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Background: Let-7c is a microRNA down-regulated in prostate cancer.
Results: Let-7c suppresses androgen receptor expression by targeting its transcription via c-Myc. Suppression of AR by let-7c
leads to decreased cell proliferation and tumor growth.
Conclusion: Let-7c suppresses androgen receptor expression.
Significance: Our study demonstrates that let-7c plays an important role in regulation of androgen signaling and prostate
cancer proliferation.

Castration-resistant prostate cancer continues to rely on
androgen receptor (AR) expression. AR plays a central role in
the development of prostate cancer and progression to castra-
tion resistance during and after androgen deprivation therapy.
Here,we identifiedmiR-let-7c as a key regulator of expressionof
AR.miR-let-7c suppresses AR expression and activity in human
prostate cancer cells by targeting its transcription via c-Myc.
Suppression of AR by let-7c leads to decreased cell proliferation
of human prostate cancer cells. Down-regulation of Let-7c in
prostate cancer specimens is inversely correlated with AR
expression, whereas the expression of Lin28 (a repressor of
let-7) is correlated positively with AR expression. Our study
demonstrates that the miRNA let-7c plays an important role in
the regulation of androgen signaling in prostate cancer by
down-regulating AR expression. These results suggest that
reconstitution of miR-let-7c may aid in targeting enhanced and
hypersensitive AR in advanced prostate cancer.

Prostate cancer (PCa)3 is the most commonly occurring
malignancy and the second highest cause of cancer-related
mortality in men in the United States. The majority of patients
with advanced PCa respond initially to androgen deprivation
therapy, but relapse because of the growth of castration-resis-
tant prostate cancer (CRPC) cells. Significant efforts have been
focused on understanding the mechanisms involved in the
development and progression of CRPC. Although the levels of

androgen are reduced to castration levels, the AR is still
expressed, and AR target genes such as prostate-specific anti-
gen (PSA) are activated. AR activation in CRPCmay occur by a
variety of mechanisms that alter the sensitivity or specificity of
AR, includingARmutations, alternative splicing, amplification,
alterations of coregulators, sensitization by growth factors and
cytokines, and response to intracrine androgens (1, 2). The
study of factors that regulate expression and activation of the
AR will enhance our understanding of the mechanisms leading
to castration resistance and will play a key role in devising ther-
apeutic strategies to combat this lethal cancer.
MicroRNAs (miRNAs) are endogenous, small, non-coding

RNAs that interfere with protein expression either by inducing
cleavage of their specific target mRNAs or by inhibiting their
translation. MiRNAs have been shown to regulate a rapidly
increasing list of complex biological processes, including differen-
tiation, cell cycle, apoptosis, and metabolism (3). Their emerging
roles as tumor suppressors or oncogenes present novel diagnostic
and therapeutic opportunities (4, 5). Let-7 encodes an evolution-
arily conserved family of 13 homologous miRNAs located in
genomic locations frequently deleted in human cancers (6). Let-7
expression was observed to be down-regulated in localized PCa
tissues relative to benign peripheral zone tissue (7, 8). There is a
significant association between loss of let-7 expression and devel-
opment of poorly differentiated and aggressive cancers (9). Let-7
members have been shown to regulate expression levels of onco-
genes likeHMGA2 (10), RAS (11), andMyc (12), alongwith genes
involved incell cycle andcell division regulation.Thus, let-7 shows
promiseasamolecularmarker incertaincancersandasapotential
therapeutic agent in cancer treatment. Lin28, a highly conserved
RNA-binding protein and amaster regulator of let-7miRNApro-
cessing,binds to the terminal loopsof theprecursorsof let-7 family
miRNAsandblocks theirprocessing intomaturemiRNAs(13,14).
Lin28 also derepresses c-Myc by repressing let-7, and c-Myc tran-
scriptionally activates Lin28 (15, 16). This Lin28/let-7/c-Myc loop
may play an important role in the deregulatedmiRNA expression
signature observed inmany cancers (17).
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In this study, we show that let-7c, one of the members of the
let-7 family, antagonizes AR expression by degradation of
c-Myc. Let-7c-mediated decrease in AR expression and activa-
tion led to inhibition of proliferation of PCa cells. Down-regu-
lation of Let-7c expression in prostate cancer clinical speci-
mens is inversely correlated, whereas expression of Lin28 is
positively correlated, with AR expression. Our results imply
that AR signaling can be regulated by let-7c in PCa by decreas-
ing survival and proliferation of tumor cells.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Human prostate cancer cell lines
were obtained from the ATCC. Antibodies against c-Myc, AR
(441) and actin were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Lin28 antibodies were obtained

from Abcam (San Francisco, CA). SYBR Green iQ Supermix
was from Bio-Rad.
Western Blot Analysis—Cells were lysed in high-salt buffer as

described earlier (18).Western blots were probedwith the indi-
cated primary antibodies, and the chemiluminescence was
detected by ECL (GE Healthcare).
Measurement of PSA—PSA levels were measured in the cul-

ture supernatants using ELISA (United Biotech, Inc.,Mountain
View, CA) according to the manufacturer’s instructions.
Luciferase Assays—LNCaP cells were transfected with pGL3-

PSA6.0-Luc or pGL4-AR-prom-Luc (�6 kb) reporters along with
plasmids as indicated in the figures. Cell lysates were subjected to
luciferase assays with the luciferase assay system (Promega).
Real-time Quantitative RT-PCR—LNCaP cells were trans-

fected with the indicated plasmids or oligonucleotides, and

FIGURE 1. Let-7c suppresses AR expression. Relative expression levels of let-7c (A) and AR (B) were determined in LNCaP, C4-2B, LNCaP-s17, and LN-IL6� cells
by qRT-PCR. Results are presented as relative fold change compared to expression levels in LNCaP cells. C, LNCaP cells were transfected with let-7c antisense
oligonucleotides, and AR mRNA levels were analyzed by qRT-PCR. Results are presented as relative fold change compared to expression levels in LNCaP cells
transfected with control oligonucleotides. Data points represent mean � S.D. of triplicate samples from two independent experiments. Error bars denote
mean � S.D. * denotes p � 0.05. AR expression was increased when let-7c expression was down-regulated. D, Western blot analysis showing the increase in AR
expression in LNCaP cells transfected with let-7c antisense. Actin is shown as loading control. E, LN-IL6� cells were transfected with let-7c, and AR mRNA levels
were analyzed by qRT-PCR. AR expression was reduced when let-7c was overexpressed. Con, control. * denotes p � 0.05. F, Western blot analysis showing the
down-regulation of AR expression in LN-IL6� cells transfected with let-7c. G and H, AR levels were analyzed in LNCaP and C4-2B cells stably expressing let-7c
by Western blotting. AR protein levels were reduced when let-7c was expressed. I, protein levels of AR were analyzed in LNCaP cells stably expressing Lin28 by
Western blotting. AR expression was enhanced in cells expressing Lin28.
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qRT-PCR analyses were performed as described previously (19,
20). (Sequences of primers are listed in the supplemental
methods.)
ChIP Assays—LNCaP cells were transfected with the indi-

cated plasmids, and DNA-protein complexes were isolated
after cross-linking with 1% formaldehyde. ChIP assays were
performed as described previously (20) using primers spanning
androgen responsive elements (AREs) in PSA andNKX3.1 pro-
moters or Myc-binding sites in the AR promoter. Isotype-
matched IgGwas used as a control. (Primer sequences are listed
in the supplemental methods.)

Human PCa Specimens—The human prostate cancer speci-
mens were obtained with consent from patients who under-
went radical prostatectomies at University of California Davis
Medical Center. The protein extracts from human prostate
specimens used for the analysis of Lin28 expression were
described previously (21, 22).
Gene Expression Omnibus Analysis—Two separate datasets

from the Gene Expression Omnibus National Center for Bio-
technology Information gene expression and hybridization
array data repository were screened independently for expres-
sion levels of Lin28, AR, andMyc. The first data set (GDS1439)

FIGURE 2. Let-7c inhibits AR activity and transcription of AR target genes. A, LNCaP cells were cotransfected with let-7c and pGL3-PSA6.0-Luc reporter. Data
points represent mean � S.D. of triplicate samples from two independent experiments. Error bars denote mean � S.D. * denotes p � 0.05. Transactivation of
the PSA promoter by AR was reduced with let-7c overexpression. B, LNCaP cells were transfected with control or let-7c or let-7c antisense, and levels of PSA and
NKX3.1 mRNAs were analyzed by qRT-PCR. Results are presented as relative fold change compared with expression levels in LNCaP cells transfected with
control oligonucleotides. Down-regulation of let-7c enhanced the levels of PSA and NKX3.1 mRNAs, whereas overexpression of let-7c reduced their expression.
Con, control. C, PSA secretion in LNCaP cells was enhanced when let-7c expression was down-regulated. * denotes p � 0.05. D, LNCaP cells stably expressing
control, let-7c, or Lin28 were transfected with pGL3-PSA6.0-Luc reporter, and luciferase activities were assayed. Transactivation of the reporter by AR was
reduced in cells expressing let-7c, whereas it was increased in cells expressing Lin28. RLU, Relative Luciferase Units. E, secretion of PSA by LNCaP cells stably
expressing let-7c or Lin28 was analyzed by ELISA. PSA secretion was reduced in cells expressing let-7c and increased in cells expressing Lin28. Recruitment of
AR to AREs in PSA (F) and NKX3.1 (G) promoters was analyzed by ChIP assays in LNCaP cells transfected with let-7c or Lin28. Recruitment of AR to the AREs was
reduced in cells overexpressing let-7c and was enhanced in cells expressing Lin28. IP, immunoprecipitation.
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(23) compared specimens of benign prostatic hyperplasia with
clinically localized primary prostate cancer and withmetastatic
prostate cancer. The second dataset (GDS2547) (24) compared
normal prostate specimens without any pathology, normal
prostate adjacent to tumor, primary prostate tumor, and meta-
static prostate cancer. Relative levels of expression of Lin28,
AR, andMycwere determined by comparison of single channel
counts and expressed as a percentage of the highest count in the
data set (25). Significant differences between groups were
determined by Microsoft Excel Tools.
Oncomine Analysis—A gene search of the Oncomine data-

base for expression levels of Lin28, AR, andMycwas performed
at a significance threshold of p � 0.001 and data sets generated
from three comparisons of normal prostate tissue with prostate
carcinoma:Wallace_prostate (26), Yu_prostate (27), andVana-
ja_prostate (28) were analyzed by the differential expression
function of Oncomine.
Statistical Analyses—Data are shown as means � S.D. Mul-

tiple group comparison was performed using Microsoft Excel
Tools. p � 0.05 was considered significant.

RESULTS

Let-7c Decreases Expression of AR—We initially determined
let-7c expression in several prostate cancer cell lines, including
androgen-sensitive and castration-resistant prostate cancer
cells. Our data showed that the levels of let-7c were lower in the
castration-resistant cell lines C4-2B, LNCaP-s17 (overexpress-
ing IL-6), and LN-IL6� (LNCaP chronically treated with IL-6),
which express higher levels of AR compared with parental
LNCaP cells that express lower levels of AR (Fig. 1,A andB) (29,
30), indicating an inverse relationship between AR and let-7c.
Hence, we tested whether let-7c affects AR expression in PCa
cells. Antisense oligonucleotides against let-7c (Ambion) were
transfected into LNCaP cells, which express high levels of let-
7c, and the expression level of AR was analyzed by qRT-PCR.
Down-regulation of let-7c enhancedARmRNA level�3.5-fold
(Fig. 1C). Down-regulation of let-7c was confirmed by qRT-
PCR (supplemental Fig. 1A). To confirm that the increase inAR
mRNA results in an increase in AR protein, we analyzed whole
cell lysates from LNCaP cells transfected with let-7c antisense
oligos byWestern blotting. The AR protein level was increased
�70% when let-7c was down-regulated (Fig. 1D). These find-
ings were further confirmed in LN-IL6� cells, which express
higher levels of AR but lower levels of let-7c compared with
LNCaP cells. Overexpression of let-7c in LNCaP-IL6� cells
reduced the levels of AR mRNA (Fig. 1E) and protein expres-
sion (F). Overexpression of let-7c was confirmed by qRT-PCR
(supplemental Fig. 1B). These results suggested that let-7c
inhibits AR expression in PCa cells. Because the above results
were obtained by transient overexpression of let-7c and to test
whether stable expression of let-7c would exhibit similar
effects, we generated LNCaP and C4-2B cells stably expressing
let-7c and LNCaP cells stably expressing Lin28. Western blot-
ting was performed to analyze protein levels of AR and Lin28.
The results demonstrated that levels of AR were down-regu-
lated in both LNCaP and C4-2B cells stably expressing let-7c,
whereas AR expression was enhanced in LNCaP cells express-
ing Lin28 (Fig. 1, G, H, and I). Higher levels of expression of

let-7c in C4-2B cells stably expressing let-7c were confirmed by
qRT-PCR (supplemental Fig. 1C). Collectively, these data dem-
onstrate that let-7c represses AR expression in prostate cancer
cells.
Let-7c Reduces AR Activity—We next examined whether the

reduction in expression of AR by let-7c results in inhibition of
transcriptional activity of AR. LNCaP cells were cotransfected
with the pGL3-PSA6.0-Luc reporter containing the enhancer
and promoter regions of the PSA gene and plasmids expressing
let-7c. As shown in Fig. 2A, transcriptional activity of the AR in
activating reporter gene expression was reduced by �60% in
the presence of let-7c. These results were confirmed by analysis
of PSAmRNA and protein expression by qRT-PCR and ELISA,
respectively. LNCaP cells were transfected with let-7c or let-7c
antisense oligonucleotides, and PSA mRNA levels were ana-
lyzed. Down-regulation of let-7c expression by let-7c antisense
oligonucleotides led to a � 4-fold increase in PSA expression,
whereas overexpression of let-7c reduced PSA expression by
�50% (Fig. 2B). In addition to PSA, down-regulation of let-7c
expression by let-7c antisense increased, whereas overexpres-
sion of let-7c reduced, NKX3.1 (another typical androgen-reg-
ulated gene) mRNA expression (Fig. 2B). Similarly, PSA levels

FIGURE 3. Let-7c regulates AR expression at the level of transcription.
LNCaP cells were transfected with a control (Con) or let-7c plasmid in the
presence or absence of actinomycin D, and AR mRNA levels were analyzed by
Northern blotting (A) or qRT-PCR (B). Half-life of AR mRNA was not altered in
the presence of let-7c. C, LNCaP cells were cotransfected with control or let-7c
or with let-7c antisense oligos along with the pGL4-AR-Prom-Luc reporter.
Data points represent the mean � S.D. of triplicate samples from two inde-
pendent experiments. AR promoter activity was repressed in let-7c-overex-
pressing cells and was enhanced when let-7c was down-regulated. RLU, Rel-
ative Luciferase Units.
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in the supernatants of LNCaP cells transfected with let-7c anti-
sense were found to be up-regulated by �40% (Fig. 2C). These
results were also confirmed in LNCaP and C4-2B cells stably
expressing let-7c. Stable expression of let-7c decreased,
whereas stable expression of Lin28 increased, transactivation of

reporter activity by AR (Fig. 2D) and secretion of PSA by
LNCaP cells (E). To determine whether expression of let-7c
affects the recruitment of AR to PSA and NKX3.1 promoters,
ChIP assays were performed. Overexpression of let-7c in
LNCaP cells reduced binding of AR to PSA (Fig. 2F) and

FIGURE 4. Down-regulation of AR by let-7c is mediated by down-regulation of Myc. Expression levels of AR and c-Myc were analyzed by Western blotting
in LNCaP cells transfected with let-7c (A) or let-7c antisense oligos (B). Protein levels of AR and c-Myc were reduced in let-7c-overexpressing cells and were
increased when let-7c was down-regulated. Con, control. C, LNCaP cells were transfected with plasmids expressing Myc or shRNA against Myc along with the
pGL4-AR prom-Luc reporter. Luciferase assays showed that down-regulation of Myc reduced transactivation of the AR promoter, whereas overexpression of
Myc enhanced reporter activity. RLU, Relative Luciferase Units. D and E, mRNA levels of AR, PSA, and NKX3.1 were measured by qRT-PCR in LNCaP cells
transfected with Myc or shRNA against Myc. Expression levels of all three genes were decreased when Myc was down-regulated and were enhanced when Myc
was overexpressed. F, LNCaP cells were transfected with let-7c and Myc alone or together along with the pGL4-AR prom-Luc reporter. Overexpression of Myc
could overcome the repression of AR promoter activity by let-7c. G, recruitment of Myc to the Myc binding site in the AR promoter was analyzed by ChIP assays.
Overexpression of let-7c reduced and expression of Lin28 enhanced the recruitment of Myc to the AR promoter. IP, immunoprecipitation.
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NKX3.1 (G) promoters, whereas expression of Lin28, a repres-
sor of let-7c, increased AR binding to these promoters. Collec-
tively, these results demonstrate that the suppression of AR
expression by let-7c leads to decrease in the transactivation
potential of AR, whereas increased AR expression by let-7c
antisense or Lin28 leads to an increase in the transactivation
potential of AR and expression of its target genes.

Repression of AR by let-7c IsMediated byMyc—MiRNAs tar-
get several genes by binding to consensus binding sites in the 3�
untranslated region of the transcript, leading to degradation of
the mRNA via the RISC complex. Therefore, we analyzed
whether let-7c binding sites exist in the 3� untranslated region
of the AR mRNA using algorithms from miRBase, TargetScan,
PictarVert, and Microcosm. Analysis of the 3� untranslated

FIGURE 5. Let-7c reduces proliferation of PCa cells. A, cell growth of LNCaP cells stably expressing Lin28 was determined by cell counting up to 96 h.
Expression of Lin28 enhanced the growth rate of LNCaP cells. The inset (Western blot analysis) shows the increase in expression of AR with increased expression
of Lin28. B, cell growth of C4-2B cells stably expressing let-7c was analyzed up to 72 h. Expression of let-7c decreased the growth rate of C4-2B cells. The inset
(Western blot analysis) shows the reduction in AR protein levels with expression of let-7c. C, relative expression levels of let-7c, AR, Lin28, and Myc were
analyzed by qRT-PCR in PCa xenografts injected intratumorally with let-7c expressing lentiviruses. Enhanced expression of let-7c suppressed expression of AR,
Lin28, and Myc. Data points represent mean � S.D. of triplicate samples from two independent experiments. Error bars denote mean � S.D. p � 0.05.
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region of AR failed to detect the presence of let-7c binding sites.
To confirm whether let-7c leads to degradation of the AR
mRNA, we analyzed the stability of AR mRNA in LNCaP cells
expressing high levels of let-7c. LNCaP cells were transfected
with plasmids expressing let-7c, were treated with vehicle or 50
�M actinomycin D (to inhibit de novoRNA synthesis), and total
RNAs were isolated. Northern blotting (Fig. 3A) and qRT-PCR
(B) were performedwith a probe specifically against ARmRNA
and primers amplifying AR mRNA, respectively. As shown in
Fig. 3, A and B, the half-life of AR mRNA in LNCaP cells was
�3.5 h in the presence of androgen,whichwas not alteredwhen
let-7c was overexpressed in LNCaP cells. These results suggest
that let-7c does not enhance the degradation of AR mRNA,
implying that a mechanism other than direct mRNA degrada-
tion may be involved in let-7c-mediated AR inhibition. Next,
we examined whether let-7c affects transcription of AR. Let-7c
or let-7c antisense oligos were cotransfected with a luciferase

reporter driven by the full-length (�6 kb) promoter of the AR
gene into LNCaP cells, and luciferase assays were performed.
Down-regulation of let-7c expression by let-7c antisense
increased, whereas overexpression of let-7 decreased, the acti-
vation of the AR promoter (Fig. 3C), suggesting that suppres-
sion of AR expression by let-7c may be at the level of
transcription.
Because our results showed that suppression of AR expres-

sion and activity by let-7c is not through typical miRNA-medi-
ated mRNA degradation but at the level of transcription, we
hypothesized that a let-7c target gene may function as a tran-
scriptional regulator of AR. We analyzed whether any of the
transcription factors binding to theARpromoterwas a target of
let-7c using MatInspector and miRBase and found that Myc,
which activates AR transcription by binding to a consensus ele-
ment in the AR promoter (12), was one of the targets of let-7c.
LNCaP cells overexpressing let-7c were analyzed by Western

FIGURE 6. Expression levels of let-7c and AR are negatively correlated in human PCa. A, relative expression levels of let-7c and AR were measured by
qRT-PCR in total RNAs extracted from 22 human prostate cancer samples. Levels of let-7c and AR were correlated negatively with each other. p � 0.015 by
two-tailed Student’s t test. B, plot showing the negative correlation between levels of let-7c and AR mRNAs in the above samples. The correlation coefficient (R)
was found to be �0.5135. C and D, plots showing negative correlation between relative expression levels of let-7c and Lin28 and let-7c and Myc, respectively,
in the above samples. r � �0.1765 (Lin28) and r � �0.3354 (Myc). E, representative Western blot analysis showing protein levels of Lin28 and AR in extracts
from normal, benign (B), and adjacent tumor (T) containing human prostate samples. Actin is shown as a loading control. The levels of Lin28 and AR are
positively correlated with each other.
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blotting to confirm whether let-7c reduces Myc expression.
Results showed that Myc expression was down-regulated in
LNCaP cells expressing let-7c (Fig. 4A). Similarly, we found an
increase in Myc expression in LNCaP cells transfected with
let-7c antisense oligos (Fig. 4B). In addition, the levels of Myc
are correlated with AR expression (Fig. 4B). These results were
confirmed in LNCaP and C4-2B cells stably expressing let-7c
(supplemental Fig. 2,A andB). Down-regulation ofMyc byMyc
shRNA reduced AR promoter activity (Fig. 4C) and AR mRNA
expression (D), whereas overexpression of Myc enhanced AR
promoter activity (C) and AR mRNA expression (D). Down-
regulation of Myc also reduced the levels of PSA and NKX3.1
mRNA, whereas overexpression of Myc enhanced the levels of
PSA and NKX3.1 mRNA (E).
To determine whether reduced expression ofMyc is respon-

sible for let-7c-mediated AR suppression, we cotransfected
let-7c withMyc in LNCaP cells expressing a luciferase reporter
driven by the full-length AR promoter. The results showed that
let-7c suppressed AR promoter activity, which was reversed by
overexpression of Myc (Fig. 4F). ChIP assays were performed
using primers spanning the consensus binding site for Myc in
the AR promoter to determine whether let-7c affects the
recruitment of Myc to the promoter of the AR gene. Overex-
pression of let-7c reduced, whereas overexpression of Lin28
increased the recruitment ofMyc to the AR promoter (Fig. 4G).
To confirm that Myc mediates regulation of AR by let-7c, we
transfected Myc along with the pGL4-AR prom-Luc reporter
into LNCaP and C4-2B cells stably expressing let-7c and per-
formed luciferase assays. AR promoter activity was lower in
cells stably expressing let-7c, which was reversed by overex-
pression ofMyc (supplemental Fig. 3,A andB). Previous studies
have shown thatMyc is a direct target of let-7c (31). Conserved
let-7c binding sites exist in the 3� untranslated region of Myc
that are conserved across several vertebrate classes (supple-
mental Fig. 4, A and B). Collectively, these results demonstrate
that AR suppression by let-7c is mediated by direct down-reg-
ulation of Myc.
To test whether reduction of AR expression by let-7c affects

proliferation of PCa cells in vitro, we analyzed cell growth of
LNCaP and C4-2B cells stably expressing Lin28 or let-7c,
respectively. As shown in Fig. 5, A and B, expression of Lin28
enhanced growth of LNCaP cells, indicating that increased
expression of AR due to Lin28 leads to increased growth of PCa
cells. Similarly, C4-2B cells stably expressing let-7c exhibited a
lower rate of growth compared with controls, indicating that
suppression of AR expression by let-7c leads to reduced sur-
vival of PCa cells. Expression levels of AR in these cell lineswere
confirmed by Western blotting (Fig. 5, A and B, insets).
Expression of let-7c Suppresses AR, Lin28, and Myc in PCa

Xenografts—To determine whether let-7c suppresses AR
expression in xenografts of PCa cells in vivo, we generated

xenografts of AR-positive C4-2B and PC346C human PCa cells
in nude mice. After the tumors reached 0.5 cm3, the control
mice were injected with control lentiviruses, whereas experi-
mental mice were injected intratumorally with lentiviruses
expressing let-7c. At the end of 3 weeks, the tumors were
excised, RNAs prepared, and levels of let-7c, AR, Lin28, and
Myc were analyzed by qRT-PCR. As shown in Fig. 5C, expres-
sion of let-7c suppressedAR, Lin28, andMyc levels in the xeno-
graft tissues.
Let-7c and AR Are Negatively Correlated in Human PCa—

Wehave demonstrated that let-7c represses AR expression and
that the levels of let-7c are inversely correlated with AR in cell
culture and xenografts of PCa mouse models. To determine
whether a correlation exists between expression levels of let-7c
and AR in clinical PCa, we analyzed RNAs from 22 human PCa
specimens by quantitative RT-PCR. RNAs were isolated from
human tissues, reverse-transcribed, and subjected to qRT-PCR
using LNA-conjugated let-7c primers (Exiqon). This was fol-
lowed bymeasurement of expression levels of ARusing primers
specifically amplifying AR mRNA. The levels of let-7c and AR
were negatively correlated, with a correlation coefficient of
�0.52 using a two tailed Student’s t test in Microsoft Excel
Tools (Fig. 6,A andB). Expression levels of Lin28 andMycwere
also examined in these specimens and were correlated nega-
tively with expression levels of let-7c with correlation coeffi-
cients of �0.1765 and �0.3354, respectively, using a two-tailed
Student’s t test in Microsoft Excel Tools (Fig. 6, C and D). The
correlation coefficients do not show a perfect negative correla-
tion between expression levels of the respective genes but dem-
onstrate a trend toward negative correlation, which should be
validated with larger numbers of samples.
As Lin28 is a key regulator of let-7c expression, we examined

Lin28 expression in 42 archival matched pairs of benign and
cancerous human prostate samples and 20 samples of normal
prostate by Western blotting using an antibody specifically
against Lin28 (Abcam). The levels of Lin28 protein expression
were higher in most of the tumors compared with the matched
benign prostates (Fig. 6E). We found that 86% of tumor tissues
were positive for Lin28, whereas only 47% of benign and 40% of
normal tissues exhibited Lin28 expression. We also analyzed
expression levels of AR in these samples by Western blotting,
and the results show that AR levels correlate with Lin28 levels
(Fig. 6E). Collectively, these data suggest that expression levels
of let-7c and AR are negatively correlated with each other and
that Lin28 is overexpressed in prostate cancer versus benign
prostate and is correlated positively with AR.
Expression Levels of AR, Lin28, and Myc Are Increased in

Human PCa—To validate our above results from clinical PCa
specimens, gene expression analysis was performed using
public domain data sets deposited in the Gene Expression
Omnibus of the National Center for Biotechnology Informa-

FIGURE 7. Expression levels of AR, Lin28 and Myc are correlated with each other in human PCa. A, comparison of AR, Lin28, and Myc expression in the
dataset GDS1439 (23). Benign, n � 6; primary prostate cancer, n � 7; and metastatic prostate cancer, n � 6. B, comparison of AR, Lin28, and Myc levels in
GDS2547 (24). Normal prostate tissue, n � 18; normal tissue adjacent to tumor, n � 16; primary prostate cancer, n � 65; and metastatic prostate cancer, n � 25.
Data are expressed as mean �S.E. (in percentages) of the maximum single channel count determined in each data set. C, gene expression analysis using the
Oncomine database showing the relative expression levels of AR, Lin28, and Myc in three datasets comparing normal prostate tissue and prostate cancer.
Wallace_prostate: normal, n � 20; cancer, n � 69. Yu_prostate: normal, n � 23; cancer, n � 64. Vanaja_prostate: normal, n � 8; cancer, n � 32. Data are
presented as mean � S.E. of normalized expression units according to Oncomine output.
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tion and in Oncomine. The former utilized data sets generated
by Affymetrix human genome microarrays of well described
human tissues, whereas the latter utilized theOncomine cancer
transcriptome data. Analysis of Affymetrix human gene arrays
demonstrated that expression levels of AR, Lin28, and Myc
were enhanced (p � 0.05) in primary and metastatic prostate
cancer specimens compared with benign prostate specimens
(Fig. 7, A and B). Similarly, significant (p � 0.001) increases
were observed in expression levels of AR, Lin28, and Myc in
prostate cancer specimens compared with their normal coun-
terparts and were positively correlated with each other (Fig.
7C). These results imply that Lin28 and Myc play important
roles in the regulation of AR expression in human PCa. Down-
regulation of expression of let-7c in human PCa may lead to
higher levels of expression of Lin28 and Myc, which in turn
enhance the expression of AR, which is an important survival
factor for PCa cells.

DISCUSSION

In this study, we found that let-7c suppresses AR expression
via a transcriptional mechanism involving Myc. Down-regula-
tion of let-7c by antisense oligonucleotides increased AR
expression, thereby conferring a survival advantage on PCa
cells. We also found that down-regulation of Lin28 in PCa cells
led to an up-regulation of let-7c expression and inhibited cell
growth. These results suggest that this novel pathway by which
miRNA let-7c regulates AR expression and PCa cell prolifera-
tion may be exploited for therapeutic applications.
A tumor suppressor role has been attributed to the let-7 fam-

ily of miRNAs in several human cancers. Here, we demonstrate
that let-7c functions as a tumor suppressor that inhibits pros-
tate tumor growth by regulating AR expression. The most
important and well studied targets of let-7 are the oncogenes:
HMGA2, RAS, andMyc. Each of these proteins is an important
transcription factor, and it is conceivable that by repressing
their expression directly, let-7 may influence cancer cell prolif-
eration in a cell type- and target-specific manner. In our study,
we show that by targeting Myc, which is a pivotal transcription
factor regulating the expression of AR in PCa cells, let-7c sup-
presses AR expression and plays an important tumor suppres-
sor role in PCa. Our results also indicate that, if feasible strate-
gies to reconstitute let-7c in prostate tumors can be developed,
reconstitution of let-7c may become a potential therapeutic
agent for prostate cancer treatment. The down-regulation of
potential oncogenic and survival factors by let-7c may repre-
sent an attractive therapeutic opportunity in human PCa.
It is well documented that Lin28 plays a major role in regu-

lation of let-7c expression (14, 32). Overexpression of Lin28
inhibited let-7c expression in LNCaP cells, whereas knockdown
of Lin28 expression increased let-7c in C4-2B cells. In addition,
we showed that expression levels of let-7c and Lin28 are corre-
lated inversely with each other in the tumors of prostate cancer
xenograft models as well as in prostate cancer clinical speci-
mens, indicating that a negative feedback loop exists between
Lin28 and let-7c. Since overexpression of Lin28 enhanced AR
expression and increased cell growth in prostate cancer cells, it
is possible that overexpression of let-7c suppresses AR expres-
sion on one hand while negatively regulating Lin28 expression

on the other hand, leading to further inhibition of prostate
tumor growth.
The AR is an important survival factor in prostate cells and

tumors. Up-regulation ofAR expression has been recognized as
a major determinant in the pathogenesis of PCa. Up-regulation
ofAR expression has been shown to be sufficient for conversion
of a castration-sensitive phenotype to a castration-resistant
phenotype (33). CRPC tissues expressing higher levels of the
AR require 80% lower concentrations of androgens tomaintain
androgen signaling (34). High levels of AR expression also con-
vert AR antagonists like bicalutamide and flutamide into ago-
nists and confer promiscuity to ligands like estrogens (33).
Recent data also indicate that elevated expression of the AR
detected in biopsy specimen predicts response or resistance to
therapy (35). Silencing AR signaling by down-regulating its
expression has been the focus of research efforts in the recent
past. Use of synthetic siRNA, AR antisense, geldanamycin ana-
logs, and selective AR modulators (SARMs) has demonstrated
that down-regulation of AR expression is sufficient to slow
prostate tumor growth and induce apoptosis (36–39). In view
of the above studies and the importance of theAR inPCapatho-
genesis, our study, which shows a novel way of antagonizingAR
expression and thereby CRPC progression by let-7c, may have
important translational implications.
In summary, we show that themiRNA let-7c plays an impor-

tant role in regulation of androgen signaling by down-regulat-
ing AR expression and thereby inhibits PCa cell proliferation.
Our results suggest that re-expression of themiRNA let-7cmay
help target enhanced and hypersensitive AR in advanced PCa.
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