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Abstract MicroRNAs (miRNAs) are a class of small non-
coding RNAs and have critical roles in tumorigenesis and
metastasis. A growing body of evidence showed that
microRNA-133a (miR-133a) was downregulated and played
tumor suppressor roles in gastric, colorectal, bladder, and lung
cancer. However, the role and underlying molecular mecha-
nism of miR-133a in hepatocellular carcinoma (HCC) remain
unclear. In this study, we analyzed the expression of miR-133a
in HCC tissues and HCC cell lines. We find that miR-133a
was downregulated in HCC tissues and cell lines and that
miR-133a expression negatively correlated with tumor differ-
entiation (P<0.01), TNM stage (P<0.01), and lymph node
metastasis (P<0.01). Then, functional studies demonstrate
that restoration of miR-133a in HepG2 cells significantly sup-
pressed proliferation, colony formation, migration, and inva-
sion, induced cell cycle arrest at G0/G1 stage and cell apopto-
sis in vitro, and decreased tumor size and weight in a nude
mouse HepG2 xenograft model. Using bioinformatics method
and dual luciferase assays identified insulin-like growth factor
1 receptor (IGF-1R) as a direct target of miR-133a in HCC
cells. Furthermore, overexpression of miR-133a inhibited ac-
tivation AKT and ERK signal pathway, which contributed to
suppression of HCC cell growth. These findings suggest that
miR-133a may act as a tumor suppressor and inhibited surviv-
al of HCC cells by targeting IGF-1R.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most commonly
malignant tumor and third leading cause of cancer-related
death worldwide [1, 2], with very high morbidity and mortal-
ity [3]. Although improvements have been made in surgery
and other treatments for HCC, the prognosis for HCC patients
remains unsatisfactory, and that of the patients with frequent
intra- or extra-hepatic metastasis is less than 5 % [4] since
most HCC cases are diagnosed in an advanced stage with
limited therapeutic options, leading to the poor prognosis
[5]. There is an urgent need to understand the underlying
molecular mechanisms of HCC to develop optimized strate-
gies for the early diagnosis and therapy of HCC.

MicroRNAs (miRNAs), small non-coding endogenous
RNA gene products consisting of 18 to 25 nucleotides in
length, are responsible for posttranscriptional regulation by
binding to the 3′-untranslated regions (3′-UTRs) of target mes-
senger RNAs and causing either degradation or inhibition of
translation, thus effectively silencing their messenger RNA
(mRNA) target [6]. miRNA has been reported to be partici-
pating in various biological processes such as differentiation,
morphogenesis, and tumorigenesis [7, 8]. Accumulating
pieces of evidence have suggested that miRNAs could play
oncogene or tumor suppressor roles in the etiology and path-
ogenesis of cancer by targeting tumor suppressors or onco-
genes [9, 10]. Based on miRNAmultifunctionality, some spe-
cific miRNAs could be utilized to distinguish benign from
malignant lesions [11, 12], and others may be powerful pre-
dictors of clinical outcomes and therapeutic molecular targets
in various cancers [13, 14].
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MicroRNA-133a (miR-133a), together with miR-
133b, belongs to the miR-133 family [15]. It was first
identified as a muscle-specific miRNA and played a
crucial role in myoblast proliferation and differentiation
during embryonic muscle development [16]. Recently,
growing pieces of evidence have shown that miR-133a
acts as a tumor suppressor in prostate cancer [17], blad-
der cancer [18], head and neck cancer [19], esophageal
cancer [20], and colorectal cancer [21], suggesting that
miR-133a may serve as a potential therapeutic gene for
the treatment of these cancers. Although a recent study
has demonstrated that miR-133a could regulate multi-
drug resistance mediated by targeting multidrug-
resistance-associated protein 1 (ABCC1) in HCC cell
line HepG2 [22], the clinical importance of miR-133a
in HCC progression, the detailed function, and underly-
ing molecular mechanism of miR-133a in HCC have
not yet been thoroughly validated.

Therefore, in this study, the miR-133a expression and its
clinical diagnosis significance in patients with HCC were in-
vestigated. In addition, the role and underlying molecular
mechanism of miR-133a on the carcinogenesis of HCC were
also assessed.

Materials and methods

Tissue samples

Forty pairs of HCC tissues and adjacent non-tumor tissues
were obtained from patients who underwent routine curative
surgery at the Department of Thoracic Surgery, The First Hos-
pital, Jilin University (Changchun, China) between July 2010
and September 2014. None of these patients received chemo-
therapy and radiotherapy before the surgery. Relevant corre-
sponding clinical data of HCC patients were listed in Table 1.
Informed consent was obtained from each patient, and all of
the experiments were approved by the ethics committee of
Jilin University.

Cell lines and cell cultures

HCC cell lines (SMMC-7721, Hep3B, HepG2, and Huh-7)
and normal hepatic cell line, HL-7702, were purchased from
the Institute of Cell Biology of the Chinese Academy of Sci-
ence (Shanghai, China) and were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Gibco, USA) supplemented
with 10 % fetal bovine serum (FBS, HyClone, USA), 100 U/
ml penicillin, 100 μg/ml streptomycin, and 1 % non-essential
amino acids (Invitrogen, Carlsbad, CA, USA) and cultured at
37 °C in an atmosphere of 5 % CO2 with a relative humidity
of 95 %.

RNA preparation and quantitative real-time polymerase
chain reaction

Total RNA was isolated from tissue or cells using TRIzol\
reagent (Invitrogen) according to the manufacturer’s instruc-
tions and the concentration of RNA was determined using a
NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA,
USA). The complementary DNA (cDNA) was synthesized
using One Step Prime script miRNA cDNA Synthesis Kit
(Qiagen, Valencia, CA, USA) following the manufacturer’s
instructions. Then, miR-133a was quantified as described pre-
viously [23]. U6 snRNAwas used as an endogenous control.

For insulin-like growth factor 1 receptor (IGF-1R), first-
strand cDNA was synthesized using the PrimeScript RT Re-
agent Kit (TaKaRa, Dalian, Japan). Quantitative reverse tran-
scriptase polymerase chain reaction (qRT-PCR) was per-
formed with SYBR Green premix Ex Taq (TaKaRa) on an
ABI 7900 Fast system (Applied Biosystems, CA, USA).
The primer sequences of IGF-1R and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were as follows: IGFR
(sense, 5′ CCGCTGCCAGAAAATGTGCCCA-3′ and anti-
sense: 5′-TGTCGTTGTCAGGCGCGCTG-3′); GAPDH
(sense: 5′-GAAGGTGAAGGTCGGAGTC-3′ and anti-sense:
5′-GAAGATGGTGATGGGATTTC-3′). GAPDH was used
as an internal control. All reactions were run in triplicate and
the fold changes of genes were calculated by the 2−ΔΔCt

method.

Cell transfection

miR-133a mimics and corresponding miRNA negative con-
trol (miR-NC), the siRNAs targeting human IGF-1R
(GenBank accession no. NM_000875.3, si-IGF-1R), and cor-
responding negative control (si-NC) were designed and syn-
thesized by GenePharma Co., Ltd. (Shanghai, China), and
were transfected into HepG2 cells using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instruc-
tions at final concentration of 100 nM. Transfection efficiency
values were evaluated in every experiment by qRT-PCR 48 h
posttransfection.

Cell proliferation and colony formation assay

For analysis of cell proliferation, transfected HepG2 cells (5×
103 cells/well) were seeded into 24-well plates, then were
incubated in 10 % Cell Counting Kit-8 (CCK-8, Dojindo,
Kumamoto, Japan), and diluted in normal culture medium at
37 °C until visual color conversion occurred. The proliferation
rate was determined at 24, 48, and 72 h after transfection. The
absorbance in each well was measured with a microplate read-
er set at 450 nm.

For colony formation, transfected HepG2 cells were resus-
pended and seeded onto six-well plates at a density of 1000
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cells/well and cultured for 2 weeks and then were stained with
0.5 % crystal violet for 30 min. Excess dye was rinsed off
twice with PBS. The percentage colony formation was calcu-
lated by adjusting control (untreated cells) to 100 %.

Cell cycle analysis and cell apoptosis analysis

Cells cycle analysis was performed on HepG2 cells 48 h
posttransfection. In brief, cells were harvested and fixed in
ice-cold 70 % ethanol, incubated with RNase A at 37 °C for
30 min, and then stained with propidium iodide (PI, Sigma,
USA) at 4 °C for 30 min in the dark, and then, cells were
analyzed by fluorescence-activated cell sorting (FACS).

For analysis of apoptosis, transfected HepG2 cells were
determined by PE annexin-VApoptosis Detection Kit I (BD
Pharmingen, CA, USA) according to the manufacturer’s pro-
tocol. The cell cycle distribution and apoptotic rate were ana-
lyzed using CellQuest software (BD Biosciences San Jose,
CA, USA).

Wound-healing assay

Transfected HepG2 cells were grown to confluence. Subse-
quently, an artificial homogenous wound was scratched into
the monolayer using a sterile plastic micropipette tip, and then,
cells were cultured under standard conditions for 24 h. Fol-
lowing several washes, plates were photographed and the cell
migration was evaluated by counting cells that had migrated
from the wound edge at five random fields.

Cell invasion assays

Invasion assays were performed using Transwell invasion
chambers coated with Matrigel (50 μl per filter; BD Biosci-
ences) following the manufacturer’s instructions. In brief,
transfected cells (1×105 cells per Transwell) were placed into
the top of Matrigel-coated invasion chambers in serum-free
DMEM.DMEM containing 20% FBSwas added to the lower
chambers. After cells had been cultured at 37 °C for 48 h, cells
remaining on the top of the filter were removed and those that
migrated to the lower surface were removed with 70 % etha-
nol for 30min and stained with 0.2% crystal violet for 10min.
The number of migrated cells on the lower surface of the
membrane was counted under a microscope in five selected
random fields with a magnification of ×200. The invasion
assays were carried out in triplicate.

miRNA target prediction Prediction of miR-133a target
genes was performed by three publicly available algorithms:
TargetScan (http://www.targetscan.org/), PicTar (http://pictar.
mdc-berlin.de/), and miRanda (http://www.microrna.org/).

Vector construction and luciferase reporter assay

The 3′-UTR of IGF-1R and the mutant 3′-UTR of IGF-1R
were amplified and cloned into the downstream of pGL3/
luciferase vector (Ambion, Austin, TX, USA) at the NheI
and XhoI sites. For the luciferase reporter assay, the HepG2
cells were co-transfected with miR-133a mimics or miR-NC
control and pGL3/luciferase-IGF-1R 3′-UTR or the mutant
3’UTR, together with the controls. At 48 h after transfection,
luciferase activity was detected using the dual-luciferase assay
system (Promega, Madison, USA). Renilla luciferase was
used for normalization.

Western blotting

Cells were harvested and were lysed in protein extraction
buffer (50 mM HEPES, 5 mM EDTA, 50 mM NaCl, 1 %
Triton X-100, 50 mMNaF, 10 mMNa2P2O7, 1 mMNa3VO4,
5 μg/ml aprotinin, 5 μg/ml leupeptin, 1 mM PMSF, and pro-
tease inhibitor cocktail). Concentrations of total cellular pro-
tein were determined using a BCA assay kit (Pierce, Rock-
ford, IL, USA) based on the manufacturer’s instructions.
Equal amounts of proteins (20 μg) were separated by sodium
dodecyl sulfate–polyacrylamide gels (SDS-PAGE) and trans-
ferred onto polyvinylidene difluoride membrane (Bio-Rad,
Hercules, CA, USA). The blots were blocked with a 5 % skim
milk solution and incubated with the following antibodies
overnight at 4 °C: anti-IGF-1R (1:500, Santa Cruz, USA),
anti-phospho-AKT (p-AKT) (1:1000, Cell Signaling), anti-
AKT (1:2000, Cell Signaling), anti-phospho-extracellular
signal-regulated kinase (ERK) (p-ERK) (1:1000, Cell

Table 1 Association of miR-133a expression with clinicopathological
factors of 40 HCC patients

Variables No. of cases miR-133a expression P value

Low (n%) High (n%)

Age (years) P>0.05

<50 18 9 (50.0) 9 (50.0)

≥50 22 9 (40.1) 13 (59.9)

Gender P>0.05

Male 24 13 (54.2) 11 (45.8)

Female 16 5 (31.3) 11 (69.7)

TNM stage P<0.01

I–II 28 7 (25.0) 21 (75.0)

III–IV 12 11 (91.7) 1 (8.3)

Differentiated P<0.01

Well/Moderate 30 10 (33.3) 20 (66.7)

Poor 10 8 (80.0) 2 (20.0)

Lymph nodemetastasis P<0.01

No 26 5 (19.2) 21 (80.8)

Yes 14 13 (92.9) 1 (7.1)
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Signaling), anti-ERK (1:1500, Cell Signaling), anti-matrix
metalloproteinase (MMP)-2 (1:1000, Santa Cruz), anti-
MMP-9 (1:2000, Santa Cruz), and anti-GAPDH (1:5000,
Santa Cruz, USA). The membrane was further probed with
horseradish peroxidase (HRP)-conjugated corresponding sec-
ond antibody for 2 h at room temperature. Proteins were visu-
alized with an ECL chemiluminescent kit (ECL Plus, Thermo
Scientific). GAPDH was used as an internal control. Quanti-
fication of protein bands was performed using the ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

In vivo nude mice tumorigenesis assay

Six-week-old nude mice (BALB/C-nu (nu/nu)) were obtained
from the Experiments Animal Center of Changchun Biologi-
cal Institute (Changchun, China) and maintained in specific
pathogen-free conditions. All animals were undertaken accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. This study was
approved by the Animal Ethics Committee of Jilin University
(Changchun, China).

HepG2-miR-NC and HepG2-miR-133a cells (2×106 cells)
were suspended in 100 μl of serum-free DMEM medium and
injected subcutaneously into each side of the posterior flank of
the nude mouse. Tumor volume was measured every 5 days
using digital vernier calipers and was calculated following the
formula: 1/2×length×width2. The xenograft tumors were re-
moved from the mice 30 days after the implantation, and
weight was measured. Parts of the tumor tissues were snap
frozen in liquid nitrogen and stored at −80 °C for analysis of
miR-133a expression by qRT-PCR and determination of IGF-
IR, p-AKT, and p-ERK expression by Western blot.

Statistical analysis

All data are showed as mean±standard deviation (SD), and all
experiments were repeated at least three times independently.
Comparisons between the groups were analyzed with a two-
tailed Student’s t test. The relationship between miR-133a
expression level and clinical and pathological variables was
analyzed using a Pearson’s χ2 test. The GraphPad Prism ver-
sion 5.01 (San Diego, CA, USA) was used for statistical anal-
yses. P<0.05 was considered significant.

Results

miR-133a is downregulated in HCC cell lines and tissues

To investigate the level of miR-133a in hepatic carcinogenesis
and progression, we detected the expression of miR-133a in
HCC tissues and adjacent non-cancerous tissues from 40 pa-
tients with HCC using real-time RT quantitative PCR (qPCR)
assay. Our results revealed that the mean expression level of
miR-133a in HCC tissues (0.51±0.11) was significantly lower
than that in non-cancerous tissues (1.05±0.24) (P<0.05,
Fig. 1a). RT-qPCR assays were further developed to quantify
miR-133a levels in HCC cell lines, including SMMC-7721,
Hep3B, HepG2, and Huh-7 cells, and the normal hepatic cell
line HL-7702. A significantly lower expression of miR-133a
was found in HCC cell lines compared to HL-7702 (all
P<0.05, Fig. 1b), and HepG2 cells exhibited the lowest ex-
pression of miR-133a and were selected for further studies.

Based on the median (0.51) miR-133a level, all 40 HCC
patients were divided into two subgroups according mean

Fig. 1 miR-133a is downregulated in HCC cell lines and tissues. a
Relative expression level of miR-133a in 40 pairs of HCC tissue
samples (tumor) and matched adjacent non-tumor tissue samples
(normal) was analyzed using real-time quantitative reverse transcriptase

polymerase chain reaction (RT-qPCR). U6 was used as an endogenous
control. b Relative expression of miR-133a in four HCC cell lines
(SMMC-7721, Hep3B, HepG2, and Huh-7) and the normal hepatic cell
line HL-7702. *P<0.05, **P<0.01
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value: a low-miR-133a group (<0.51, 18 cases) and a high-
miR-133a group (>0.51, 22 cases). The association between
miR-133a expression and the clinicopathological parameters
of the patients, including age; gender; metastasis (TNM)
stage; differentiation; and lymph node metastasis, was inves-
tigated. As shown Table 1, miR-133a was significantly asso-
ciated with TNM stage (P<0.01), tumor differentiation
(P<0.01), and lymph node metastasis (P<0.01) but not with
other clinicopathological parameters including age and gender
(both P>0.05). These data indicated that miR-133a might be
involved in HCC initiation and procession.

Ectopic expression of miR-133a inhibits cell proliferation
and colony formation and induces cell cycle and apoptosis
of HCC cells

To explore the relevance effect of miR-133a on HCC cell
growth, miR-133a or miR-NC was transfected into HepG2
cells. Our results showed that transfection of miR-133a
mimics in HepG2 cells significantly restored intracellular
miR-133a expression (Fig. 2a). Then, cell proliferation rate
was measured using CCK-8 assays. It was found that restored
expression of miR-133a resulted in a significant decrease of
proliferation in HepG2 cells (Fig. 2b). In addition, colony
forming was performed to assess the role of miR-133a in
HCC cell colony formation. As shown in Fig. 2c, restored
expression of miR-133a resulted in a significant decrease of
colony formation in HepG2 cells compared with the miR-NC

group. As proliferation directly was linked to cell cycle distri-
bution, we evaluated the effect of miR-133a on cell cycle
progression. As expected, the percentage of S phase cells de-
creased, while the percentage of G1 phase cells increased in
HepG2 cells in the miR-133a group compared to the miR-NC
group (P<0.05, Fig. 2d). Furthermore, to reveal the biological
role of miR-133a on HCC cell apoptosis, cell apoptosis assays
were performed by FACS. Our results showed that restored
expression of miR-133a increased the proportion of Annexin-
V-positive cells compared to the miR-NC group (P<0.05,
Fig. 2e), suggesting that miR-133a can efficiently induce ap-
optosis of HepG2 cells. Thus, these results indicated that miR-
133a can efficiently inhibit cell proliferation and colony for-
mation and induces cell cycle and apoptosis of HepG2 cells.

Ectopic expression of miR-133a inhibits the migration
and invasion of HCC cells

To test the miR-133a effect on HCC cell migration and inva-
sion, the migration and invasion of HepG2 cells were mea-
sured after transfection of miR-133a mimic or miR-NC by
wound-healing assay and Transwell assay, respectively. Our
results demonstrated that ectopic expression of miR-133a
could remarkably suppress migration (Fig. 3a) and invasion
(Fig. 3b) in HepG2 cells.

To investigate whether the inhibitory effect of miR-133a on
migration and invasion of HCC was mediated by MMPs, we
examined the expression of MMP-2 and MMP-9 of HepG2

Fig. 2 Ectopic expression of miR-133a inhibits cell proliferation and
colony formation and induces cell cycle and apoptosis of HCC cells. a
The relative expression levels of miR-133a in HepG2 cells were
determined by RT-qPCR after transfection with miR-133a or miR-NC.
bThe proliferationwas determined byCCK8 assay after transfectionwith
miR-133a or miR-NC. c The capacity of colony formation was

determined by colony formation assay after transfection with miR-133a
or miR-NC. d The cell cycle was detected by PI staining after being
transfected with miR-133a or miR-NC. The cell apoptosis was
determined by PE annexin-V staining after being transfected with miR-
133a or miR-NC. *P<0.05, **P<0.01 versus miR-NC
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cells byWestern blot after being transfected with miR-133a or
miR-NC. The results of Western blot showed that ectopic
expression of miR-133a decreased the expression level of
MMP-2 andMMP-9 in HepG2 cells (Fig. 4c). These findings
suggest that miR-133a could impede migration and inva-
sion, at least in part, by regulating MMP-2 and MMP-9
expression.

IGF-1R is a direct target of miR-133a

To understand the molecular mechanism of miR-133a action
in HCC, we searched for miR-133a targets using the algo-
rithms PicTar, miRBase, and TargetScan. IGF-1R was select-
ed from several putative miR-133a target genes, since IGF-1R
has been shown to be involved in tumorigenesis and

Fig. 3 Ectopic expression of miR-133a inhibits migration and invasion
of HCC cells. a The migration capacities were determined by wound
scratch after being transfected with miR-133a or miR-NC (bar 50 μm).
b The invasion capacities were determined by Transwell assay after being

transfected with miR-133a or miR-NC(bar 50 μm). c The expression
levels of MMP-2 and MMP-9 were determined by Western blot after
being transfected with miR-133a or miR-NC. GAPDH was used as
internal control. *P<0.05, **P<0.01 versus the miR-NC group

Fig. 4 miR-133a targets the IGF-1R gene in HCC cells. aBioinformatics
analysis of the predicted interactions of miR-133a and its binding sites
within the 3′-UTR of IGF-1R. b miR-133a mimic reduced luciferase
activities controlled by wild type of R 3′-UTR IGF-1R but did not
affect luciferase activity controlled by mutant 3′-UTR of IGF-1R. WT

wild type, Mut mutant type. c Introduction of miR-133a reduced the
levels of endogenous IGF-1R mRNA in HepG2 cells. d Introduction of
miR-133a or si-IGF-1R reduced the levels of endogenous IGF-1R
proteins in HepG2 cells. *P<0.05, **P<0.01 versus the miR-NC group

9784 Tumor Biol. (2015) 36:9779–9788

RETRACTED A
RTIC

LE



metastasis in HCC [24, 25]. As shown in Fig. 4a, miR-133a
owns one predicted binding site in the 3′-UTR of IGF-1R
mRNA. Using the luciferase reporter system, we found that
overexpression of miR-133a in HepG2 cells suppressed the
activity of reporter gene (P<0.05; Fig. 4b), whereas mutants
plasmids showed no changes in the reporter gene activity in
HepG2 cells, indicating that IGF-1R may be a target gene of
miR-133a.

To determine whether overexpression of miR-133a down-
regulated endogenous IGF-1R expression, miR-133a mimics
or miR-NC was transfected into HepG2 cells; then, IGF-1R
mRNA and protein expression were determined by RT-qPCR
and Western blot, respectively. Consistent with the dual-
luciferase reporter assays, we observed that the mRNA and
protein expression of IGF-1R were both decreased in HepG2
cells transfected with miR-133a mimic (Fig. 4c, d). Further-
more, knockdown of IGF-1R significantly inhibited the IGF-
1R level in HepG2 (Fig. 4d), which phenocopied the effect of
miR-133a. These results indicate that miR-133a directly binds
to the 3′-UTR of IGF-1R and inhibits it expression.

Ectopic expression ofmiR-133a suppresses AKTand ERK
signaling pathways

It has been shown that IGF-1R played key roles in survival,
proliferation, differentiation, and motility of tumors because
IGF-1R activates multiple downstream signaling cascades,
including phosphoinositide 3-kinase (PI3K)/AKT and
mitogen-activated protein kinase (MAPK)/ERK signaling
pathways [26, 27]. Here, we investigated whether miR-133a
affects activation of AKT and EKR pathways. The AKT, p-
AKT, ERK, and p-ERK expression was determined in HepG2
cells transfected with miR-133a or miR-NC by Western blot.
The results of Western blot analysis showed that the levels of
p-AKT and p-ERK were decreased in the miR-133a group
compared with the miR-NC group, while the levels of total
AKT and ERK were not significantly changed in both groups
(Fig. 5). These results suggested that upregulation of miR-
133a could suppress HCC growth by regulating the AKT
and ERK pathways.

miR-133a suppresses tumor growth in a mouse xenograft
model

Next, an in vivo model was applied to evaluate the effect of
miR-133a restoration on tumorigenicity. HepG2-miR-NC and
HepG2-miR-133a cells were subcutaneously inoculated in
nude mice (n=10 for each group). It was found that the
miR-133a-expressing HepG2 tumors were significantly
smaller than that of the HepG2-miR-NC group (Fig. 6a). Ad-
ditionally, the average weight and volume of the miR-133a-
expressing tumors were also markedly reduced compared
with the control group and miR-NC group (both P<0.01,

Fig. 6b, c). Furthermore, we determined miR-133a expression
of tumor tissue by qRT-PCR. Our result demonstrated that the
miR-133a expression significantly increased in the HepG2-
miR-133a group compared to the HepG2-miR-NC group
(P<0.01, Fig. 6d). We also investigated the IGF-1R, p-AKT,
and p-ERK expression in tumor tissue. The results of Western
blot showed that the IGF-1R, p-AKT, and p-ERK expression
significantly increased in the HepG2-miR-133a group com-
pared to the HepG2-miR-NC group. These data indicated that
miR-133a could suppress tumor growth of HCC in vivo, at
least in part, by targeting IGR-IR via regulating AKT and
ERK signaling pathways.

Discussion

HCC is currently the sixth most commonly malignant and is
the third leading cause of cancer death worldwide, with very
high morbidity and mortality [1–3]. It is an urgent need to
understand the precise molecular mechanisms underlying
HCC tumorigenesis to diagnosis and therapeutic strategy for
HCC and to further improve overall survival [28]. In recent
years, it has become one of the most promising fields to iden-
tification and investigation of the deregulated miRNAs in
HCC development, which contribute to understand molecular
mechanisms of HCC carcinogenesis and progression [29].
Aberrant miRNA expression is closely associated with vari-
ous types of cancer, including HCC, and numerous miRNAs
play crucial roles in cancer cell proliferation, apoptosis, mi-
gration, invasion, and neoplastic transformation [30], suggest-
ing that miRNA acts as a new direction in HCC diagnosis and
treatment. Several deregulated miRNAs, such as upregulated
miR-21, miR-222 and miR-221 and downregulated miR-122,
miR-145, and miR-34, have been reported in HCC develop-
ment [28, 31]. However, it is still needed to find new impor-
tant deregulated miRNAs and their detailed roles in HCC
carcinogenesis and progression. Here, we first showed the
miR-133a expression was decreased in most HCC tumor

Fig. 5 Ectopic expression of miR-133a suppresses AKT and ERK
signaling pathways. p-AKT, AKT, p-ERK1/2, and ERK1/2 protein
expression was detected in HepG2 cells by Western blot analysis after
being transfected with miR-133a or miR-NC. GAPDH was used as
internal control
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tissues and its expression level correlated with tumor differ-
entiation, TNM stage, and lymph node metastasis. Our result
also confirmed that miR-133a functions as a tumor suppressor
and suppresses tumor growth of HCC in vitro and in vivo.
These data provided new insights into HCC research and ther-
apeutic strategies for HCC.

Recently, growing pieces of evidence have suggested that
miR-133a acts as a tumor suppressor in several cancers
[17–21]. For example, Qiu et al. [32] found that miR-133a
was downregulated in gastric cancer tissues and cell lines
and that overexpression of miR-133a inhibited proliferation,
migration, invasion, and cell cycle progression in vitro.
Mataki et al. [33] reported that miR-133a was significantly
downregulated in clinical lung cancer specimens and func-
tions as tumor suppressors in lung cancer through regulation
of oncogenic CORO1C. Ji et al. [34] found that restoration of
miR-133a expression in osteosarcoma cells significantly re-
duces cell proliferation, promotes cell apoptosis, and sup-
presses tumorigenicity via inhibiting Bcl-xl and Mcl-1.
Chiyomaru et al. [18] reported that miR-133a functions as a
tumor suppressor and directly regulates fscn1 expression in
bladder cancer. However, the molecular mechanism of miR-
133a-involved HCC progression has not been clarified until
now. Here, we found that miR-133a expression level is sig-
nificantly downregulated in HCC tissue and cell lines, and its
expression level correlated with key pathological characteris-
tics including tumor differentiation, TNM stage, and lymph

node metastasis. Further, our in vitro studies revealed that
overexpression of miR-133a inhibited cell proliferation, colo-
ny formation, migration, and invasion and induced cell cycle
at G1 stage and apoptosis in HepG2 cells. In addition, our
in vivo studies found that overexpression of miR-133a sup-
pressed tumor growth in a nude mice model. These results
suggested that miR-133a functions as a tumor suppressor in
HCC and plays a crucial role in HCC progression.

IGF-1R, a member of the insulin receptor family of recep-
tor tyrosine kinases, played the pivotal role in growth and
development of the cells [35]. The IGF-1R protein itself was
frequently found to be overexpressed in cancer, including
HCC [36]. Recently, several lines of evidence have supported
the role of IGF-1R in promoting carcinogenesis and act as an
oncogene [35, 37]. IGF-1R has been reported to be a target of
miR-133a in lung cancer [38] and gastric cancer [39]; howev-
er, the interaction between miR-133a and IGF-1R has not
been experimentally validated in HCC. Here, using luciferase
reporter assays, we verified that the IGF-1R gene is a direct
target of miR-133a. Overexpression of miR-133a directly sup-
presses the expression of IGF-1R at the mRNA level and
protein level. In addition, it has been reported that abnormal
expression of IGF-1R could affect multiple downstream sig-
nal pathways, PI3K/AKT and MAPK/ERK signaling path-
ways, which were involved in tumorigenesis and development
[27, 40]. Therefore, we investigated whether miR-133a affects
activation of AKT and EKR pathways. We found that

Fig. 6 miR-133a suppressed tumor growth in a xenograft model. a
Representative graphs of tumor masses harvested from nude mice
30 days after inoculation are shown. b Growth curves for tumor
volumes in xenografts of nude mice were established based on the
tumor volume measured every 5 days until 30 days. c Tumor weights

were measured when mice were killed. d miR-133a expression level of
tumor tissue was determined byRT-qPCR. e IGF-1R, p-AKT, and p-ERK
protein expression was determined byWestern blot. GAPDHwas used as
internal control. *P<0.05, **P<0.01 versus the miR-NC group
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overexpression of miR-133a could inhibit p-AKT and p-ERK
protein expression in HCC cells (Fig. 5) and tumor tissue
(Fig. 6e). These results suggested that upregulation of miR-
133a could suppress HCC growth through regulating IGF-1R
and its downstream AKT and ERK signaling pathways.

Taken together, the results presented here first demonstrate
that miR-133a expression level was downregulated in HCC
tissue and cell lines, and its expression level was significantly
associated with tumor differentiation, TNM stage, and lymph
node metastasis, and that overexpression of miR-133a
inhibited cell proliferation, colony formation, migration, and
invasion and induced cell apoptosis and cell cycle at G0/
G1stage, as well as suppressed tumor growth in vivo. More-
over, we identified IGF-1R as a crucial target gene of miR-
133a and found that miR-133a could regulate AKT and ERK
signaling pathways. These findings indicated that miR-133a
functions as a tumor suppressor in HCC and blocks tumor
growth at least partially through regulating IGF-1R and its
downstream AKT and ERK signaling pathways, suggesting
that miR-133a could be a potential target for the treatment of
HCC in the future.
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