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Abstract

Purpose: Prostate cancer (PCa) is characterized by deregulated expression of several tumor suppressor or oncogenic
miRNAs. The objective of this study was the identification and characterization of miR-let-7c as a potential tumor suppressor
in PCa.

Experimental Design: Levels of expression of miR-let-7c were examined in human PCa cell lines and tissues using qRT-PCR
and in situ hybridization. Let-7c was overexpressed or suppressed to assess the effects on the growth of human PCa cell
lines. Lentiviral-mediated re-expression of let-7c was utilized to assess the effects on human PCa xenografts.

Results: We identified miR-let-7c as a potential tumor suppressor in PCa. Expression of let-7c is downregulated in castration-
resistant prostate cancer (CRPC) cells. Overexpression of let-7c decreased while downregulation of let-7c increased cell
proliferation, clonogenicity and anchorage-independent growth of PCa cells in vitro. Suppression of let-7c expression
enhanced the ability of androgen-sensitive PCa cells to grow in androgen-deprived conditions in vitro. Reconstitution of Let-
7c by lentiviral-mediated intratumoral delivery significantly reduced tumor burden in xenografts of human PCa cells.
Furthermore, let-7c expression is downregulated in clinical PCa specimens compared to their matched benign tissues, while
the expression of Lin28, a master regulator of let-7 miRNA processing, is upregulated in clinical PCa specimens.

Conclusions: These results demonstrate that microRNA let-7c is downregulated in PCa and functions as a tumor suppressor,
and is a potential therapeutic target for PCa.
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Introduction

Prostate cancer (PCa) is the most commonly occurring

malignancy and the second most frequent cause of cancer-related

mortality in men in the US. The majority of patients with

advanced PCa respond initially to androgen deprivation therapy,

but relapse due to the growth of castration resistant prostate

cancer (CRPC) cells. Significant efforts have been focused on

understanding the mechanisms involved in the development and

progression of CRPC. MicroRNAs (miRNAs) are endogenous

small non-coding RNAs that can interfere with protein expression

either by inducing cleavage of their specific target mRNAs or by

inhibiting their translation. Mature miRNAs are evolutionarily

conserved ,22nt single stranded RNAs resulting from a multistep

processing of larger precursor molecules via Drosha and Dicer.

Eventually the mature miRNAs are incorporated into the RISC

complex along with their target mRNAs which are recognized by

sequence complementarity in the 3’-UTR [1]. Each miRNA can

target several different mRNAs and each mRNA can be targeted

by multiple miRNAs, generating an intricate network of gene

expression regulation. MiRNAs have been shown to regulate a

rapidly increasing list of complex biological processes including

differentiation, cell cycle, apoptosis and metabolism [2]. An

overwhelming amount of new evidence points to their roles as

tumor suppressors or oncogenes which presents a whole spectrum

of novel diagnostic and therapeutic opportunities [1,3].

Let-7 encodes an evolutionarily conserved family of 13

homologous miRNAs located in genomic locations frequently

deleted in human cancers [4]. Expression of let-7 in lung cancer

cell lines reduced cell proliferation [5] and inhibited tumorigenesis

of breast cancer cells while also reducing metastases [6].

Overexpression of let-7 also decreased lung cancer cell resistance

to radiation therapy [7]. Reduced expression of let-7 in human

lung cancers has been associated with shortened post-operative
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survival, suggesting that let-7 may be an important prognostic

marker in lung cancer [8]. Similarly, 5-year progression free

survival rate was found to be higher in ovarian cancer patients

with lower HMGA2/let-7 ratios compared to those with higher

HMGA2/let-7 ratios [9]. There is an evident link between loss of

let-7 expression and development of poorly differentiated and

aggressive cancers [10]. Let-7 expression was found to be

downregulated in localized PCa tissues relative to benign

peripheral zone tissue [11,12]. Let-7 members have been shown

to regulate expression levels of oncogenes like HMGA2 [5], RAS

[13] and Myc [14] along with genes involved in cell cycle and cell

division regulation. Therapeutic strategies are being developed

targeting let-7, using either lenti-or adeno-viral-encoded overex-

pression of let-7 or transient transfection of double-stranded

precursors of let-7 [15,16]. Thus, let-7 shows promise as a

molecular marker in certain cancers and as a potential therapeutic

in cancer treatment.

Lin28, a highly conserved RNA-binding protein and a master

regulator of let-7 miRNA processing, is overexpressed in primary

human tumors [17,18] and is postulated to be one of the

embryonic stem cell factors that promote oncogenesis and

proliferation of cancer cells, by repression of the let-7 family of

tumor suppressors [19]. Lin28 binds to the terminal loops of the

precursors of let-7 family miRNAs and blocks their processing into

mature miRNAs [20,21]. Lin28 also derepresses c-Myc by

repressing let-7 and c-Myc transcriptionally activates Lin28

[22,23]. This Lin28/let-7/c-Myc loop may play an important

role in the deregulated miRNA expression signature observed in

many cancers [24].

In this study, we demonstrate that let-7c, one of the members of

the let-7 family, suppresses PCa growth in vitro and in vivo.

Overexpression of let-7c led to inhibition of anchorage-dependent

as well as anchorage-independent growth of PCa cells. Reexpres-

sion of let-7c in xenografts of human PCa cells using lentivirally

encoded let-7c inhibited tumor growth significantly. In addition,

let-7c expression is downregulated in clinical PCa specimens. Our

results imply that prostate tumor growth is regulated by let-7c and

that reconstitution of let-7 may have beneficial effects in PCa by

decreasing survival and proliferation of tumor cells.

Materials and Methods

Cell lines and Reagents
LNCaP, C4-2B, PC-346C and DU145 cells were obtained from

the American Type Culture Collection (ATCC, Manassas, VA).

LNCaP, C4-2B and PC346C cells are androgen receptor (AR)

positive and respond to androgen supplementation, while DU145

cells are AR negative and are androgen-insensitive. LNCaP-S17

and LNCaP-IL6+ cell lines were generated in our laboratory by

stable transfection of full length IL-6 cDNA into LNCaP cells and

by chronic treatment of LNCaP cells with 5 ng/ml recombinant

IL-6 respectively. Both cell lines exhibit autocrine IL-6 signaling.

Antibodies against Actin and Tubulin were purchased from Santa

Cruz Biotechnologies (Santa Cruz, CA). Lin28 antibodies were

obtained from Abcam (San Francisco, CA). SYBR Green iQ

Supermix was from Bio-Rad. Lentivector-based let-7c construct

was obtained from System Biosciences and Lin28 ORF and

shRNA constructs were obtained from Open Biosystems.

Western Blot Analysis
Cells were lysed in high salt buffer containing 50 mM Hepes pH

7.9, 250 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM PMSF,

1 mM Na Vanadate, 1 mM NaF and protease inhibitor cocktail

(Roche) as described earlier [25]. Total protein was estimated

using the Coomassie Protein Assay Reagent (Pierce, Rockford, IL).

Equal amounts of protein were loaded on 10% SDS–PAGE and

transferred to nitrocellulose membranes. The membranes were

blocked with 5% nonfat milk in PBST (1x PBS+0.1% Tween-20)

and probed with primary antibodies in 1% BSA. The signal was

detected by ECL (GE Healthcare) after incubation with the

appropriate HRP-conjugated secondary antibodies.

Measurement of PSA
PSA levels were measured in the culture supernatants using

ELISA (United Biotech Inc, Mountain View, CA) according to the

manufacturer’s instructions.

Real-Time Quantitative RT-PCR
LNCaP cells were transfected with the indicated plasmids or

oligonucleotides and total RNAs were extracted using Trizol

reagent (Invitrogen). cDNAs were prepared after digestion with

RNase-free RQ1 DNase (Promega). The cDNAs were subjected to

real-time reverse transcription-PCR (RT-PCR) using SYBR

Green iQ Supermix (Bio-Rad) according to the manufacturer’s

instructions and as described previously [26,27]. Reactions were

performed with 1 mL RT-PCR cDNA, 0.5 mL each of forward

and reverse primers (10 mmol/L), 10.5 mL double-distilled water,

and 12.5 mL iQ SYBR Green supermix. Each reaction was

normalized by coamplification of actin. Triplicates of samples

were run on default settings of Bio-Rad CFX-96 real-time cycler.

Primers used for quantification of Lin28 were: Forward 59-

GCCCCTTGGATATTCCAGTC-39 and Reverse 59-AATGT-

GAATTCCACTGGTTCTCCT-39. miRNA qPCR was per-

formed with the use of miRCURY LNA Universal RT microRNA

PCR kit and LNA-conjugated miRNA primers (Exiqon) according

to manufacturer’s instructions.

Northern Blotting
20 mg each of total RNAs from LNCaP, PC-3, DU145,

LNCaP-S17 and LNCaP-IL6+ cells were run on 15% Urea-

PAGE gels and transferred to nylon membranes. After UV cross

linking, membranes were hybridized to a probe recognizing the

mature sequence of let-7c. U6 snRNA was used as loading control.

miRNA in Situ Hybridization
In situ hybridization (ISH) was performed to determine the

patterns of expression of let-7c in human clinical PCa tissue

microarray containing 160 cores each from unmatched benign

and cancerous prostates. ISH was performed using the locked

nucleic acid (LNA)-conjugated let-7c-specific probe from Exiqon

according to manufacturer’s instructions.

Clonogenic Assays
Anchorage-dependent clonogenic ability assays were performed

as described previously [28]. Briefly, LNCaP cells transfected with

either empty vector or let-7c were seeded at low densities (400

cells/dish) in 10 cm culture plates. The plates were incubated at

37oC in media containing either 10% FBS or 10% charcoal-

stripped FBS (CS-FBS) and were left undisturbed for 14 days. At

the end of the experiment, cells were fixed with methanol, stained

with crystal violet and the numbers of colonies were counted.

Soft-agar Colony Formation Assays
Anchorage-independent colony formation assays were per-

formed using C4-2B and LNCaP-S17 cells transfected with the

indicated plasmids. After transfection, cells were plated in 0.35%

agarose overlying a 1.2% agar layer. Cells were fed twice a week

Let-7c Inhibits Prostate Tumor Growth

PLoS ONE | www.plosone.org 2 March 2012 | Volume 7 | Issue 3 | e32832



with complete RPMI1640 and were incubated at 370C for

2 weeks. At the end of the experiment, colonies were stained with

0.005% Crystal Violet and counted.

Cell Growth Assays
LNCaP, C4-2B, DU145, LNCaP-S17 and LN-IL6+ cells were

transfected with plasmids expressing let-7c and viable cell numbers

were determined at 0, 24 and 48 h using a Coulter cell counter.

Apoptosis Assays using Cell Death Detection ELISA
DNA fragmentation in LNCaP, DU145, LNCaP-S17 and LN-

IL6+ cells transfected with plasmids as indicated in figures was

assessed by the Cell death detection ELISA kit (Roche,

Indianapolis, IN) according to the manufacturer’s instructions.

Generation of Stable Cell Lines
Stable cell lines of LNCaP and C4-2B expressing let-7c were

generated by transfection of plasmids containing the cDNAs and

selection of clones after application of selective pressure with

appropriate antibiotics.

Animals
6–8 week old male nude mice were maintained in the Animal

Facility at the UC Davis Medical Center. All experimental

LNCaP        C4-2B

A B

C D

let-7c

U6

LNCaP

PC-3
DU14

5

S17 LN-IL
6+

let-7c

U6

LNCaP

PC-3
DU14

5

S17 LN-IL
6+

0

0.2

0.4

0.6

0.8

1

1.2

LNCaP PC-3 DU145 LNCaP-S17 LN-IL6+

R
el

at
iv

e 
le

t-
7c

 e
xp

re
ss

io
n

0

0.2

0.4

0.6

0.8

1

1.2

Con Lin28

R
el

at
iv

e 
le

t-
7c

 e
xp

re
ss

io
n

Lin28

Actin

Con Lin
28

0

0.5

1

1.5

2

2.5

3

3.5

Con shLin28

R
el

at
iv

e 
le

t-
7c

 e
xp

re
ss

io
n

C
on

sh
Li

n2
8

Lin28

Actin

1       0.4    0.3     0.2     0.6

Lin28B

Actin

LA
PC-4

LN
CaP

C4-
2BE

Figure 1. Let-7c is expressed in PCa cells. A) Total RNAs from LNCaP, PC-3, DU145, LNCaP-S17 and LN-IL6+ cells were analyzed by qRT-PCR.
Results are presented as relative fold change compared to expression levels in LNCaP. Data points represent mean 6 SD of triplicate samples from
two independent experiments. B) 20 mg each of the above RNAs were also analyzed by northern blotting. U6 snRNA was used as the loading control.
C) qRT-PCR showing the decrease in let-7c expression in LNCaP cells expressing Lin28 compared to LNCaP cells transfected with the empty vector
(Con). Inset Western blot shows expression of Lin28. D) qRT-PCR showing the increase in let-7c expression in C4-2B cells transfected with shRNA
against Lin28 compared to C4-2B cells transfected with control GFP shRNA. Inset Western blot shows downregulation of Lin28. Data points represent
mean 6 SD of triplicate samples from two independent experiments. Error bars denote 6 SD (*p , 0.05). E) Western blot showing the expression
levels of Lin28 in PCa cells. Actin is used as a loading control.
doi:10.1371/journal.pone.0032832.g001
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Figure 2. Let-7c expression is downregulated in human PCa. A) Relative expression levels of let-7c were measured by qRT-PCR in total RNAs
extracted from 10 paired benign and tumor human prostate samples. B) Let-7c levels were measured using in situ hybridization in TMAs containing
160 cores each from unmatched benign and cancerous prostate biopsies. Representative images are shown for benign and cancer cores. Expression
of let-7c was higher in benign prostates compared to cancerous prostates. C) Relative expression levels of Lin28 in the 10 paired benign and tumor
human prostate samples. Expression levels of Lin28 were correlated inversely with those of let-7c. Error bars denote 6 SD (*p , 0.05).
doi:10.1371/journal.pone.0032832.g002
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procedures using animals were approved by the Institutional

Animal Care and Use Committee of UC Davis. 1–26106 cells/

flank were injected s.c. into both flanks and tumors were allowed

to grow. Once the tumors reached 0.5 cm3, 1x107 ifu (infectious

units) of lentiviruses containing either empty vector with GFP or

let-7c precursor were injected intratumorally. At the end of the

experiments, mice were sacrificed and tumors were excised. Sera

were collected for measurement of PSA.

Human PCa Specimens
Paired benign and tumor prostate tissues were prepared as

described previously [29]. Surgical specimens used in this study

were radical prostatectomy specimens (one from robotic surgery)

collected at the Johns Hopkins University from 2002 to 2007.

Specimens were selected from the frozen prostate tumor bank if

paired frozen blocks enriched for histologically normal and tumor

areas were available. Frozen blocks were manually trimmed to

further enrich the histology of interest. Cryosections (7 mm) were

prepared from each block before RNA extraction. The tumor

content in the tumor specimens was greater than 80%, whereas

normal samples had at least 60% epithelium content and no

evidence of tumor present. The first and last sections for each

block were H&E stained and used for % epithelium calculation.

The use of de-identified surgical specimens for molecular analysis

was approved by the IRB.

Statistical Analyses
Data are shown as means 6 SD. Multiple group comparison

was performed by one-way ANOVA followed by the Scheffe

procedure for comparison of means. P,0.05 was considered

significant.

Results

Let-7c is Expressed in PCa Cells
Our previous studies using miRNA microarrays showed that let-

7c was among the most commonly modulated miRNAs in PCa

cells (unpublished data). To determine the relative levels of

expression of let-7c in PCa cells, we isolated total RNAs from

LNCaP (androgen-dependent, AR-positive), PC-3, DU145 (cas-

tration-resistant, AR-negative) cells as well as LNCaP-S17 cells

expressing IL-6 [30] and LN-IL6+ cells chronically treated with

IL-6 [31]. cDNAs were analyzed by quantitative RT-PCR using

primers amplifying the mature form of let-7c (Exiqon) specifically.

Our results showed that let-7c is expressed at high levels in LNCaP

cells compared to the hormone-refractory PC-3 and DU145 cells

(Fig. 1A). Earlier reports showed that IL-6 and let-7 exhibit

reciprocal regulation of expression. LNCaP-IL6+ and LNCaP-S17

cells (autocrine IL-6 signaling) showed reduction in let-7c levels,

consistent with the report that IL-6 reduces let-7 expression in PCa

cells and that let-7 regulates IL-6 expression [18]. These results

were also confirmed by northern blotting using a probe against the

mature let-7c sequence (Fig. 1B), suggesting that let-7c levels are

reduced in more aggressive and castration-resistant PCa cells.

Recent reports showed that expression of let-7 family of

miRNAs is regulated by Lin28, a master regulator of miRNA

processing [18,20]. Consistent with the finding, we found that

overexpression of Lin28 led to a reduction in let-7c levels in

LNCaP cells (Fig. 1C), while downregulation of Lin28 using Lin28

shRNA led to an increase in let-7c levels (Fig. 1D) in C4-2B cells

which express endogenous Lin28 (Fig. 1E). Downregulation or

overexpression of Lin28 was confirmed by Western blotting (Inset

Fig. 1C&D). These results show that Lin28 plays a critical role in

regulation of let-7c expression in PCa cells.

Let-7c Expression is Downregulated in Human PCa
To determine whether the levels of let-7c expression are

downregulated in clinical PCa, we analyzed RNAs from 10 paired

benign and tumor 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). The levels of let-7c were significantly decreased in 8/10

tumors compared to their matched benign prostate tissues

(Fig. 2A). We also analyzed two tissue microarrays containing

benign and cancerous prostate biopsies respectively by in situ

hybridization using LNA-conjugated mature let-7c-specific probe

(Exiqon). The images were analyzed using an Olympus IX81

microscope and DP Controller Software. Our results showed that

let-7c was highly expressed in benign PCa, while its expression was

downregulated in the cancerous prostate (Fig. 2B). Collectively,

these results suggest that loss of let-7c expression may be associated

with prostate tumorigenesis.

Since Lin28 is a key regulator of let-7c expression, we examined

Lin28 expression in the 10 paired benign and tumor prostate

samples by qRT-PCR using primers which amplify Lin28 mRNA

specifically. Expression levels of Lin28 were found to be

significantly elevated in 9/10 pairs of matched benign and tumor

prostate specimens (Fig. 2C). Expression of Lin28 was correlated

inversely with expression of let-7c with a correlation coefficient of -

0.4, suggesting that let-7c expression is regulated primarily by

Lin28 in human PCa.

Let-7c Decreases the Growth of PCa Cells in Vitro
To determine whether let-7c affects the growth of PCa cells,

LNCaP, C4-2B, DU145, LNCaP-S17 and LN-IL6+ cells were

transfected with plasmids encoding let-7c or empty vector and

cell numbers were counted after 24 and 48 h. Cell numbers of all

PCa cell lines overexpressing let-7c were reduced by ,40% at

48 h (Fig. 3A-E). Insets show the levels of expression of let-7c

plasmid in these cells. To determine whether the observed

decrease in cell growth was due to apoptotic cell death, DNA

fragmentation was analyzed by Cell Death Detection ELISA. As

shown in Fig. 3F, apoptosis in cells overexpressing let-7c was

enhanced compared to the controls, suggesting that the inhibition

in cell growth induced by let-7c is partly due to increased

apoptotic cell death.

In addition, we tested whether downregulation of let-7c would

enhance the ability of androgen-sensitive PCa cells to grow in

androgen-deprived conditions. We transfected anti-sense oligos

Figure 3. Let-7c inhibits growth of human PCa cells in vitro. LNCaP (A), C4-2B (B), DU145 (C), LN-IL6+ (D) and LNCaP-S17 (E) cells were
transfected with let-7c or empty vector (Con) and cell numbers were determined after 24 and 48 h. Growth of PCa cells was suppressed by let-7c.
Insets show the levels of expression of let-7c plasmid. F) Cell death was analyzed in LNCaP, DU145, LNCaP-S17 and LN-IL6+ cells transfected with let-
7c or empty vector (Con). Let-7c induced apoptotic cell death of prostate cancer cells. G) LNCaP cells transfected with anti-sense oligos against let-7c
or scrambled oligos (Con) were grown in FBS and CS-FBS and cell numbers determined. Inset shows the downregulation of expression of let-7c by
anti-sense oligos. LNCaP cells with downregulated expression of let-7c exhibited faster growth in CS-FBS compared to controls. Data points represent
mean 6 SD of triplicate samples from two independent experiments. Error bars denote 6 SD (*p , 0.05).
doi:10.1371/journal.pone.0032832.g003

Let-7c Inhibits Prostate Tumor Growth

PLoS ONE | www.plosone.org 6 March 2012 | Volume 7 | Issue 3 | e32832



against let-7c or control scrambled oligos into LNCaP cells

supplemented with either FBS or charcoal-stripped FBS (CS-FBS)

and monitored cell growth. The results demonstrated that

downregulation of let-7c by anti-sense promoted androgen-

dependent LNCaP cell growth in conditions of androgen

deprivation (Fig. 3G). Downregulation of let-7c by the anti-sense

oligos was confirmed using qRT-PCR (Fig. 3G, inset). These

findings suggested that castration-resistant growth of PCa may be

characterized by downregulation of let-7c expression.

We also analyzed clonogenic ability of PCa cells expressing let-

7c in both anchorage-dependent and anchorage-independent

conditions. LNCaP-S17 and C4-2B cells were transfected with

let-7c or empty vector and colony formation assays were

performed. Both clonogenic (Fig. 4A) and soft agar colony
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vector) or let-7c respectively. D) Soft agar assay-Upper and lower panels represent colony sizes of C4-2B and LNCaP-S17 cells expressing control
(empty vector) or let-7c respectively. E) Number of colonies formed in clonogenic assay by C4-2B cells stably expressing let-7c. Let-7c decreased the
number of colonies formed by the PCa cells. Data points represent mean 6 SD of triplicate samples from two independent experiments. Error bars
denote 6 SD (*p , 0.05).
doi:10.1371/journal.pone.0032832.g004
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(Fig. 4B) formation abilities of LNCaP-S17 and C4-2B cells were

suppressed by overexpression of let-7c. The number of colonies

formed on substrata by LNCaP-S17 cells was reduced from

142615 to 46610 and the number of colonies formed by C4-2B

cells was reduced from 122610 to 3467 (Fig. 4A). Similarly, the

number of colonies formed in soft agar by LNCaP-S17 cells was

reduced from 8264 to 1562 and the number of colonies formed

by C4-2B cells was reduced from 6165 to 2165 (Fig. 4B) by

overexpression of let-7c. Furthermore, the size of colonies formed

by control-transfected cells was larger compared to the colonies

formed by let-7c-transfected cells (Fig. 4C&D). These results

suggest that let-7c may inhibit PCa cell growth in anchorage-

dependent as well as –independent conditions. These findings

were also confirmed with clonogenic assay in C4-2B cells stably

expressing let-7c (Fig. 4E).

Let-7c Inhibits Tumor Growth of Human PCa Cell
Xenografts

We generated lentiviruses encoding GFP-tagged let-7c precur-

sor using the Lentivector Expression System (System Biosciences).

To determine whether let-7c exhibits anti-proliferative effects on

PCa xenografts in vivo, we injected 2x106 C4-2B or PC346C (both
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Figure 5. Let-7c suppresses tumor growth of human PCa xenografts in vivo. C4-2B (A), PC346C (B) and DU145 (C) cells were injected into
both flanks of nude mice and the tumors received a single intratumoral injection of lentiviruses expressing either GFP (control) or let-7c. Tumor
growth was monitored twice weekly over 3 weeks. Data points represent mean 6 SD of tumor volume (mm3) of all mice at the indicated time points.
D) Secretion of PSA by C4-2B and PC346C xenografts was measured in mouse sera by ELISA. Reconstitution of let-7c in the tumors reduced secretion
of PSA by the xenografts. At the end of the experiments, tumor tissues were excised, total RNAs prepared and subjected to qRT-PCR to assess mRNA
levels of let-7c (E) and Lin28 (F). Error bars denote 6 SD (*p , 0.05).
doi:10.1371/journal.pone.0032832.g005
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cell lines are AR-positive) cells s.c. into both flanks of male nude

mice and monitored tumor development. Once tumors reached

the size of 0.5 cm3, mice were randomized into two groups. The

experimental mice received a single intratumoral injection of

lentivirally encoded let-7c, while control mice received lentiviruses

expressing GFP. Tumor growth was monitored over 3 weeks, with

tumor measurements twice weekly. At the end of 3 weeks, tumors

were excised, RNAs prepared and qRT-PCR performed to assess

levels of let-7c in the xenografts. The results showed that tumor

growth of C4-2B (Fig. 5A) and PC346C (Fig. 5B) xenografts was

inhibited significantly in mice injected with let-7c-containing

lentiviruses compared to mice injected with control lentiviruses. In

addition, we also tested whether let-7c can suppress tumor growth

of AR-negative xenografts. We injected 1x106 DU145 cells/flank

s.c. into male nude mice and performed similar experiments with

half the mice receiving a single intratumoral injection of

lentiviruses encoding let-7c and the other half receiving lentivi-

ruses encoding the empty vector. The results showed that let-7c

was successful in suppressing tumor growth of DU145 xenografts

similar to C4-2B or PC346C xenografts (Fig. 5C). Levels of PSA, a

classic target gene of AR, secreted by the AR-positive xenografts

were measured in the mouse sera using a human-specific PSA

ELISA kit and were normalized to tumor weights. Results showed

that injection of let-7c-expressing lentiviruses reduced the secretion

of PSA by the tumor xenografts of C4-2B and PC346C compared

to control lentiviruses (Fig. 5D). qRT-PCR showed that let-7c

levels were enhanced in the tumors injected with let-7c-encoding

lentiviruses, while levels of Lin28 were reduced (Fig. 5E&F). These

findings suggest that overexpression of let-7c suppresses prostate

tumor growth, and that reconstitution of let-7c levels may present

an attractive therapeutic strategy against human PCa.

Discussion

In this study, we found that let-7c expression is downregulated

in castration-resistant PCa cells and clinical specimens. Transfec-

tion of lentiviral-encoded let-7c inhibited the growth and

clonogenicity of PCa cells while enhancing apoptotic cell death.

Conversely, downregulation of let-7c by anti-sense oligonucleo-

tides conferred a survival advantage on PCa cells in androgen-

replete as well as androgen-depleted environments. Intratumoral

injection of lentivirally encoded let-7c inhibited PCa xenograft

tumor growth, demonstrating that let-7c functions as a tumor

suppressor that inhibits prostate tumor growth. These results

suggest that miRNA let-7c plays an important role in PCa cell

proliferation and may be exploited for therapeutic applications.

The mechanisms of suppression of prostate tumor growth by let-

7c may include direct or indirect regulation of expression levels of

oncogenes such as Myc and Lin28. In a recent report, we showed

that let-7c targets the expression of the AR via targeting the

expression of Myc [32]. The AR is a key survival factor for

prostate tumor cells and reduction of its expression has been

demonstrated to suppress prostate tumor growth [33]. In

confirmation of these findings, expression of PSA, one of the

classic target genes of the AR, was found to be suppressed by let-7c

in xenografts of C4-2B and PC346C cells in this study.

It is well documented that Lin28 plays a major role in regulation

of let-7c expression [18,21]. This is consistent with our studies

showing that Lin28 suppresses let-7c expression in PCa cells.

Overexpression of Lin28 inhibited let-7c expression in LNCaP

cells, while knockdown of Lin28 expression increased let-7c in C4-

2B cells. In addition, we demonstrated that overexpression of let-

7c reduced the levels of Lin28 expression in the tumors of PCa

xenograft models (Fig. 5F), indicating that a negative feedback

loop exists between Lin28 and let-7c.

Several reports have established the important role of let-7,

showing that members of the let-7 family are downregulated in

lung cancers and that this downregulation is correlated with poor

survival [8]. A tumor suppressor role has been attributed to the let-

7 family of miRNAs and appears to be undisputed except in rare

cases, such as let-7a, which has been reported to target caspase-3

in human cancers [34], thus suppressing susceptibility of cancer

cells to chemotherapeutic-induced cell death. In malignant

mesothelioma, let-7b* was found to be highly expressed [35]

and the upregulation of let-7b and let-7i was associated with high

grade transformation in lymphoma [36]. These conflicting data on

deregulation of let-7 in various human cancers show that

individual let-7 family members may have distinct and varying

activities in different cells and do not simply exhibit redundant

functions.

An earlier study by Dong et al. [37] reported that let-7a

suppresses prostate tumor growth by targeting E2F2 and CCND2.

Our studies suggest that let-7c suppresses prostate tumor growth

by several pathways including regulation of IL-6, Myc, Lin28 and

the AR [32]. In addition, direct reconstitution of let-7c by injection

of lentivirally encoded let-7c into established xenograft tumors

marks an important step in the direction of prospective therapeutic

strategies using let-7c. Even though members of the let-7 family

may exhibit some redundant functions, individual components

may be subject to differential and tissue-specific regulation in

different cell types. Our results with lentivirally encoded let-7c

show that, if feasible strategies to reconstitute let-7c in prostate

tumors can be developed, reconstitution of let-7c may represent a

potential therapeutic agent for PCa treatment.

In summary, our study demonstrates that the miRNA let-7c

plays an important role in inhibition of PCa cell proliferation and

castration-resistant progression. Downregulation of expression of

Let-7c and the let-7c/Lin28 feedback loop may facilitate prostate

tumor growth. Targeting this novel pathway may pave the way for

effective therapeutic strategies in PCa therapy.

Author Contributions

Conceived and designed the experiments: NN HC XC JL RDVW HJK

CPE AG. Performed the experiments: NN RT WL YZ XS JXZ JZ.

Analyzed the data: NN CPE AG. Contributed reagents/materials/analysis

tools: XB RDVW XC. Wrote the paper: NN AG.

References

1. Shi X-B, Tepper CG, deVere White RW (2008) Cancerous miRNAs and their

regulation Cell Cycle 7: 1529–1538.

2. Coppola V, de Maria R, Bonci D (2009) MicroRNAs and prostate cancer.

Endocr Relat Cancer: ERC-09–0172.

3. Gandellini P, Folini M, Zaffaroni N (2009) Towards the definition of prostate

cancer-related microRNAs: where are we now? Trends in Molecular Medicine

15: 381–390.

4. Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, et al. (2004) Human

microRNA genes are frequently located at fragile sites and genomic regions

involved in cancers. Proc Natl Acad Sci USA 101: 2999–3004.

5. Lee YS, Dutta A (2007) The tumor suppressor microRNA let-7 represses the

HMGA2 oncogene. Genes & Development 21: 1025–1030.

6. Yu F, Yao H, Zhu P, Zhang Z, Pan Q, et al. (2007) let-7 regulates self-renewal

and tumorigenicity of breast cancer cells Cell 131: 1109–1123.

7. Weidhaas JB, Babar I, Nallur SM, Trang P, Roush S, et al. (2007) MicroRNAs

as Potential Agents to Alter Resistance to Cytotoxic Anticancer Therapy.

Cancer Res 67: 11111–11116.

8. Takamizawa J, Konishi H, Yanagisawa K, Tomida S, Osada H, et al. (2004)

Reduced Expression of the let-7 MicroRNAs in Human Lung Cancers in

Association with Shortened Postoperative Survival. Cancer Res 64: 3753–3756.

Let-7c Inhibits Prostate Tumor Growth

PLoS ONE | www.plosone.org 9 March 2012 | Volume 7 | Issue 3 | e32832



9. Shell S, Park S-M, Radjabi AR, Schickel R, Kistner EO, et al. (2007) Let-7

expression defines two differentiation stages of cancer. Proc Natl Acad Sci USA

104: 11400–11405.

10. Boyerinas B, Park S-M, Hau A, Murmann AE, Peter ME (2010) The role of let-

7 in cell differentiation and cancer. Endocr Relat Cancer 17: F19–36.

11. Ozen M, Creighton C, Ozdemir M, Ittmann M (2007) Widespread deregulation

of microRNA expression in human prostate cancer. Oncogene 27: 1788–1793.

12. Jiang J, Lee EJ, Gusev Y, Schmittgen TD (2005) Real-time expression profiling

of microRNA precursors in human cancer cell lines. Nucl Acids Res 33:

5394–5403.

13. Johnson S, Grosshans H, Shingara J, Byrom M, Jarvis R, et al. (2005) RAS is

regulated by the let-7 microRNA family Cell 120: 635–647.

14. Kumar MS, Lu J, Mercer KL, Golub TR, Jacks T (2007) Impaired microRNA

processing enhances cellular transformation and tumorigenesis. Nat Genet 39:

673–677.

15. Barh D, Malhotra R, Ravi B, Sindhurani P (2010) MicroRNA let-7: an

emerging next-generation cancer therapeutic. Current Oncology 17(1): 70–80.

16. Esquela-Kerscher A, Trang P, Wiggins J, Patrawala L, Cheng A, et al. (2008)

The let-7 microRNA reduces tumor growth in mouse models of lung cancer Cell

Cycle 7: 759–764.

17. Viswanathan SR, Powers JT, Einhorn W, Hoshida Y, Ng TL, et al. (2009) Lin28

promotes transformation and is associated with advanced human malignancies.

Nat Genet 41: 843–848.

18. Iliopoulos D, Hirsch H, Struhl K (2009) An epigenetic switch involving NF-

kappaB, Lin28, Let-7 microRNA and IL6 links inflammation to cell

transformation Cell 139: 693–706.

19. Peng S, Maihle N, Huang Y (2010) Pluripotency factors Lin28 and Oct4 identify

a sub-population of stem cell-like cells in ovarian cancer. Oncogene 29:

2153–2159.

20. Viswanathan SR, Daley GQ, Gregory RI (2008) Selective Blockade of

MicroRNA Processing by Lin28. Science 320: 97–100.

21. Viswanathan SR, Daley GQ (2010) Lin28: A microRNA regulator with a macro

role Cell 140: 445–449.

22. Chang T-C, Zeitels LR, Hwang H-W, Chivukula RR, Wentzel EA, et al. (2009)

Lin-28B transactivation is necessary for Myc-mediated let-7 repression and

proliferation. Proc Natl Acad Sci USA 106: 3384–3389.

23. Dangi-Garimella S, Yun J, Eves EM, Newman M, Erkeland SJ, et al. (2009) Raf

kinase inhibitory protein suppresses a metastasis signalling cascade involving

LIN28 and let-7. EMBO J 28: 347–358.

24. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, et al. (2005) MicroRNA

expression profiles classify human cancers. Nature 435: 834–838.

25. Nadiminty N, Lou W, Lee SO, Lin X, Trump DL, et al. (2006) Stat3 activation

of NF-kappaB p100 processing involves CBP/p300-mediated acetylation. Proc
Natl Acad Sci USA 103: 7264–7269.

26. Nadiminty N, Dutt S, Tepper C, Gao AC (2009) Microarray analysis reveals

potential target genes of NF-kappaB2/p52 in LNCaP prostate cancer cells.
Prostate 70: 276–287.

27. Nadiminty N, Lou W, Sun M, Chen J, Yue J, et al. (2010) Aberrant Activation of
the Androgen Receptor by NF-kappaB2/p52 in Prostate Cancer Cells. Cancer

Research 70: 3309–3319.

28. Nadiminty N, Chun JY, Lou W, Lin X, Gao AC (2008) NF-kappaB2/p52
enhances androgen-independent growth of human LNCaP cells via protection

from apoptotic cell death and cell cycle arrest induced by androgen-deprivation.
Prostate 68: 1725–1733.

29. Dunn TA, Chen S, Faith DA, Hicks JL, Platz EA, et al. (2006) A novel role of
myosin VI in human prostate cancer. Am J Pathol 169: 1843–1854.

30. Lee SO, Lou W, Hou M, de Miguel F, Gerber L, et al. (2003) Interleukin-6

promotes androgen-independent growth in LNCaP human prostate cancer cells.
Clin Cancer Res 9: 370–376.

31. Lee SO, Chun JY, Nadiminty N, Lou W, Gao AC (2007) Interleukin-6
undergoes transition from growth inhibitor associated with neuroendocrine

differentiation to stimulator accompanied by androgen receptor activation

during LNCaP prostate cancer cell progression. The Prostate 67: 764–773.
32. Nadiminty N, Tummala R, Lou W, Zhu Y, Zhang J, et al. (2011) MicroRNA

let-7c suppresses androgen receptor expression and activity via regulation of
Myc expression in prostate cancer cells. Journal of Biological Chemistry [Epub

ahead of print].
33. Andersen RJ, Mawji NR, Wang J, Wang G, Haile S, et al. (2010) Regression of

Castrate-Recurrent Prostate Cancer by a Small-Molecule Inhibitor of the

Amino-Terminus Domain of the Androgen Receptor. Cancer Cell 17: 535–546.
34. Tsang W, Kwok T (2008) Let-7a microRNA suppresses therapeutics-induced

cancer cell death by targeting caspase-3. Apoptosis 13: 1215–1222.
35. Guled M, Lahti L, Lindholm PM, Salmenkivi K, Bagwan I, et al. (2009)

CDKN2A, NF2, and JUN are dysregulated among other genes by miRNAs in

malignant mesothelioma - A miRNA microarray analysis. Genes, Chromosomes
and Cancer 48: 615–623.

36. Lawrie CH, Chi J, Taylor S, Tramonti D, Ballabio E, et al. (2009) Expression of
microRNAs in diffuse large B cell lymphoma is associated with immunophe-

notype, survival and transformation from follicular lymphoma. J Cell Mol Med
13: 1248–1260.

37. Dong Q, Meng P, Wang T, Qin W, Qin W, et al. (2010) MicroRNA Let-7a

Inhibits Proliferation of Human Prostate Cancer Cells In Vitro and In Vivo by
Targeting E2F2 and CCND2. PLoS ONE 5: e10147.

Let-7c Inhibits Prostate Tumor Growth

PLoS ONE | www.plosone.org 10 March 2012 | Volume 7 | Issue 3 | e32832


