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Abstract. MicroRNAs (miRNAs/miRs) are important mole-
cules that are able to regulate multiple cellular processes in 
cancer cells. miR‑7 has been previously identified as a tumor 
suppressive miRNA in several types of cancer. The aim of 
the present study was to investigate whether miR‑7 is able to 
regulate autophagy in hepatocellular carcinoma (HCC) cells. 
It was identified that miR‑7 was significantly downregulated 
in tumor tissues compared with adjacent normal tissues. 
Overexpression of miR‑7 inhibited cell proliferative activity, 
which was partially reversed by miR‑7 inhibitor. In addition, 
overexpression of miR‑7 significantly induced an increasen in 
autophagic activity, and luciferase activity assay and western 
blot analysis identified that mammalian target of rapamycin 
(mTOR) was a direct target of miR‑7. In addition, inhibi-
tion of autophagy by 3‑methyladenine resulted in a marked 
enhancement of the proliferation inhibition effect of miR‑7. 
In conclusion, miR‑7 was identified to induce proliferation 
inhibition and autophagy in HCC cells by targeting mTOR, 
and inhibition of autophagy may be utilized to enhance the 
antitumor activity of miR‑7.

Introduction

Hepatocellular carcinoma (HCC) is one of the leading 
causes of cancer‑associated mortality worldwide (1). HCC 
is often detected at an advanced stage and exhibits poor 
prognosis  (2). The pathogenesis of HCC is incompletely 
understood, and an effective treatment for HCC remains 

a requirement. As such, it is of great importance to eluci-
date the molecular mechanisms underlying the biological 
behavior of HCC cells.

Autophagy is a catabolic process that is induced under 
various conditions of stress  (3). Despite its diverse roles 
proposed by several studies, evidence suggests that autophagy 
is critical for cell survival (4), and aberrant autophagic activity 
is implicated in the development, progression and drug resis-
tance of HCC (5‑7). Mammalian target of rapamycin (mTOR) 
tethers several upstream signals to exert an inhibitory effect 
on autophagy (8). Inhibition of mTOR signaling is one of the 
potential strategies for HCC therapy (9,10); however, the role 
of autophagy in this context is not fully understood.

MicroRNAs (miRNAs/miRs) have emerged as a class of 
key regulators in multiple types of cancers (11,12). mRNAs 
canonically match with the 3'untranslated region (UTR) 
of targeted mRNAs, which consequently results in gene 
silencing (13). A broad spectrum of miRNAs have been impli-
cated in the diagnostic and therapeutic strategies for HCC (14). 
It has been reported that miR‑7 is downregulated in various 
types of cancer and functions as a tumor suppressor (15,16). 
Previous studies have identified a number of oncogenes to 
be targeted by miR‑7 (17‑20). In HCC, it exhibits anticancer 
activity by causing cell cycle arrest via targeting critical 
genes in cell cycle progression (17). However, whether miR‑7 
regulates other important cell machinery, such as autophagy, 
remains unknown. In particular, miR‑7 contributes to the 
inhibition of tumor growth and metastasis by modulating 
the phosphoinositide 3‑kinase/protein kinase B (Akt)/mTOR 
signaling pathway (21), a major signaling pathway involved in 
the regulation of autophagy induction, indicating its potential 
involvement in autophagy regulation.

In the present study it was identified that miR‑7 is signifi-
cantly downregulated in HCC tissues compared with the 
normal adjacent tissue. Supplementation of miR‑7 in HepG2 
cancer cells inhibited the proliferation of the cells. In addition 
to the proliferation inhibition effect of miR‑7, autophagy was 
identified to be induced by miR‑7 at the same time, and inhibi-
tion of mTOR was responsible for the autophagy induction. 
Most notably, suppression of autophagy enhanced the prolif-
eration inhibition effect of miR‑7. Therefore, the results of the 
present study revealed a novel mechanism by which miR‑7 
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regulates autophagy, and modulation of autophagy may be a 
feasible approach to enhance the antitumor activity of miR‑7.

Materials and methods

Clinical samples. A total of 17 HCC tissues (age, 32‑65; 9 males 
and 8 females) and paired adjacent tissues were obtained under 
the supervision of the ethics committee of the local hospital 
(Yantai City Hospital for Infectious Diseases, Shandong, 
China) between March 2015 and June 2015. All the patients did 
not receive any chemotherapy prior to surgery. The diagnoses 
of HCC were histologically confirmed by three independent 
pathologists, and the negative resection margin was confirmed 
during the surgery. Tissues were snap‑frozen in liquid nitrogen. 
All patients provided written informed consent for the study.

Cell culture and 3‑methyladenine (3‑MA) treatment. The 
human HCC HepG2 and Huh‑7 cell lines and human 
embryonic kidney HEK293‑T cell line used in the present study 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA). The cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM; Hyclone; GE Healthcare, 
Logan, UT, USA) with 10% fetal bovine serum (FBS; Hyclone; 
GE Healthcare). Cells were cultured at 37˚C in a humidified 
atmosphere containing 5% CO2, and the medium was changed 
every 3 days. 3‑MA was purchased from Sigma‑Aldrich (Merck 
KGaA, Darmstadt, Germany) and dissolved in the culture 
medium, and a 5 mM final concentration was applied to cells to 
inhibit autophagy. For autophagy flux assay, co‑treatment with 
20 µM chloroquine (C6628; Sigma‑Aldrich; Merck KGaA) was 
applied.

Transfection. The miRNA mimic for miR‑7 (miR10004553‑1‑5) 
and its exact antisense inhibitor (miR200004553‑1‑5) were 
obtained from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). 
The nucleotides were transfected using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
at a final concentration of 50 nM, according to the manufacturer's 
protocol. miRNAs were diluted in DMEM and incubated with a 
proper amount (10 µl for one 6‑well plate) of Lipofectamine 2000 
at 37˚C for 20 min. The Lipofectamine 2000‑miRNA mixture 
was then added to each well of a 6‑well plate; after 12 h of incu-
bation in serum‑free conditions, the medium was refreshed with 
complete medium containing 10% FBS.

Cell proliferation assay. To determine the cell proliferation, 
a Cell Counting Kit‑8 (CCK‑8; Wuhan Boster Biological 
Technology, Ltd., Wuhan, China) was used. The experiment 
was conducted according to the manufacturer's protocol. The 
absorbance value at 450 nm was determined using a plate 
reader as a measure of proliferative activity.

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Following treatment, cells were collected and lysed with 1 ml 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
Chloroform (0.2 ml) was then added to the tube and mixed 
vigorously with TRIzol reagent. RNA was precipitated using 
isopropyl alcohol from the upper phase and washed using 
75% ethanol. The RNA samples were resolved in nuclease‑free 
double‑distilled water (Promega Corporation, Madison, WI, 

USA). miR‑7 was then reverse‑transcribed using a specific 
stem‑loop primer, followed by a SYBR Green‑based ampli-
fication protocol. Reverse transcription was performed with 
the GoScript reverse transcription kit (Promega Corporation), 
at 25˚C for 5 min, and then 42˚C for 1 h. PCR was performed 
using the GoTaq aPCR Master Mix (Promega Corporation), 
which included the DNA polymerase. The thermocycling 
conditions were as follows: 95˚C for 20 sec, 58˚C for 20 sec and 
72˚C for 20 sec, for 40 cycles. Small nuclear RNA U6 was used 
as an internal control. The primer sets for miR‑7 and U6 were 
all obtained from Guangzhou RiboBio Co., Ltd. (Guangzhou, 
China; cat. no., miRQ0000252‑1‑2). All experiments were 
repeated three times. Quantification was performed using the 
2‑ΔΔCq method (22).

Western blot analysis. Total protein from the treated cells 
was obtained by homogenizing cells with radioimmuno-
precipitation assay buffer (Thermo Fisher Scientific, Inc.). 
The protein concentration was quantified by a bicinchoninic 
acid kit (Thermo Fisher Scientific, Inc.). Protein (~40 µg) 
was loaded on 15% SDS‑PAGE gels. Following electropho-
resis, the protein was blotted onto a polyvinylidene fluoride 
membrane. The membrane was blocked with non‑fat milk at 
37˚C for 1 h, and incubated with primary antibodies [LC3 
(cat. no.,  3868; dilution, 1:1,000), mTOR (cat. no.,  2983; 
dilution, 1:1,000), p62 (cat. no.,  8025; dilution, 1:1,000), 
p‑mTOR (cat. no., 5536; dilution, 1:1,000) and β‑actin (cat. 
no., TA310155; dilution, 1:2,000)] at 4˚C for 16 h. Following 
5 washes of 5 min with PBS containing 0.5% Tween‑20, 
membranes were incubated with horseradish peroxidase 
(HRP)‑conjugated secondary antibodies (goat anti‑rabbit 
HRP (Santa Cruz Biotechnology, Inc., Dallas, TX, USA; 
cat. no.,  sc‑2005; dilution, 1:5,000) and goat anti‑mouse 
HRP (Santa Cruz Biotechnology, Inc.; cat. no.,  sc‑2004; 
dilution, 1:5,000) at room temperature for 1 h, followed by 
visualization using an enhanced chemiluminescence detec-
tion kit (GE Healthcare Life Sciences, Little Chalfont, UK), 
according to the manufacturer's protocol. Antibodies against 
1A/1B‑light chain 3 (LC3), mTOR, phosphorylated mTOR 
(p‑mTOR) and p62 were purchased from Cell Signaling 

Figure 1. Differential expression of miR‑7 in hepatocellular carcinoma 
tissues and paired adjacent normal tissues. A significant decrease in miR‑7 
expression was observed in tumor tissues compared with normal tissues 
(P<0.05). n=17. miR‑7, microRNA‑7.
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Technology, Inc. (Danvers, MA, USA). Antibody against 
β‑actin was purchased from OriGene Technologies, Inc. 
(Beijing, China).

Luciferase activity assay. A 500 bp fragment containing the 
putative binding site of miR‑7 was amplified from the cDNA of 
mTOR, the fragment of mTOR 3'UTR was then inserted into 
the 3'UTR of PGL‑3 firefly reporter (Promega Corporation). 
HEK293‑T cells grown in 24‑well plates were transfected 
with promoter Renilla luciferase‑thymidine kinase (internal 
control), PGL3‑mTOR 3'UTR and miR‑7 or miR‑7 + miR‑7 
inhibitor, using Lipofectamine 2000 (Thermo Fisher Scien-
tific, Inc.). The luciferase activity was detected after 36 h using 
the substrates provided in the Dual Luciferase Reporter Assay 
kit (Promega Corporation), according to the manufacturer's 
protocol. The firefly luciferase activity was normalized to 
Renilla luciferase activity, and the relative luciferase activity 
in each group was obtained by normalizing the value of (firefly 
luciferase activity)/(Renilla luciferase activity) to that of the 
negative control (NC)‑transfected group.

Immunofluorescent staining. Cells (2x104/ml) were seeded 
onto coverslips and cultured in 24‑well plates. Immedi-
ately after transfection, cells were incubated at 37˚C for 
48  h. The cells on coverslips were then fixed with PBS 
containing 4% paraformaldehyde, and quickly penetrated 
with 0.3% Triton X‑100 on ice for 5 min. The coverslips were 
blocked with 5% bovine serum albumin (Sigma‑Aldrich; 
Merck KGaA) for 1 h at room temperature. Primary antibody 
against LC3 (Cell Signaling Technology, Inc.; cat. no., 3868; 
dilution, 1:200) was then added to the coverslips. Cells were 
incubated with primary antibody in a humid chamber over-
night at 4˚C, and the coverslips were then washed with PBS 
containing Triton X100 (0.5%). Alexa Fluor® 594‑conjugated 
anti‑rabbit secondary antibody (cat. no., R37117; Thermo 
Fisher Scientific, Inc.) was added and incubated at room 
temperature for 1 h to label the primary antibody for LC3. 
Cells were counterstained with DAPI and observed by fluores-
cence microscopy in five fields of view (Nikon Corporation, 
Tokyo, Japan; magnification, x400).

Statistical analysis. Data are expressed as the mean ± standard 
deviation. A paired Student's t‑test was used to determine the 
differential expression of miR‑7 in tumor tissues and normal 
tissues. One‑way analysis of variance followed by Dunnett's 
test was used for multiple comparisons. P<0.05 (two‑tailed) 
was considered to indicate a statistically significant difference. 
Statistical analysis was performed using SPSS version 19 
software (IBM SPSS, Armonk, NY, USA).

Results

miR‑7 expression is downregulated in HCC. Previous studies 
have demonstrated that miR‑7 functions as a tumor suppressor 
and is downregulated in various types of cancer, including 
lung cancer and gastric cancer (19,20,23). The present study 
compared the expression of miR‑7 in tumor samples and 
paired normal tissue. As presented in Fig. 1, a significant 
decrease in miR‑7 was observed in tumor tissue compared 
with normal tissue, suggesting the potential antitumor role for 
miR‑7 in HCC.

miR‑7 inhibits the proliferation of HCC cells. To ascertain 
the role of miR‑7 in HCC, a CCK‑8 assay was employed to 
examine whether miR‑7 affects the proliferative activity of 
the HCC HepG2 cell line. The efficacy of transfection was 
confirmed using RT‑PCR (Fig. 2A). A significant attenuation 
of cell proliferative activity was observed when miR‑7 was 
overexpressed, and this effect was partially reversed by miR‑7 
inhibitor (Fig. 2B). These results confirmed that miR‑7 serves 
an antitumor role in HCC.

Overexpression of miR‑7 enhances autophagy. Next, the 
autophagic activity was examined by western blot analysis of 
the autophagy markers LC3 and p62. Overexpression of miR‑7 
resulted in increased expression of LC3‑phosphatidyletha-
nolamine conjugate (LC3‑II), and, accordingly, p62, which 
is a specific substrate of autophagy (24), was downregulated 
(Fig. 3A and B). Co‑administration of chloroquine (CQ) was 
used to conduct the autophagy flux assay. Similar to the afore-
mentioned results, the LC3‑II level was also increased in the 

Figure 2. miR‑7 inhibits the proliferative activity of HepG2 cells. (A) Quantification of miR‑7 expression following transfection with miR‑7 or miR‑7 + miR‑7 
inhibitor. (B) Effect of miR‑7 and miR‑7 + miR‑7 inhibitor on cell viability. *P<0.05; n=5 in each group. miR‑7, microRNA‑7; NC, negative control.
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Figure 3. Overexpression of miR‑7 induces autophagy in HepG2 cells. (A) Effect of miR‑7 on autophagy marker LC3 and p62 with or without treatment with 
CQ. (B) Quantification of the band density of LC3‑II and p62. (C) The autophagosome as demonstrated by LC3 immunofluorescent staining. Arrows indicate 
the autophagosome dots. Scale bar, 25 µm. *P<0.05; n=5 in each group. LC3, 1A/1B‑light chain 3; LC3‑II, LC3‑phosphatidylethanolamine conjugate; miR‑7, 
microRNA‑7; CQ, chloroquine; NC, negative control.

Figure 4. Identification of mTOR as a target of miR‑7. (A) Schematic diagram of the base pair match between miR‑7 and mTOR 3'UTR. (B) Effect of miR‑7 and 
miR‑7 inhibitor on luciferase activity. *P<0.05, n=5 in each group. (C) Effect of miR‑7 and miR‑7 inhibitor on the expression of p‑mTOR and mTOR. β‑actin 
served as an internal control. (D) Statistical analysis of the band density of mTOR and p‑mTOR. *P<0.05; n=5 in each group. miR‑7, microRNA‑7; mTOR, 
mammalian target of rapamycin; p‑mTOR, phosphorylated mTOR; NC, negative control; UTR, untranslated region.
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miR‑7 group in the presence of CQ, indicating the increased 
autophagy flux (Fig. 3A and B). Immunofluorescent staining 
of LC3 was performed to visualize the autophagosome, and 
it was revealed that the autophagosome was aggregated in 
miR‑7‑transfected cells (Fig. 3C). These results suggested 
that overexpression enhances autophagic activity in HCC 
cells.

mTOR is a target of miR‑7. As mTOR is a canonical nega-
tive regulator of autophagy, it was hypothesized that 
miR‑7‑associated autophagy induction was associated with 
this pathway. A region in the 3'UTR of the mRNA of mTOR 
was identified to comprise the seed sequence matching miR‑7 
(Fig. 4A). A luciferase reporter assay demonstrated that miR‑7 
overexpression inhibited the luciferase activity of the reporter 
carrying mTOR 3'UTR, whereas co‑transfection of miR‑7 and 
miR‑7 inhibitor significantly reversed this effect (Fig. 4B). 

Western blot analysis confirmed the inhibition of mTOR 
expression by miR‑7, and consequently, p‑mTOR, which 
represents the kinase activity of mTOR, was also inhibited by 
miR‑7 (Fig. 4C and D). These data indicated that mTOR is a 
target of miR‑7, and inhibition of mTOR may contribute to 
miR‑7‑activated autophagy.

Inhibition of autophagy enhances the proliferation inhibition 
activity of miR‑7. To investigate the exact role of autophagy 
in HCC, autophagy was inhibited by 3‑MA. Western blot 
analysis confirmed the autophagic inhibition by 3‑MA in 
HepG2 and Huh‑7 cells (Fig. 5A and B). 3‑MA treatment did 
not result in significant alterations in cell proliferation in the 
NC‑transfected group. By contrast, inhibition of autophagy 
by 3‑MA significantly decreased the cell proliferative activity 
upon miR‑7 overexpression (Fig. 5C). These data indicated 
that autophagy induced by miR‑7 counteracts the proliferation 

Figure 5. Inhibition of autophagy enhances proliferation inhibition activity of miR‑7. Western blot analysis confirmed the induction of autophagy by miR‑7 and 
the inhibition of autophagy by 3‑MA in (A) HepG2 and (B) Huh‑7 cells, with quantification presented in the histograms. (C) Effect of 3‑MA on miR‑7‑induced 
proliferation inhibition of HepG2 and Huh‑7 cells. *P<0.05; n=5 in each group. miR‑7, microRNA‑7; 3‑MA, 3‑methyladenine; NC, negative control; LC3, 
1A/1B‑light chain 3; LC3‑II, LC3‑phosphatidylethanolamine conjugate.
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inhibition effect of miR‑7, and inhibition of autophagy may 
enhance the antitumor effect of miR‑7.

Discussion

HCC is one of the leading causes of cancer‑associated 
mortality (11). Owing to the relatively low sensitivity to chemo-
therapy drugs, the prognosis of advanced HCC is poor (25). 
Understanding the underlying molecular mechanism will 
assist in the development of alternative effective strategies 
for HCC. Recently, the pharmaceutical value of miRNAs has 
drawn wide attention in cancer treatment (26,27). A spectrum 
of miRNAs that are involved in cancer cell behavior have 
demonstrated therapeutic potential in HCC (16). The present 
study identified that miR‑7, one of the downregulated miRNAs 
in HCC (21), functions as a tumor suppressor. Overexpression 
of miR‑7 was able to significantly suppress the prolifera-
tion of HCC cells, and importantly, it was accompanied by 
increased autophagy. Furthermore, it was demonstrated that 
mTOR, a negative regulator of autophagy, is a direct target of 
miR‑7. Pharmacological inhibition of autophagy using 3‑MA 
enhanced the anti‑proliferative activity of miR‑7, indicating 
that the autophagy inhibitor may serve as the adjuvant drug to 
enhance the efficacy of miR‑7 in the treatment of HCC.

Previous studies have depicted the crucial role of miRNAs 
in hepatocarcinogenesis (14,28). miRNAs have been incorpo-
rated into a number of pathways to regulate cell proliferation, 
apoptosis, transdifferentiation and drug resistance. miR‑7 has 
been demonstrated in a previous study to directly impede 
the normal function of several oncogenes in various types 
of cancer  (16). A number of critical oncogenes, including 
epidermal growth factor receptor (EGFR), B‑cell lymphoma‑2, 
Akt and Krüppel‑like factor‑4 have been validated as the 
target of miR‑7 (18,20,21), suggesting that miR‑7 functions as 
the concurrent upstream regulator of multiple pathways that 
regulate cell survival. Fang et al (21) reported that p70S6 kinase 
and mTOR are targeted by miR‑7, which potentially provides 
the molecular basis for miR‑7‑based therapy for HCC. In the 
present study, it was confirmed that miR‑7 was downregulated 
in HCC, and consistent with the previous study (21), miR‑7 
overexpression exerted a significant proliferation inhibition 
action. Considering that mTOR is critical for the nutrient 
balance and multiple cellular events of cancer cells (10), the 
association between mTOR and miR‑7 was then investigated. 
Consistent with the results of Fang et al (21), the present study 
demonstrated that mTOR was a target of miR‑7.

In addition to examining the role of miR‑7 in the prolifera-
tive activity of HCC cells, the present study focused on other 
critical processes. Autophagy is a lysosomal degradation 
process, through which diverse essential substances, including 
amino acids, lipids and nucleotides, are recycled (3,5). It has 
been reported that autophagy at the physiological level is bene-
ficial for cell survival, and uncontrolled autophagy may lead to 
cell death (4). Currently, studies on the role of autophagy in HCC 
are inconsistent. Luo et al (29) demonstrated that proteasome 
26S subunit non‑ATPase 10‑induced autophagy promoted cell 
survival against starvation and chemotherapy. Tian et al (30) 
reported that autophagy is required for the prevention of hepa-
tocarcinogenesis and the development of HCC. These studies 
suggested that autophagy may be a survival mechanism of 

HCC cells. By contrast, other studies also demonstrated that 
autophagy inhibits tumorigenesis in HCC (31‑33). Therefore, 
the exact role of autophagy in the development and progres-
sion of HCC is possibly context‑ and pathway‑dependent. 
There are a few studies demonstrating the regulation of 
autophagy by miRNAs (34,35). He et al (36) demonstrated 
that miR‑21 inhibits autophagy via the Akt/mTOR signaling 
pathway, which is important for sorafenib resistance of 
HCC cells. The present study identified that autophagy was 
significantly activated upon miR‑7 overexpression. Similar 
to miR‑21, a significant suppression of mTOR by miR‑7 was 
observed, suggesting that the mTOR signaling pathway may 
also confer the induction of autophagy by miR‑7. More impor-
tantly, inhibition of autophagy by 3‑MA sensitized cells to 
miR‑7‑induced proliferation inhibition. These data indicated 
that autophagy may function as an adaptive survival mecha-
nism to overcome the adverse effect of miR‑7 on cancer cells. 
Notably, Tazawa et al (37) demonstrated that genetically engi-
neered oncolytic adenovirus kills lung cancer cells through an 
autophagic cell death signaling pathway, which is mediated by 
the E2F transcription factor1/miR‑7/EGFR axis. In this study, 
inhibition of autophagy partially rescued the decrease in cell 
viability caused by miR‑7 overexpression, indicating an oppo-
site role for autophagy in their system. This discrepancy may 
be a result of several differences in the stimulation type and 
the gene expression profile of the recipient cells. However, the 
mechanism for this phenomenon requires clarification in the 
future. Nonetheless, the results of the present study revealed 
that miR‑7‑induced autophagy is cytoprotective in the scenario 
of HCC.

In conclusion, the results of the present study revealed a 
novel mTOR‑dependent mechanism by which miR‑7 regulates 
autophagy. In addition, inhibition of autophagy enhanced the 
proliferation inhibition effect of miR‑7. The present study 
suggested that modulating the levels of autophagy may be a 
feasible tool to enhance the therapeutic efficacy of miR‑7 in 
the treatment of HCC.
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