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let-7a and its target, insulin-like growth factor 1 receptor,
are differentially expressed in recurrent prostate cancer
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Abstract. Prostate cancer (PCa) is the most common malig-
nancy in males worldwide. Approximately 30% of those
patients who received radical prostatectomy developed clinical
recurrence accompanied by elevated serum prostate-specific
antigen levels. Although knowledge regarding the develop-
ment of PCa has been significantly improved, the molecular
mechanism underlying recurrence remains largely unknown.
The objective of the present study was to identify the differ-
entially expressed microRNAs (miRNAs) in recurrent PCa to
explore the possible involvement of miRNAs in the relapse.
The expression of 6 miRs that have been previously reported
to be downregulated in PCa stem cells were examined in a
total of 32 recurrent and 36 non-recurrent PCa samples, and
let-7a was substantially decreased in the recurrent PCa. Using
the online prediction tools, let-7a was identified to virtually
target insulin-like growth factor 1 receptor (IGF1R). IGFIR
as a target of let-7a was subsequently validated using the
luciferase assay. Exogenous expression of let-7a suppressed
the expression of IGF1R, and reduced the proliferation of PCa
cells by introducing apoptosis to the cells. In conclusion, the
present data demonstrated a possible involvement of let-7a in
the pathogenesis of recurrent PCa, and it may be a potential
target of the disease.

Introduction

Prostate cancer (PCa) is the most common non-skin malig-
nancy in males worldwide (1). Approximately 80% of PCa
patients are diagnosed at an early stage, and the disease is
confined to the prostate, and therefore, radical prostatec-
tomy (RP) is the treatment of choice for organ-confined
prostate tumors (2). However, ~30% of patients who received
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the surgical treatment developed tumor recurrence within
10 years postoperation (2). Presently, prognostic markers,
such as the level of prostate-specific antigen, clinical stage
and the grade of tumor (Gleason score), have been used to
predict recurrence; however, they do not explain the interin-
dividual variation in the clinical outcomes among the patients
who received RP. Therefore, new biomarkers are required to
identify the patients who are at a greater risk of developing
recurrence following surgery.

MicroRNAs (miRNAs or miRs), ~22 nucleotides in length,
have emerged as one of the key factors of the regulatory
network that regulates a wide spectrum of cellular activities,
such as proliferation, apoptosis, migration and differentiation,
by modulating the expression of target genes via binding to
the seed sequence at the 3' untranslated region (3'UTR) of
target mRNAs, resulting in translational repression or mRNA
degradation (3). In recent years, the function of miRs in human
cancer has attracted increasing attention (4-6). Numerous
studies have revealed the role of miRs in the development and
progression in tumors by microarray assays (7,8). The aber-
rant expression of miRs could be categorized into two classes:
Upregulated and downregulated miRs. Certain miRs, known
as tumor-suppressor miRs, in cancer have been shown to
suppress the expression of oncogenes, leading to the inhibition
of cancer cell proliferation (9,10). While other highly expressed
miRs, known as oncogenic miRs, in cancer have been shown
to inhibit tumor-suppressor genes and promote tumor prolif-
eration and metastasis (11,12). Although specific miRs are
overexpressed in cancer cells, the majority of cancer-related
miRs are downregulated in tumors, indicating the fact that
there are more tumor-suppressor compared to oncogenic
miRs (13,14). Microarray-based expression profiling analysis
highlighted the critical role of miRNAs in the pathogenesis
of PCa (14). However, the association between the miRNA
expression and PCa recurrence remains largely unknown.
To date, only a few studies have investigated miRNA expres-
sion and PCa recurrence following RP (15-20), showing that
miRNAs, including miR-21, miR-221 and miR-222, are poten-
tial prognostic markers for recurrence.

Cancer stem cell (CSC) theory was initially introduced
by Mackillop ef al (21) and was validated in acute myeloid
leukemia for the first time in 1997 (22). In this theory, the
population of cancer cells retains a hierarchical system,
and CSCs constitute a small part of tumor cells, which are
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characterized by their ability to seed new tumors. The CSC
theory has been subsequently validated in a wide spectrum of
human cancers, such as breast (23), brain (24), pancreatic (25)
and liver cancer (26), and PCa (27). In PCa, CSCs are believed
to be involved in regulating metastasis, relapse and therapy
resistance (28-31).

Based on the above-mentioned evidence, we hypothesize
that the differentially expressed miRNAs in the PCa stem
cells may be responsible for the pathogenesis of the disease
recurrence. To test the hypothesis, the expression levels of
6 candidate miRNAs that are differentially expressed in pros-
tate CSCs were evaluated and compared based on microarray
analysis in a previous study (32), and let-7a was substantially
downregulated in recurrent compared with non-current PCa.
let-7a was established as an effective biomarker to predict
recurrence of the cancer.

Materials and methods

Patients. A total of 68 patients with histologically confirmed
PCa by RP, including 32 recurrent and 36 non-recurrent
cases, were recruited in the First Affiliated Hospital of Dalian
Medical University, Department of Urology (Liaoning, China).
The clinicopathological characteristics of the recurrent and
non-recurrent patients are presented in Table I. Patients were
followed up for =4 years (defined as non-recurrent cases) or
until prostate-specific antigen (PSA) recurrence (recurrence
was defined as two consecutive serum PSAs >0.2 ng/ml). The
study was approved by an internal institutional review board
at Dalian Medical University. Patients were included into the
study upon giving their written informed consent.

Total RNA isolation. Total RNA was isolated from 32 recur-
rent and 36 non-recurrent tissue samples using TRIzol
reagent (Invitrogen Life Technologies, San Diego, CA, USA)
according to the manufacturer's instructions. The purities and
concentrations of RNA samples were determined spectro-
photometrically using NanoDrop ND-2000c (Thermo Fisher
Scientific, Inc., Wilmington, DE, USA). RNA integrity was
examined using gel electrophoresis.

cDNA synthesis and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). To validate the differential
expressionof miR-143/145,let-7a,miR-200a,miR-10 and miR-17,
RNA samples were isolated from a different set of 32 recurrent
and 36 non-recurrent patients. For miRNA RT-qPCR experi-
ments, equal amounts of total RNA from each sample were
used for first-strand DNA (cDNA) synthesis using the TagMan
MicroRNA Reverse Transcription kit according to the manu-
facturer's instructions (Applied Biosystems, Foster City, CA,
USA). The TagMan Universal Master mix (Applied Biosystems)
was used for the specific chromosome segment amplification,
including TagMan miR-143 (assay ID: 002249), miR-145 (assay
ID: Hs03303169_pri), miR-200a (assay ID: 000502), miR-10
(assay ID: 000387), miR-17 (assay ID: 002308) and let-7a (assay
ID: 000377) amplification kits that were obtained from Applied
Biosystems. miRNA expression analysis by RT-qPCR was
carried out using a Roche LightCycler 480 II real-time thermal
cycler (Roche Diagnostics, Basel, Switzerland). miRNA
expression data were normalized to RNU43. Relative miRNA
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Table I. Clinicopathological characteristics of the subjects
recruited in the study.

Clinicopathological Non-recurrent  Recurrent
parameters cases (n=36) cases (n=32)
Age, years (range) 66 (49-77) 65 (45-75)
Pre-operative PSA
Mean ng/ml (range) 22 (1-86) 45 (18-148)
Gleason score, n (%)
<6 2(5.5%) 2(6.25)
7 16 (44.44) 7 (21.88)
8 9 (25.00) 11 (34.38)
9 5(13.89) 9 (28.13)
10 4(11.11) 3(9.38)
Pathological tumor stage, n (%)
pT2 4(11.11) 3(9.38)
pT3a 14 (38.89) 11 (34.38)
pT3b 10 (27.78) 15 (46.88)
pT4 8(22.22) 4 (12.50)
Lymph node metastasis, n (%)
Positive 8(22.22) 11 (34.38)
Negative 28 (77.78) 22 (68.75)

expression was calculated with the comparative ACt-method
(ACt sample = Ct sample - Ct RNU6B). The 224 method was
used to assess fold changes in miR expression between samples
and controls. Mean Ct was determined from triplicate PCR
experiments.

Cell culture. LNCaP cells, originally purchased from
American Type Culture Collection (Manassas, VA, USA),
were maintained in RPMI-1640 supplemented with 10%
fetal bovine serum, 10 mmol/l Hepes, 50 U/ml penicillin and
50 mg/ml streptomycin (all from Invitrogen Life Technologies,
Carlsbad, CA, USA). The cells were cultured in a 5% CO,
humidified atmosphere at 37°C, and genotypically charac-
terized to support the authenticity of these cells, which was
consistent with their origin.

miRNA mimics/inhibitors and transfection. Cells were trans-
fected with 50 nmol/l of let-7a mimics or anti-let-7a inhibitors
or Negative Control #1 (Ambion, Austin, TX, USA) using
DharmaFECT 3 Transfection reagent (Dharmacon, Inc.,
Lafayette, CO, USA). After 24, 48 and 72 h transfection, the
cells were harvested and subjected to the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to
evaluate the survivals, and sections of the cells harvested 48 h
after transfection were also used for RT-qPCR, western blot-
ting and the apoptosis assay.

Western blotting. Cells were lysed following preparation and
determination of equal amounts of proteins. The proteins were
separated on SDS-PAGE and later transferred to a PVDF
membrane (Millipore, Billerica, MA, USA). For protein
expression of insulin-like growth factor 1 receptor (IGFIR),
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1 mg/ml goat polyclonal antibodies (Cat. no. ab4065; Abcam,
Cambridge, MA, USA) was used and p-actin (Cat. no. ab6276;
Abcam) served as a reference. For visualization, horseradish
peroxidase-coupled secondary antibodies (Cat. no. ab6728;
Abcam) and the ECL Plus kit (Pierce Biotechnology, Inc.,
Rockford, IL, USA) were used to develop the signals. For
quantification of band intensity, ImagelJ (http://imagej.nih.
gov/ij/) (NIH, Baltimore, MD, USA) was used.

Luciferase assay. LNCaP3 cells were seeded at a density of
6x10° cells/well in a 96-well plate and incubated for 24 h. The
cells were co-transfected with wild-type or mutant IGFIR
3'UTR luciferase plasmid or Renilla luciferase plasmid and
control miRNA, and the let-7a mimics using DharmaFECT
DUO Transfection reagent (Dharmacon, Inc.). After 48 h
of incubation, luciferase activity was assayed using the
Steady-Glo Luciferase Assay System (Promega Corp.,
Madison, WI, USA). The Renilla luciferase activity was used
as a control for transfection efficiency.

Apoptosis assay.Flow cytometry-based apoptosis was analyzed.
At 48 h post-transfection, the LNCaP cells were harvested
and resuspended in phosphate-buffered saline (PBS) and
subsequently fixed in ethanol at room temperature overnight.
The cells were washed with PBS and resuspended in staining
solution (50 mg/ml propidium iodide, 1 mg/ml RNase A and
0.1% Triton X-100 in PBS; all purchased from Invitrogen Life
Technologies). The stained cells were subsequently analyzed
for apoptosis with the Becton Dickinson Flow Cytometer (PT.
Madagasi Brosa, Inc., Sumatera Utara, Indonesia).

MTT assay. LNCaP cells transfected with either NC or let-7a
mimics, or let-7a inhibitor were plated on 96-well plates at
1x10* cells/well. Viable cells were measured 24, 48 and 72 h
after transfection. Following incubation with MTT, the cells
were lysed in 150 ml of 100% dimethyl sulfoxide (both from
Sigma-Aldrich, St. Louis, MO, USA) and UV-visible absor-
bance was read at 490 nm using the 96-well plate reader. Each
sample was run in triplicate.

Statistical analysis. Differences between each group were
determined by the t-test or Mann-Whitney U test using
Statistical SPSS software package 19.00 (IBM, Corp., Armonk,
NY, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Patient characteristics. A total of 32 recurrent and
36 non-recurrent tumors from RP were included in the study.
The average age of the patients with recurrent PCa was
65 years, whereas those without recurrence had an average age
of 66 years. All the participants recruited in the study were
of Han ethnicity. The PSA level ranged from 18 to 148 ng/ml
and 1 to 86 ng/ml in patients with and without recurrence,
respectively. As expected, the mean pre-operative PSA level of
recurrent patients was almost twice that of the non-recurrent
patients (22 vs. 45 ng/ml). The clinicopathological features,
such as Gleason score, tumor stages and lymph node metas-
tasis, are described in Table 1.
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Figure 1. Expression levels of 6 candidate microRNAs (miRs) (miR-10a,
miR-143, miR-145, miR-200a, let-7a, and miR-17) that have been reported
to be downregulated in prostate cancer stem cells were determined using
reverse transcription-quantitative polymerase chain reaction in 32 recurrent
and 36 non-recurrent PCa samples.
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Figure 2. (A) Comparison of the wild-type or mutant 3' untranslated
region (3'UTR) of insulin-like growth factor 1 receptor (IGFIR) and mature
let-7a sequence. (B) Luciferase assay showed that only the luciferase activity
in LNCaP cells transfected with let-7a mimics and wild-type 3'UTR of
IGF1R were significantly decreased.

Evaluation of miRNAs expressed in recurrent PCa. To eval-
uate the differentially expressed miRNAs in recurrent PCa,
6 candidate miRNAs were selected that have been reported
to be differentially expressed in PCa stem cells based on the
miRNA microarray analysis, considering the significant role
of CSCs in the pathogenesis of recurrent PCa. RT-qPCR was
performed to examine the expression levels of the 6 candidate
miRNAs in 32 recurrent and 36 non-recurrent case samples,
and only 1 miRNA, let-7a, was significantly downregulated in
the recurrent groups with all the other 5 miRNAs similarly
expressed in the two groups, as shown in Fig. 1. Therefore, the
following functional analysis was focused on let-7a.

Identification of the target gene of let-7a in PCa. To identify
the potential target gene of let-7a in PCa, the online miRNA
database (www.mirdb.org) was searched and IGFIR was
found to be a potential target gene (Fig. 2A). Subsequently,
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Figure 3. mRNA and protein expression level patterns in the recurrent and non-recurrent prostate cancer groups. (A) The mRNA expression level of insulin-like
growth factor 1 receptor (IGF1R), (B) nitric oxide (NO) production, (C) cyclic guanosine monophosphate (cGMP) concentration, (D) protein expression level
of IGFIR (upper: Western blotting; lower: Densitometry analysis) and (E) protein expression level of inducible nitric oxide synthase (iNOS) were significantly
higher in the recurrent compared to the non-recurrent group (upper: Western blotting; lower: Densitometry analysis).

the wild-type of 3'UTR of IGF1R was subcloned and inserted
into the vector that contained the luciferase gene, and the
‘seed sequence’ in the 3'UTR of IGFIR was replaced using
site-directed mutagenesis (Fig. 2A). The results of the lucif-
erase assay showed that the relative luciferase activities in the
let-7a-overexpressing PCa cells transfected with wild-type
3'UTR of IGFIR were substantially lower than those cells
transfected with mutant 3'UTR of IGFIR (Fig. 2B), suggesting
that IGFIR was an effective target of let-7a with the ‘seed
sequence’ in the 3'UTR acting as the binding site of the
miRNA.

Assessment of protein and mRNA expression level patterns.
To identify the miRNA-gene association in the recurrence
of the disease, the mRNA and protein expression patterns
in the recurrent and non-recurrent cases were assessed using
RT-qPCR and western blotting. The mRNA and protein
expression levels of IGFIR were significantly upregulated
in the recurrent cases (Fig. 3). As a downstream effector of
IGFIR, the expression level of inducible nitric oxide synthase
(iNOS) was also increased in the recurrent cases (Fig. 3), and
consistently, as the catalytic products of iNOS, the concentra-
tion of nitric oxide and cGMP were markedly higher in the
recurrent compared to non-recurrent groups (Fig. 3).

Function of let-7a in PCa cells. To further characterize the role
of let-7a, ‘gain-of-function’ analysis was performed by trans-
fecting let-7a mimics. After 48 h transfection, the expression
level of let-7a was ~30 times higher than those cells transfected
with the negative controls (data not shown). As expected,
exogenous overexpression of let-7a significantly downregulated
the expression of IGFIR, as well as its downstream effector,
iNOS, as shown in Fig. 4. The NO and cyclic guanosine mono-
phosphate (cGMP) concentrations were much lower in the cells
transfected with let-7a mimics compared to the controls (Fig. 4).

Toconfirmthefunctionoflet-7ainPCacells, ‘loss-of-function’
analysis was performed by transfecting anti-let-7a inhibitors.
After 48 h transfection, the expression level of let-7a was
~12 times lower than those cells transfected with negative
controls (data not shown). In line with the ‘gain-of-function’
result, the downregulation of let-7a significantly promoted the
expression of IGFIR and iNOS. In addition, the concentrations
of NO and cGMP were also enhanced by the inhibitors (Fig. 5).

Considering the significant role of the let-7a-IGFIR-
iNOS-NO-cGMP axis in the control of cellular proliferation,
the effect of let-7a expression alternation on the growth of
PCa cells was further evaluated, identifying that exogenous
overexpression of let-7a substantially suppressed the prolifera-
tion of the cells, while inhibition of let-7a evidently promoted
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Figure 4. Function of let-7a in the prostate cancer cells. (A) The mRNA expression level of insulin-like growth factor 1 receptor (IGF1R), (B) nitric oxide (NO)
production, (C) cyclic guanosine monophosphate (cGMP) concentration, (D) protein expression level of IGFIR (upper: Western blotting; lower: Densitometry
analysis) and (E) protein expression level of inducible nitric oxide synthase (iNOS) were significantly higher in LNCaP cells transfected with negative control
compared to the let-7a mimics (upper: Western blotting; lower: Densitometry analysis).
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Figure 5. Confirming the function of let-7a in PCa cells using ‘loss-of-function’ analysis by transfection with anti-let-7a inhibitors. (A) mRNA expression level
of insulin-like growth factor 1 receptor (IGF1R), (B) nitric oxide (NO) production, (C) cyclic guanosine monophosphate (cGMP) concentration, (D) protein
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the proliferation (Fig. 6). Additionally, flow cytometry analysis
was used to explore the molecular mechanism underlying the
proliferation-regulating effect, and exogenous overexpression
of let-7a significantly introduced apoptosis to the LNCaP cells,
while transfection with let-7a inhibitors reduced the apoptosis,
as shown in Fig. 6.

Discussion

PCa is characterized by highly heterogeneous disease
courses, and ~30% of the PCa patients develop recurrence
even following a successful surgical intervention or adjuvant
therapy (33,34). The most commonly used biomarkers to
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predict the pathological stage of the tumor and the treatment
efficiency include primary tumor stage, serum PSA level and
biopsy Gleason scores; however, none of these indicators
are reliable to predict the clinical outcomes of PCa (35,36).
Recurrence is the main cause of fatality for PCa patients and
CSCs are proposed to have important roles in cancer recur-
rence (37). In the present study, confirmatory RT-qPCR was
performed to evaluate the expression levels of 6 candidate
miRNAs that have been shown to be differentially expressed
in prostate CSCs based on microarray analysis in a previous
study (32), and identified that let-7a was substantially down-
regulated in recurrent compared with non-current PCa.

First identified in Caenorhabditis elegans, let-7 has been
intensively studied. The human let-7 family is composed of
9 members, which are let-7a, let-7b, let-7c, let-7d, let-7e, let-7f,
let-7g, let-7i and miR-98. The let-7 family is generally believed
to function as a tumor suppressor by targeting certain known
oncogenes, such as Ras (38), high-mobility group A2 (39) and
c-myc (40). Downregulated let-7 expression has been identified
in numerous cancers, including PCa (41), and it has been asso-
ciated with poor patient prognosis in lung cancer (42), head and
neck squamous cell carcinoma (43), and ovarian cancer (44).
Furthermore, let-7 family members have been shown to be
involved in the control of the self-renewal capacity of breast
cancer cells (45) by regulating the genes, such as Oct4 and
Sox2, which have been functionally associated with the stem
cell (46). Accumulative evidence showed that let-7 could alter
the expression of Lin28 and In28B, which in turn block the
accumulation of mature let-7, forming a feedback loop and
having a critical role in regulating ‘stemness’ by controlling
self-renewal (47-51), and such stemness and self-renewal are
the biological characteristics of CSCs that are associated with
tumor aggressiveness and recurrence.

As an important member of the let-7 family, let-7a has been
shown to fulfill tumor-suppressive functions by suppressing
certain CSC properties in PCa (4), as well as in certain other
cancer types (45,52). In the present study, let-7a was found to
virtually target IGFIR, a gene that has been shown to promote
proliferation of variable types of cells by inhibiting apop-
tosis (53), and such an miR-gene association was confirmed
by the luciferase assay, as well as ‘loss-of-function’ and
‘gain-of-function’ analysis by transfecting let-7a mimics and
inhibitors, respectively.

The inability of a cell to regulate its growth and proliferation
is an important characteristic of cancer. Activation of insulin-like
growth factor 1 (IGF1)/IGFIR signaling is reportedly critical
for PCa cell growth and progression. IGF1 is a universal factor
exhibiting pleiotropic effects on a variety of cell types, and
IGFIR is a receptor tyrosine kinase that mediates IGF1-induced
signaling events, including cell survival and proliferation.
The IGF1/IGFIR signaling pathway has an important role in
the development and growth of numerous tissues (1,2). In the
mammary gland, IGF1 is the primary mediator of growth
hormone signaling and controls ductal development and terminal
end bud formation (54). Pacher et al (55) reported that activation
of the IGF1/IGFIR signaling pathway promoted the expression
of a wide spectrum of genes, contributing to the stimulatory
effects of IGF signaling on the global protein synthesis rate, cell
proliferation and tumor formation.

IGF1, as one of the growth factors and cytokines that
control apoptosis, is a potent survival factor. Introduction
of IGF1 could prevent serum deprivation-induced apoptosis
by binding its ligand, IGFIR, and activating the signaling
pathway, and such an effect was proven to be NO indepen-
dent (56), indicating a potential role of iNOS in the control
of apoptosis by the IGF1/IGF1R pathway. The shrinkage of
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apoptotic cells, resulting from a shortage of cytosolic ions
and water in response to apoptosis inducers (57), is an initial
prerequisite for apoptosis that antecedes the majority of
other morphological alterations during the apoptotic process.
Jin et al (58) demonstrated that IGF1/IGFIR have a significant
role in the inhibition of cell shrinkage, as well as the attenu-
ation of SD-induced apoptosis, and an iNOS-NO-dependent
mechanism accounted for a significant role of the effects of
IGF1/IGFIR on the control of cell proliferation.

Results of the present study suggest that upregulation of
IGFIR, caused by downregulation of let-7a, could promote
the proliferation of cancer cells by inducing an increase in
the expression level of iNOS and concentrations of NO and
c¢GMP. Consistently, downregulation of IGFIR by upregula-
tion of let-7a could significantly suppress the proliferation of
PCa cells by suppressing the expression of iNOS and reducing
the concentration of NO and cGMP.

Several limitations are recognized in the present study.
Firstly, the sample pool recruited in the present study was
small, which makes the conclusion drawn from the study statis-
tically limited, and it requires to be interpreted with caution.
Secondly, the participants enrolled were all Chinese, and the
conclusion could be further limited by the lack of diversity of
ethnicity. Future large-scale investigations involving popula-
tions of other ethnicities are therefore warranted to confirm
these findings and to evaluate ethnic differences.

In conclusion, the present findings that let-7a directly
targets IGF1R in PCa cells could further reveal the mechanism
of prostate recurrence. let-7a may partly contribute to IGF1IR
overexpression in recurrent PCa, by increasing cell survival
and proliferation. let-7a may be a novel therapeutic candidate
to prevent recurrent PCa given its ability to induce apoptosis
and inhibit cell growth.
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