuclear translocation, and binds to specific DNA sequences termed androgen-responsive
elements (AREs) located in the promoter region of its target genes. After binding to
promoters, AR recruits the coregulators together with the basal transcriptional machinery,
and modulates the transcription of its target genes.4 This AR signaling axis is required for
the growth and development of a normal prostate gland and it also plays a key role in all
phases of PCa, from disease initiation to disease progression and the development of
treatment resistance.4,5

PCa begins as an androgen-dependent disease, which is managed by a series of therapies
that suppress AR signaling by androgen depletion and/or the administration of AR
antagonists. However, the regression of tumor growth brought about by these therapies is
only temporary and after a short remission period, prostate tumors regrow and become
resistant to therapy. At this stage, the tumors are described as androgen-independent or
hormone refractory. Accumulating evidence suggests that the progression of PCa to
androgen-independent stage does not involve the loss of AR but instead, results from the
restoration of AR signaling in PCa cells undergoing treatment.6 On their way to androgen-
independence, PCa cells develop a multitude of mechanisms to activate AR in an androgen
depleted environment. These mechanisms include AR gene amplification and mutations,
overexpression of AR coactivators and ligand-independent activation of AR.7–9 Some
prostate tumors have been reported to become truly androgen-independent by activating
other cell survival and growth pathways that allow the tumor cells to survive in the absence
of AR signaling.7,8 However, the majority of androgen-independent tumors retain
dependence on AR signaling. This continued dependence on AR signaling pathway
indicates the importance of AR for survival of PCa cells. Knockdown of AR expression in
androgen-independent PCa cell lines has been found to inhibit cell proliferation, thus
demonstrating the functional role of AR in the growth of androgen-independent PCa
cells.10–15 Thus, AR has emerged as a promising therapeutic target for the treatment of both
androgen-dependent and androgen-independent PCa.

At present, there is no curative treatment for androgen-independent PCa and it continues to
have a fatal prognosis.16 There is a need to develop innovative strategies for targeting AR,
which can produce more efficient and durable repression of AR activity in combination with
the existing therapies, thereby preventing or delaying the onset of therapy-resistant disease.
Several novel AR-inhibitory agents are currently being evaluated. These include more
effective AR antagonists, inhibitors of enzymes required for androgen biosynthesis,
inhibitors of 5α-reductase, an enzyme required for the conversion of testosterone to the
more potent AR ligand, DHT, inhibitors of heat shock protein-90, which protects AR from
degradation and inhibitors of histone deacetylases, which are required for AR-dependent
transcription.9,16,17 Other strategies being explored for lowering AR expression include
targeting AR mRNA expression by using ribozyme,11,18 antisense oligonucleotides,10,19–21

short hairpin RNA (shRNA)22 and small interfering RNAs (siRNAs).12,14,15,23,24 In this
article, we have evaluated a microRNA (miRNA) based approach for the suppression of AR
activity in PCa cells.

Regulatory miRNAs are small (18–25 nucleotides), endogenous, noncoding RNA molecules
involved in the post-transcriptional modulation of gene expression. miRNAs function by
binding to partially complementary target sites in 3’ untranslated regions (3’ UTR) of target
mRNAs, resulting in translational repression or mRNA degradation.25 miRNAs play
important roles in normal cellular processes such as, differentiation, proliferation and
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apoptosis, and they have also been implicated in cancer.26 Accumulating evidence suggests
that miRNAs can contribute to carcinogenesis by acting as tumor suppressors or
oncogenes.27 Aberrant expression of miRNAs has been reported in numerous cancers,
including PCa.28 Some miRNAs including miR 221, miR 222, miR 125b, miR 126*, miR
146a, miR 330, miR 449a and miR 148a appear to play important roles in PCa by targeting
the expression of growth regulatory genes.29–35 Surprisingly, despite the pivotal role of AR
in the development and progression of PCa, there is no evidence of a link between AR
expression and its potential regulation by miRNAs. Using computational and rational
miRNA:mRNA base pairing analyses, we identified a potential target site for miR 488* in
the 3’ UTR of AR mRNA. Here, we show the experimental validation of the predicted
interaction between miR 488* and AR 3’ UTR. Our data show that miR 488* represses AR
expression in PCa cells, leading to inhibition of cellular growth and an increase in apoptosis.

Material and Methods
Cell culture

Human PCa cell lines LNCaP, C4-2B and DU 145 were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and antibiotics.
CHO-K1 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 5% FBS, 2 mM L-glutamine, 1 mM L-proline, 10 mM 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and antibiotics. All cell lines were
maintained in a humidified 5% CO2 atmosphere at 37°C. LNCaP, DU 145 and CHO-K1
cells were obtained from ATCC (Manassas, VA). C4-2B cells were obtained from ViroMed
Laboratories (Minnetonka, MN).

Western blotting
LNCaP and C4-2B cells were seeded in six-well plates one day before transfection. Cells
were transfected with synthetic hsa-miR-488* mimic or negative control (NC) miRNA
mimic (Dharmacon, Chicago, IL) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and
harvested 48 hr post transfection for protein extraction. Five micrograms of protein was
resolved on NuPAGE 4–12% Bis-Tris gels and electro-transferred to nitrocellulose
membranes. Following antibodies were used: mouse monoclonal anti-androgen receptor
(AR) antibody (1:100, Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal anti-
β-actin antibody (1:350, Santa Cruz Biotechnology) and horseradish peroxidase conjugated
anti-mouse secondary antibody (1:10,000, GE Healthcare, Piscataway, NJ). Bands were
detected using the ECL Plus Western blotting detection reagent (GE Healthcare). The signal
intensities of bands were measured using the SCION IMAGE analysis software. The level of
AR protein expression in each sample was determined by normalizing AR band intensity to
β-actin band intensity.

Construction of reporter plasmids, transfections and luciferase assays
WT-3’ UTR (WT: wild type) reporter plasmid was constructed by cloning 77 base pairs (bp)
fragment of AR 3’ UTR spanning the predicted target site for miR 488* downstream of
firefly luciferase coding region in pMIR-REPORT vector (Ambion, Austin, TX). Site-
directed mutagenesis of the putative target site for miR 488* in WT-3’ UTR construct was
carried out to generate the MUT-3’ UTR construct. Nucleotide sequences of the constructs
were confirmed by DNA sequencing. For luciferase assays, CHO-K1 cells (30,000 cells/
well) were plated in 24-well plates one day before transfection. Cells were cotransfected
using Lipofectamine 2000 (Invitrogen), with 100 ng of WT-3’ UTR or MUT-3’ UTR firefly
luciferase reporter construct, 0.5 ng of renilla luciferase reporter plasmid (Promega,
Madison, WI) and either miR 488* mimic (10 nM) or NC mimic (10 nM). Cell lysates were
assayed for firefly and renilla luciferase activities 48 hr after transfection using the Dual-
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Luciferase Reporter Assay System (Promega) and Victor 3 Multilabel Counter 1420
(PerkinElmer). Renilla luciferase activity served as a control for transfection efficiency.
Data are represented as ratio of firefly luciferase activity to renilla luciferase activity.

For vector-expressed miR 488*, pcDNA-pri-miR 488* was constructed by cloning 383 bp
fragment containing pre-miR 488* and flanking region in pcDNA 3.1 (−) vector. CHO-K1
cells were cotransfected using polybrene (Sigma-Aldrich, St. Louis, MO), with 100 ng of
WT-3’ UTR or MUT-3’ UTR firefly luciferase reporter construct, 0.5 ng of renilla luciferase
reporter plasmid and either pcDNA-pri-miR 488* construct (2.5 µg) or empty pcDNA 3.1(−)
plasmid (2.5 µg). Firefly and renilla luciferase activities were measured 48 hr post
transfection as described above. Details of primers and cloning strategy are available by
request to authors.

Quantitative real-time PCR analysis of miR 488* expression
CHO-K1 cells were transfected with different concentrations (1.5–2.5 µg) of pcDNA-pri-
miR 488* construct using polybrene. Total RNA was extracted 48 hr after transfection using
Trizol reagent (Invitrogen). First strand cDNA was synthesized from 10 ng of total RNA
using primers specific for human mature miR 488* and rodent small nucleolar RNA 202
(snoRNA202). Reverse transcription and quantitative real-time (qRT)-PCR was carried out
using the TaqMan MicroRNA Reverse Transcription kit and TaqMan MicroRNA Assays
(Applied Biosystems, Foster City, CA) as described previously.36 SnoRNA202 expression
was used as an invariant control. The relative expression of miR 488* was calculated as
2−ΔCt where ΔCt = Ct value of miR 488* in a sample – Ct value of snoRNA202 in that
sample. Mean miR 488* expression ± standard error (SE) was calculated from three
independent experiments.

Determination of prostate specific antigen mRNA expression by qRT-PCR
Total RNA was isolated from LNCaP cells transfected with miR 488* mimic (100 nM) or
NC mimic (100 nM) and also treated with DHT (20 nM) or vehicle control (dimethyl
sulfoxide; DMSO). One microgram of DNase treated RNA was reverse transcribed into
cDNA and real-time PCR reactions were set up as described previously.36 The specificity of
amplification was confirmed by melting curve analysis and also by running PCR products
on 3% agarose gels. Prostate specific antigen (PSA) mRNA expression was normalized to
GAPDH mRNA expression. Mean normalized PSA expression ± SE was calculated from
three independent experiments.

Quantitation of PSA in cell culture supernatants
Amounts of secreted PSA protein in cell culture supernatants were determined by using the
Quantikine human PSA kit (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions. Serial dilutions of recombinant human PSA were used to plot
the standard curve.

Cell viability assay
LNCaP, C4-2B and DU 145 cells were plated in six-well plates one day before transfection.
The cells were transiently transfected with either miR 488* mimic (50 nM) or NC mimic (50
nM) using Lipofectamine 2000. Twenty-four hours after transfection, cells were seeded into
96-well plates at 5,000 cells/well. Cell viability was determined on 2nd, 4th and 5th day post
transfection using CellTiter-Glo luminescent cell viability assay (Promega) according to the
manufacturer’s protocol.
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Detection of apoptosis
LNCaP cells were transiently transfected with miR 488* mimic (50 nM) or NC mimic (50
nM) or treated with a known AR antagonist, Bicalutamide (100 µM) and apoptosis was
assayed 4 days post transfection. Apoptotic cells were detected by using the cell death
detection ELISAPLUS kit (Roche Applied Science, Indianapolis, IN) and Annexin V-FITC
apoptosis detection kit (BD Biosciences, San Diego, CA) according to the manufacturer’s
protocols. Annexin V-FITC and propidium iodide binding was assessed by flow cytometry.

Statistical analyses
Statistical analyses were performed using SPSS software. Data were presented as mean ± SE
from at least three independent experiments. Independent samples t-test was used to assess
statistically significant differences. Statistical significance was accepted for p < 0.05.

Results
Computational prediction: AR is a potential target of miR 488*

To identify potential miRNAs which can regulate AR, we used PicTar,37 TargetScan,38 and
miRanda.39 Only TargetScan identified a putative binding site for miR 488* in the 3’ UTR
of human AR. Originally, miR 488* was identified from brain tissue small RNA libraries.40

miR 488* is encoded in the fifth intron of Astrotactin 1 (ASTN1) gene (Supporting
Information Fig. 1). miR 488* and miR 488 are expressed from the 5’ and 3’ arms of the
precursor stem-loop, respectively (Supporting Information Fig. 1). The predicted target site
for miR 488* is encoded from nucleotides 4266 to 4289 in the 3’ UTR of AR mRNA
(Supporting Information Fig. 2a). The minimum free energy (MFE) value of miR 488* to its
target binding site was −27.3 kcal/mol with extended ten canonical Watson-Crick base-pairs
suggesting a strong binding site (Supporting Information Fig. 2a). In addition, precursor
(pre) miR 488* was almost 90% conserved among human, mouse, rat, cow and horse
genomes (Supporting Information Fig. 2b). The mature miR 488* was found to be 95%
conserved overall and 100% identical in the 10 nucleotide seed region (Supporting
Information Fig. 2b). Furthermore, the target sequence of miR 488* in the human AR 3’
UTR was also found to be conserved in the AR 3’ UTR of other mammalian genomes
including orangutan, rat, pig and cow (Supporting Information Fig. 2c). Based on the
phylogenetic conservation of miR 488* and its cognate target site in the 3’ UTR of several
mammalian AR, as well as the extended seed region binding with the target region and
finally, the strong MFE binding value of the miRNA with its target site, we hypothesized
that the AR 3’ UTR is a potential target of miR 488*.

miR 488* downregulates endogenous protein levels of AR
We first sought to determine if there was an inverse correlation between endogenous miR
488* expression and AR protein expression in PCa cell lines. However, we were unable to
detect the endogenous expression of mature miR 488* in PCa cell lines (MDA PCa 2b,
LNCaP, C4-2B, PC-3, DU 145) using qRT-PCR (data not shown). Hence, to experimentally
test the potential of miR 488* to regulate the expression of AR, we overexpressed miR 488*
in PCa cells. We transfected PCa cell lines (LNCaP and C4-2B) with miR 488* mimic or
NC mimic and determined the AR protein expression by Western blotting. The LNCaP and
C4-2B cell lines represent, respectively, the androgen-dependent and androgen-independent
models of human PCa, which closely mimic the natural history of the disease. LNCaP cells
express a mutant but functional AR and are responsive to DHT in terms of growth and
expression of PSA.41 C4-2B is an androgen-independent subline of LNCaP obtained by
passage and growth in castrated athymic mice.42 The transfection of increasing
concentrations of miR 488* mimic in LNCaP cells markedly reduced the AR protein levels
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(Lanes 2–4) as compared to that in mock transfected (Lane 1) and NC mimic transfected
cells (Lanes 5–7; Figs. 1a and 1b). Similar reduction in AR protein levels was observed in
C4-2B cells transfected with miR 488* mimic (Figs. 1c and 1d), thus showing that miR
488* can effectively suppress AR protein expression in both androgen-dependent and
androgen-independent cellular models of PCa. We also confirmed the expression of miR
488* in miR 488* mimic transfected LNCaP and C4-2B cells. Although the expression of
miR 488* in mock transfected cells was undetectable, substantial expression of miR 488*
was observed in miR 488* mimic transfected cells (Supporting Information Figs. 3a and 3b).

miR 488* targets the 3’ UTR of AR mRNA
We next asked if the observed reduction in AR expression is due to the interaction of miR
488* with the predicted binding site in the 3’ UTR of AR mRNA. To address this, we
cloned a segment of AR 3’ UTR containing the WT or mutated (MUT) miR 488* target site
in a firefly luciferase reporter vector (Fig. 2a). In the MUT-3’ UTR, 10 nucleotides (4280–
4289) of the target site were mutated to their complementary nucleotides to disrupt miR
488* binding in the seed match region (Fig. 2a). Each of these constructs was cotransfected
with either miR 488* mimic or NC mimic in CHO-K1 cells and luciferase activity was
measured after 48 hr. As shown in Fig. 2b, miR 488* reduced luciferase activity of the
WT-3’ UTR construct by about 30% as compared to that with the NC mimic. However, in
cells transfected with MUT-3’ UTR luciferase reporter, miR 488* was unable to suppress
luciferase activity. Luciferase expression in these cells was similar to that seen in cells
cotransfected with MUT-3’ UTR construct and NC mimic (Fig. 2b). Similar results were
obtained when vector expressed miR 488* was used (Fig. 2c). The expression of mature
miR 488* from the pcDNA-pri-miR 488* construct was verified using TaqMan miRNA
assays. A dose-dependent increase in mature miR 488* expression was observed in CHO-
K1 cells transfected with different amounts of pcDNA-pri-miR 488* construct (Fig. 2d).
The highest amount (2.5 µg) of pcDNA-pri-miR 488* construct was selected for luciferase
reporter assays. Although pcDNA-pri-miR 488* repressed luciferase activity of the WT-3’
UTR construct by about 22% as compared to that with the empty pcDNA 3.1 (−) control
(Fig. 2c), it was unable to repress luciferase activity when the seed binding region of the
putative target site was mutated (Fig. 2c). Taken together, these data show that the predicted
target site in the AR 3’ UTR is an authentic, specific binding site for miR 488* and that AR
is a direct target of miR 488*.

miR 488* mediated transcriptional downregulation of AR target gene, PSA
AR is a ligand-activated transcription factor, which activates the transcription of genes
containing ARE in the promoter regions.4 Hence, we sought to determine the ability of miR
488* to repress the transcriptional activity of AR. For this, we assayed the androgen-
dependent expression of PSA, a well characterized target gene of AR,43 in the presence of
miR 488*. LNCaP cells were maintained in medium containing charcoal/dextran stripped
FBS for two days before transfection with miR 488* mimic (100 nM) or NC mimic (100
nM). Forty-eight hours after transfection, DHT (20 nM) or vehicle control (DMSO) was
added to the cells and 24 hr later, mRNA levels and secreted protein levels of PSA were
measured. PSA mRNA expression was assayed using qRT-PCR. PSA mRNA levels
increased approximately 12-fold in mock transfected cells treated with DHT as compared to
mock transfected cells treated with vehicle (compare Bars 1 and 2 in Fig. 3a). This shows
the androgen (DHT) and AR-dependent transcriptional upregulation of PSA expression. A
similar increase, though of lesser magnitude, in DHT-dependent PSA mRNA expression
was observed in cells transfected with NC mimic (Bar 4 in Fig. 3a). However, DHT
mediated expression of PSA mRNA in cells transfected with miR 488* mimic (Bar 3 in Fig.
3a) was reduced by 38% as compared to the PSA mRNA levels in cells transfected with NC
mimic and treated with DHT (Bar 4 in Fig. 3a), thus showing that miR 488* can inhibit the
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transcriptional activity of AR. Similar results were obtained with levels of secreted PSA in
the same experiment. As seen in Fig. 3b, the amount of secreted PSA in miR 488*
transfected cells treated with DHT (Bar 3) was decreased by 37% as compared to the
secreted PSA levels in NC mimic transfected cells treated with DHT (Bar 4). Taken
together, these data demonstrate the potential of miR 488* to disrupt the AR signaling axis
by inhibiting the transcriptional activity of AR and downregulating the expression of AR
target genes.

miR 488* inhibits the growth of PCa cells
Because AR is required for the growth and proliferation of PCa cells, we investigated the
potential of miR 488* to compromise the growth/viability of these cells by downregulating
AR expression. Cells were transfected with either miR 488* mimic or NC mimic and
numbers of viable cells were measured 2, 4 and 5 days post transfection by using the
CellTiterGlo Luminescent Cell Viability Assay. The transfection of LNCaP cells with miR
488* mimic significantly inhibited cell growth as compared to that in NC mimic treated
cells (Fig. 4a). Five days after transfection, the number of viable cells in the miR 488*
mimic transfected pool was reduced by about 35% as compared to the viable cell number in
the NC mimic transfected pool (Fig. 4a). Similar inhibition of cell proliferation was
observed in C4-2B cells transfected with miR 488* mimic as compared to NC mimic treated
cells (Fig. 4b). Five days after transfection, the viable cell count in the miR 488* mimic
treated pool was reduced by 30% as compared to the viable cell count in the NC mimic
transfected pool (Fig. 4b). These data demonstrate that miR 488* can substantially inhibit
cell growth in both androgen-dependent and androgen-independent PCa cell lines.

To confirm if the observed effect of miR 488* on cell growth is specific to AR
downregulation, we used the PCa cell line, DU 145, which does not express AR.41 As seen
in Fig. 4c, miR 488* was unable to inhibit the growth of AR-negative DU 145 cells. The
miR 488* mimic transfected cells showed a rate of growth similar to the NC mimic
transfected cells (Fig. 4c). Hence, we conclude that miR 488* dependent inhibition of cell
growth is mediated mainly by AR repression.

miR 488* enhances the apoptosis of PCa cells
We next examined the potential of miR 488* to induce apoptosis in PCa cells. LNCaP cells
were transfected with miR 488* mimic or NC mimic. Four days post transfection, apoptosis
was assessed using cell death detection ELISAPLUS kit. This kit is based on a quantitative
sandwich immunoassay technique and measures the amount of DNA degradation in a
sample. In addition, percentage of apoptotic cells was determined by Annexin V/propidium
iodide staining followed by flow cytometry. The transfection of miR 488* mimic in LNCaP
cells significantly increased apoptosis as compared to the NC mimic treated cells (Figs. 5a
and 5b). miR 488* mimic was more effective in inducing apoptosis than the antiandrogen,
Bicalutamide (Figs. 5a and 5b). Interestingly, we failed to detect increased level of apoptosis
in miR 488* mimic transfected C4-2B cells (data not shown).

Discussion
AR expression is critical for both androgen-dependent and androgen-independent growth of
PCa cells.6 Intense research has focused on deciphering the mechanism of AR regulation
with the aim of designing better strategies for silencing AR and improving treatment options
for PCa patients. In this study, we have identified miR 488* as a novel regulator of AR
expression. Our computational analysis revealed a binding site for miR 488* in the 3’ UTR
of AR. We used luciferase reporter assays to validate the predicted miR 488* target site.
miR 488* significantly suppressed the activity of a luciferase reporter containing AR 3’

Sikand et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2013 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



UTR (Figs. 2b and 2c). This repression of luciferase activity was reversed when the binding
site for miR 488* was mutated (Figs. 2b and 2c), thus showing that AR is a direct target of
miR 488*. Further, immunoblot analysis confirmed that miR 488* can effectively
downregulate endogenous AR protein levels in PCa cells (Figs. 1a–1d). Ectopic expression
of miR 488* in PCa cells resulted in (i) inhibition of AR expression, (ii) repression of
functional activity of AR as evidenced by the decline of PSA expression, (iii) retardation of
cellular growth and (iv) increase in apoptosis.

Both androgen-dependent (LNCaP) and androgen-independent (C4-2B) cellular models of
PCa were used in the study. Transient transfection of miR 488* mimic resulted in robust
suppression of AR protein expression in both cell types (Figs. 1a–1d). To confirm that the
downregulation of AR expression by miR 488* also affects the transcriptional activity of
AR, we assayed the expression of AR target gene, PSA. Transfection of miR 488* mimic in
LNCaP cells reduced androgen-dependent expression of PSA at the mRNA and protein
levels (Figs. 3a and 3b). We next tested the potential of miR 488* to affect the growth of
PCa cells. Treatment with miR 488* mimic retarded the growth of LNCaP and C4-2B cells
(Figs. 4a and 4b). miR 488* was unable to inhibit the growth of AR-negative DU 145 cells
(Fig. 4c), thus suggesting that the observed miR 488* dependent inhibition of cell growth in
LNCaP and C4-2B cells is primarily mediated by AR repression. An increase in apoptosis
was observed in miR 488* mimic transfected LNCaP cells as compared to NC mimic treated
cells (Figs. 5a and 5b). miR 488* was more effective in inducing apoptosis in LNCaP cells
as compared to Bicalutamide, an antiandrogen routinely used for the treatment of PCa44

(Figs. 5a and 5b). However, we failed to detect significant apoptosis in miR 488* treated
C4-2B cells (data not shown). It is possible that the androgen-independent C4-2B cells have
evolved additional pathways for survival besides the AR-dependent survival pathway, thus
making them resistant to miR 488* mediated apoptosis. The alternative survival pathways
that bypass the AR-signaling cascade have been found to mainly include the upregulation of
anti-apoptotic molecules.7,8,45 Our results are consistent with previous reports.
Downregulation of AR expression by neutralizing antibody, ribozyme,11 antisense
oligonucleotides10,19 and siRNAs12,14,15,23 has been shown to inhibit proliferation of both
androgen-dependent and androgen-independent PCa cells. Inhibition of cell growth by AR-
specific antisense oligonucleotides and siRNAs was accompanied by increase in apoptosis in
androgen-dependent PCa cell lines.10,23,24 However, these studies did not examine the effect
of AR silencing on the induction of apoptosis in androgen-independent PCa models. We are
aware of a single report in which siRNA-directed silencing of AR in an androgen-
independent PCa cell line, C4-2, was found to increase apoptosis as measured by a caspases
assay.15 However, in the same study, siRNA-directed silencing of AR in another androgen-
independent PCa cell line, 22RV1 inhibited cell proliferation but had no significant effect on
apoptosis. These observations combined with ours indicate the need for more extensive
analyses of the possible resistance of androgen-independent PCa cells to apoptosis induced
by AR silencing.

miR 488* is encoded in intron 5 of ASTN1 gene (Supporting Information Fig. 1). The
processing of precursor miR 488* stem-loop produces two mature miRNAs, namely miR
488* and miR 488 (Supporting Information Fig. 1). Although the expression of these
miRNAs in normal human tissues and disease states has not been extensively studied, miR
488* and miR 488 have been reported to be predominantly expressed in human brain
tissues.40,46 We failed to detect the endogenous expression of mature miR 488* in several
PCa cell lines (data not shown). We are currently investigating the mechanism underlying
the apparent repression of miR 488* expression in PCa cells. PCR analysis of genomic DNA
revealed that the miR 488* locus is present in all the PCa cell lines tested (data not shown).
Analysis of expression levels of primary and precursor forms of miR 488* is currently
underway to determine if the processing of miR 488* is blocked in PCa cells. We are also
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exploring the possibility of epigenetic silencing of miR 488* expression. Since the
reconstitution of miR 488* expression by synthetic miR 488* mimic molecules in LNCaP
and C4-2B cells resulted in marked downregulation of AR expression and inhibition of cell
growth, any strategy to upregulate the endogenous expression of miR 488* in PCa cells may
have therapeutic implications. Further, since miR 488* regulates the expression of AR, a
central molecule in PCa, it would be interesting to explore the potential roles of miR 488*
and its host gene, ASTN1 in the development of PCa. ASTN1 is a neuronal adhesion
molecule required for glial-guided neuronal movement in cortical regions of developing
brain.47 Interestingly, ASTN1 gene (1q25.2) is located in a region of chromosome 1 that
harbors the PCa susceptibility locus HPC1 (1q24-25),2 thus providing a basis for
investigating ASTN1 with regard to PCa. Furthermore, the repression of miR 488*
expression in PCa cells together with its growth inhibitory effects suggest the possibility of
this miRNA to function as a tumor suppressor. The profiling of miR 488* expression in
normal prostate tissue samples and tissue samples from different stages of PCa will provide
useful insights regarding the potential role of miR 488* in the pathogenesis of PCa.

At present, the suppression of AR signaling in PCa is achieved by strategies that decrease
circulating levels of androgens and by the administration of AR antagonists that compete
with androgens for binding to AR.6 However, these therapeutic strategies become
ineffective when PCa cells activate diverse molecular pathways to restore AR signaling
during androgen-independent stage of PCa. To meet the need for better blockade of AR
signaling, considerable research efforts are being focused on designing superior AR
antagonists and testing other inhibitors of AR signaling axis such as, inhibitors of heat shock
protein-90 and inhibitors of histone deacetylases.9 Strategies that directly inhibit AR
expression by targeting AR mRNA may prove more effective than strategies that attempt to
block the already expressed AR. However, the field of AR mRNA targeting is only
beginning to emerge. AR mRNA specific ribozyme,11 antisense oligonucleotides10,19–21 and
siRNAs12,14,15,23,24 have been tested as AR lowering strategies. In line with these strategies,
our data support miR 488* mediated targeting of AR mRNA. Since large number of
miRNAs are endogenously and ubiquitously expressed, the problems of toxicity and
activation of innate immunity associated with siRNAs48 may not be an issue in case of
miRNA-based therapy. Several recent studies have suggested the potential of miRNAs for
PCa therapy; however, in these reports, miRNAs target molecules other than AR, the key
regulatory molecule in PCa.31,33–35 Since PCa cells utilize multiple mechanisms to
reactivate AR signaling in response to AR blocking therapies, there is a growing realization
that no single therapeutic agent can eliminate PCa. A combinatorial approach that involves
the simultaneous targeting of multiple pathways is now accepted as a rational approach to
PCa therapy.16 Hence, the present emphasis is on the development of numerous therapeutic
options, which can then be evaluated in a combinatorial therapy setting. It is in this light that
miR 488* mediated repression of AR activity described in our study acquires significance.
Further, miR 488* may be exploited as an effective tool to silence AR in studies aimed at
gaining better understanding of AR signaling pathways. At present, no information is
available about other genes targeted by miR 488* in any type of cancer. It would be
interesting to investigate whether miR 488* targets a combination of genes, which are
important in prostate carcinogenesis.

In conclusion, this study describes miRNA mediated regulation of AR expression. miR 488*
negatively regulates AR expression by binding to the specific target site in 3’ UTR of AR
mRNA. Further studies will confirm if miR 488* is involved in the transition of PCa to
lethal androgen-independent stage. The data presented here may have implications for the
control of specific form of PCa in which AR plays a dominant role.
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Abbreviations

AR androgen receptor

ARE androgen-responsive elements

ASTN1 astrotactin 1

bp base pairs

CYP17 cytochrome P-450c17

DHT dihydrotestosterone

DMSO dimethyl sulfoxide

FBS fetal bovine serum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HPC1 hereditary prostate cancer 1

MFE minimum free energy

miRNA microRNA

MSR1 macrophage-scavenger receptor 1

NC negative control

PCa prostate cancer

PSA prostate specific antigen

RNASEL ribonuclease L

shRNA short hairpin RNA

siRNA small interfering RNA

snoRNA small nucleolar RNA

SRD5A2 steroid-5-α-reductase type II

UTR untranslated region
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Figure 1.
miR 488* downregulates AR expression. Representative western blots showing the
expression of AR and β-actin in LNCaP (a) and C4-2B (c) cells treated with indicated
amounts of miR 488* mimic or NC mimic for 48 hr. Mock transfected cells represent cells
treated with Lipofectamine 2000. β-actin expression was used as a loading control. (b and d)
Quantitation of AR expression in the respective lanes of Western blots shown in (a) and (c).
The signal intensities of bands were measured using the SCION IMAGE analysis software.
The AR expression in each lane was determined by normalizing AR band intensity to β-actin
band intensity.
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Figure 2.
AR is a direct target of miR 488*. (a) Schematic representation of firefly luciferase reporter
construct containing 77 nucleotide sequence from AR 3’ UTR with either WT or mutant
(MUT) miR 488* target site. In the MUT-3’ UTR construct, 10 nucleotides (4280–4289) in
the seed matching region of the target site were mutated to their complementary nucleotides
to disrupt miR 488* binding. (b) Luciferase reporter assay in CHO-K1 cells cotransfected
with WT-3’ UTR or MUT-3’ UTR constructs and miR 488* mimic (10 nM) or NC mimic
(10 nM) as indicated. (c) Luciferase reporter assay in CHO-K1 cells cotransfected with
WT-3’ UTR or MUT-3’ UTR constructs and either pcDNA-pri-miR 488* construct (2.5 µg)
or empty pcDNA 3.1(−) plasmid (2.5 µg) as indicated. (b and c) Luciferase activity is
plotted as ratio of firefly to renilla luciferase activity. Each bar represents mean ± SE of
three independent experiments. Asterisks indicate statistical significance as determined
using the independent samples t-test (*p < 0.05). (d) miR 488* expression as determined by
qRT-PCR. CHO-K1 cells were transfected with different amounts of pcDNA-pri-miR 488*
construct as indicated and mature miR 488* expression was measured 48 hr post
transfection. miR 488* expression is plotted as 2−ΔCt after normalization to snoRNA202
expression. Each bar represents mean ± SE of three independent experiments.
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Figure 3.
miR 488* downregulates AR transcriptional activity. (a) qRT-PCR analysis of PSA mRNA
expression in LNCaP cells transfected with miR 488* mimic (100 nM) or NC mimic (100
nM) in the presence of DHT (20 nM). Each bar represents PSA mRNA expression
normalized to GAPDH mRNA expression. (b) Secreted PSA protein levels in LNCaP cells
treated as in (a). Amounts of PSA in cell culture supernatants were determined using a
quantitative sandwich enzyme immunoassay technique. (a and b) Cells treated with vehicle
alone or DHT (bars 1 and 2) were also treated with Lipofectamine 2000 (mock transfected).
Data are plotted as mean ± SE of three independent experiments. Asterisks indicate
statistical significance as determined by independent samples t-test. *p < 0.01.
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Figure 4.
miR 488* inhibits the growth of PCa cells. Cell viability assay in LNCaP (a), C4-2B (b) and
DU 145 (c) cells transfected with either miR 488* mimic (50 nM) or NC mimic (50 nM).
Mock transfected cells represent cells treated with Lipofectamine 2000. CellTiter-Glo
Luminescent Cell Viability Assay (Promega) was used to determine the number of viable
cells. In this assay, the amount of ATP in viable cells is quantitated using a luciferase
reaction and measurement of luminescence signal. Hence, luminescence signal serves as a
measure of cell viability. Data are plotted as mean ± SE of three independent experiments.
Independent samples t-test was used to assess statistically significant differences. Asterisks
indicate a significant difference from NC mimic transfected cells. *p < 0.05.
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Figure 5.
Assessment of apoptosis in LNCaP cells. LNCaP cells were transfected with miR 488*
mimic (50 nM) or NC mimic (50 nM) or treated with Bicalutamide (BIC; 100 µM). Mock
transfected cells were treated with Lipofectamine 2000. Apoptosis was measured 4 days post
transfection using a quantitative sandwich immunoassay technique (a) and Annexin V/
propidium iodide staining (b). (a) The immunoassay uses specific antibodies to detect the
amount of mononucleosomes and oligonucleosomes that accumulate in the cytoplasm of the
apoptotic cells because of degradation of DNA. The amount of antibodies bound to
degraded DNA is determined by measuring absorbance at 405 nm. Absorbance (405 nm) is
thus a measure of apoptosis. Data are plotted as mean ± SE of three independent
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experiments. Asterisks indicate statistical significance as determined by independent
samples t-test (*p < 0.05). (b) Percentage of apoptotic LNCaP cells as assessed by Annexin
V/propidium iodide staining and flow cytometry. Each bar represents the early apoptotic
(Annexin V-FITC positive and propidium iodide negative) cells. *p < 0.05.
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