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Abstract. Hepatocellular carcinoma (HCC) ranks third in 
cancer-related mortality due to late diagnosis and poor treat-
ment options. Autophagy is a lysosome-mediated protein and 
organelle degradation process which is characterized by the 
formation of double-membrane vesicles, known as autophago-
somes. Increasing evidence reveals that autophagy functions 
as a survival mechanism in liver cancer cells against drug-
induced apoptosis. In this study, we found that autophagy was 
suppressed by miR-101 in the HCC cell line HepG2. miR-101 
inhibited autophagy via targets including RAB5A, STMN1 
and ATG4D. Moreover, miR-101 enhanced apoptosis induced 
by cisplatin in the HepG2 cell line. The possible mechanism of 
this effect may be through inhibition of autophagy. Our results 
indicate a novel and critical role for miR-101 and autophagy in 
the chemoresistance of cisplatin in HCC. We propose that gene 
therapy targeting miR-101/autophagy should be investigated 
further as a potential alternative therapeutic strategy for HCC.

Introduction

Hepatocellular carcinoma (HCC) ranks third in cancer-related 
mortality due to late diagnosis and poor treatment options. To 
date, the therapies of liver cancer include surgery, chemical 
therapy and target therapy, but there is no complete treatment 
(1). An alternative therapy for liver cancer is urgently required.

Autophagy was reported for the first time by Ashford and 
Porter 50 years ago (2) and it has recently gained consider-
able attention. Autophagy is a lysosome-mediated protein 
and organelle degradation process that is characterized by 
the formation of double-membrane vesicles, referred to as 

autophagosomes (3,4). Autophagy is involved in several 
pathophysiological processes and contributes to numerous 
diseases, particularly to cancer (5,6). However, the function of 
autophagy in cancer has yet to be fully clarified, as it acts both 
as a tumor suppressor and as a tumor promoter (7).

Reduced autophagy is associated with a malignant pheno-
type and poor prognosis of HCC and activation of autophagy 
contributes to the growth inhibition and cell death in human liver 
cancer cells (8,9). Increasing evidence shows that autophagy 
functions as a survival mechanism in liver cancer cells against 
drug-induced apoptosis. Autophagy inhibition enhances apop-
tosis induced by ginsenoside Rk1 (10), 3-bromopyruvate (11), 
BO-1051 (12), etoposide (13) in HCC cell lines. Targeting 
the autophagy pathway is a promising therapeutic strategy to 
improve chemotherapy efficiency. Thus, autophagy may play a 
dual and apparently contradictory role in HCC and the exhibited 
function may likely depend on the genetic composition of the 
cell and environmental cues the cell is exposed to.

A number of studies have recently focused on the regula-
tion mechanism of autophagy. For example, TGF-β signaling 
pathway (14) and IFN-γ (8) activate autophagy in HCC cells. 
STMN1 (Stathmin 1) (15), RAB GTPase 5A (RAB5A) (16), 
autophagy-related protein 4D (ATG4D) and mTOR (17) have 
been reported to play an important role in autophagosome 
formation. micro-RNAs (miRNAs), which play crucial roles in 
HCC development and therapy, have been linked to autophagy. 
miR-375 inhibits autophagy by targeting autophagy-associated 
gene 7 (ATG7) and impairs the viability of HCC cells under 
hypoxic conditions both in vivo and in vitro (18). Downregulated 
miR-199a-5p enhanced autophagy activation by targeting 
ATG7 in HCC cells (19). It is reported that miR-101 inhibits 
basal, etoposide- and rapamycin-induced autophagy which can 
sensitize breast cancer cells to 4-hydroxytamoxifen (4-OHT)-
mediated cell death. The targets of miR-101 in this process 
are STMN1, RAB5A and ATG4D (15). miR-101 sensitized 
HCC cell lines to chemotherapeutic drug-induced apoptosis 
by targeting Mcl-1 (20). However, the regulation mechanism of 
miR-101 and its function on autophagy in HCC remains unclear.

In this study, we report that miR-101 inhibits autophagy 
and enhances apoptosis induced by cisplatin in HCC cells. The 
targets of miR-101 are STMN1, RAB5A, ATG4D and mTOR. 
This study revealed that miR-101 which, inhibits autophagy, 
might be developed as a potential novel therapy for HCC.
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Materials and methods

Cell cultures. Human HCC cell line HepG2 was purchased 
from Shanghai Cell Bank (Shanghai, China) and propagated 
in our laboratory by culturing in Dulbecco's modified Eagle's 
medium (DMEM) (Invitrogen, Carlsbad, CA, USA) with 10% 
fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA), at 
37˚C with 5% CO2, supplemented with 1% penicillin/strepto-
mycin. Drug treatment included cisplatin (0.25 mg/ml, Sigma) 
and bafilomycin (400 nM, Sigma) for the indicated times.

miRNA transfection. miRNA transfection was performed using 
Lipofectamine 2000 (Invitrogen). Total RNA and protein were 
extracted at 24 h post-transfection and were used for quan-
titative real-time PCR (qRT-PCR) and western blot analysis. 
miR-101-mimic, inhibitor and negative control groups were 
designed and synthesized by GenePharma (Shanghai, China).

Reverse transcription quantitative real-time polymerase 
chain reaction (RT-qPCR) for miRNA and mRNA quantita-
tion. Total RNA of cells and tissues was isolated using TRIzol 
reagent (Invitrogen). For miRNA quantitation, cDNA was 
synthesized with specific miRNA reverse transcriptase primers 
(Applied Biosystems) using the TaqMan MicroRNA Reverse 
Transcription kit (Applied Biosystems, Life Technologies Corp., 
CA, USA). For mRNA quantitation, cDNA was synthesized 
using the PrimeScript RT reagent kit (Takara, Dalian, China). 
Quantitative RT-PCR was performed using an ABI  7500 
(Applied Biosystems) with FastStart Universal SYBR Green 
Master (Rox) (Roche, USA) for mRNA quantitation and with 
TaqMan® MicroRNA Assay kit (Applied Biosystems). The rela-
tive expression of miRNA and mRNA were calculated as the 
inverse log of the ∆∆CT (21) and normalized to U6 and β-actin. 
Probes for miRNA qPCR were purchased from Applied 
Biosystems, primers for mRNA qPCR were synthesized by 
Invitrogen (Shanghai, China); the sequences were: STMN1 
sense: 5'-TCTGTCCCAATCTTACCA-3', antisense: 5'-GAGG 
CATCCAAACAAAGC-3'; RAB5A sense: 5'-GCTGGTCAAG 
AACGATAC-3', antisense: 5'-CTTGCTTGCCTCTGAAGT-3'; 
ATG4D sense: 5'-GCTGCCTGACCTCGGACTGT-3', anti-
sense: 5'-TCTGCCCAAGCTCCACCAG-3'; mTOR sense: 
5'-CGCTGTCATCCCTTTATCG-3', antisense: 5'-ATGCTCA 
AACACCTCCACC-3'; β-actin sense: TCACCCACACTGTG 
CCCATCTACGA, antisense: CAGCGGAACCGCTCATT 
GCCAATGG.

Cell apoptosis analysis. Cell apoptosis was assessed by flow 
cytometry (Becton-Dickinson, San Jose, CA, USA). For cell 
apoptosis, cells were treated with cisplatin at a final concentra-
tion of 10 µM for 48 h. Then, cells were collected, washed, 
suspended in 100 µl 1X binding buffer, stained with 5 µl 
fluorescein isothiocyanate (FITC)-Annexin V and 1 µl PI at 
room temperature for 15 min in the dark. The stained cells 
were immediately analyzed by flow cytometry.

Luciferase reporter assay. Luciferase reporter constructs 
were made by ligating 60-bp-long synthetic oligonucleotides 
(Invitrogen, Shanghai, China) containing putative miRNA 
binding sites from the 3'-UTR or their mutant versions of 
STMN1, RAB5A, ATG4D and mTOR in XbaI-FseI sites of 

the pGL3-control vector (Promega). Cloning was verified by 
sequencing. HepG2 cells were plated at 1.5x105 cells/well in 
24-well plates 24 h prior to transfection. Each independent lucif-
erase reporter plasmid (200 ng) plus 80 ng pRL-TK (Promega) 
was transfected in combination with 60 pmol of miR-101-mimic, 
inhibitor and controls using Lipofectamine 2000 (Invitrogen). 
Luciferase activity was measured 48 h after transfection by 
using the Dual-Luciferase Reporter assay system (Promega). 
Firefly luciferase activity was normalized to Renilla luciferase 
activity for each transfected well.

Western blotting. Cells were lysed using RIPA buffer with 1% 
PMSF on ice. The concentration of total protein was determined 
using a BCA kit (Keygen, Nanjing, China). Equal amounts 
of protein (30 µg) were resolved with 10% SDS-PAGE and 
transferred to polyvinylidene difluoride (PVDF) membranes 
(Millipore, Bedford, MA, USA) using a mini trans-blot appa-
ratus (Bio-Rad Laboratories, Hercules, CA, USA). Membranes 
were probed with primary antibodies for 12 h at 4˚C and 
then incubated with secondary antibodies for 2 h at room 
temperature. The primary antibodies used were: microtubule-
associated protein light chain 3 (LC3) and RAB5A rabbit 
polyclonal antibodies (Novus Biologicals, Littleton, CO, USA), 
STMN1 and mTOR antibodies (Cell Signaling Technology, 
Danvers, MA, USA). ATG4D antibody (Abgent, San Diego, 
CA, USA). GAPDH and tubulin (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) were used as an internal control. The 
secondary antibody was purchased from Beyotime (Santa Cruz 
Biotechnology). Electrochemiluminescence was performed 
with a ChemiImager 5500 imaging system (Alpha Innotech 
Co., San Leandro, CA, USA). 

Transmission electron microscopy. Representative images 
were taken of cells transfected for 72  h as indicated and 
treated for 2 h with 200 nM rapamycin prior to fixation. For 
ultrastructural examination, liver samples ~1 mm3 were fixed 
with 2% OsO4 and embedded in Araldite. Ultrathin sections 
were stained with uranyl acetate and lead citrate and inspected 
using an electron microscope (JEM-1010; Jeol, Tokyo, Japan).

Statistical analysis. All experiments were repeated in trip-
licate. All values were the means ± standard deviation (SD). 
Statistical significance was determined with a Student's t-test 
using SPSS 15.0. P-values <0.05 were considered to indicate 
statistically significant differences.

Results

Verification of miR-101 transfection. The sequences of miR-
mimic, miR-inhibitor and controls are listed in Fig. 1A. The 
expression levels of miR-101 were confirmed by qRT-PCR. 
miR-mimic-treated cells showed a 31-fold higher miR-101 
expression than mimic-control treated cells, whereas miR-
inhibitor cells had an 85% lower expression when compared 
with inhibitor-control treated cells (Fig. 1B).

miR-101 targets STMN1, RAB5A, ATG4D and mTOR. To 
explore the regulation mechanism of miR-101, we predicted 
four target genes (STMN1, RAB5A, ATG4D and mTOR) which 
were matched with miR-101 on the website www.targetscan.org. 
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Figure 1. Verification of miR-101 transfection. (A) The sequences of miR-mimic, miR-inhibitor and controls. (B) The expression levels of miR-101 were 
confirmed by qRT-PCR. miR-mimic treated cells showed a 31-fold higher miR-101 expression than mimic-control treated cells, whereas miR-inhibitor cells 
had an 85% lower expression when compared with inhibitor-control treated cells (*P<0.05).

Figure 2. miR-101 targets STMN1, RAB5A, ATG4D and mTOR. (A) Four target gene (STMN1, RAB5A, ATG4D and mTOR) plasmids containing matching 
or mutant sequences of each gene were constructed. (B) miR-101 significantly reduced the activity of the STMN1, RAB5A, ATG4D and mTOR 3'-UTR 
luciferase plasmids, while plasmids containing mutant sequences were not significantly affected (*P<0.05). (C) miR-101-mimic significantly reduced STMN1, 
RAB5A, ATG4D and mTOR mRNA levels, whereas miR-101-inhibitor elevated the mRNA levels of these four genes (*P<0.05). (D) Western blotting showed 
that miR-101 downregulated the expression levels of STMN1, RAB5A, ATG4D and mTOR protein.
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Then, plasmids containing matching or mutant sequences of 
each gene were constructed. These sequences are listed in 
Fig. 2A. To establish a direct molecular link between miR-101 
and target genes, luciferase reporter assay was performed. 
The data showed that compared to the control group, miR-101 
significantly reduced the activity of the STMN1, RAB5A, 
ATG4D and mTOR 3'-UTR luciferase plasmids, whereas 
plasmids containing mutant sequences were not significantly 
affected (P<0.05; Fig. 2B). To examine the effect of miR-101 
on endogenous mRNAs of STMN1, RAB5A, ATG4D and 
mTOR, qPCR was carried out to detect mRNA changes in 
miR-101-mimic transfected cells. The results showed that 
compared with the control group, miR-101-mimic significantly 
reduced STMN1, RAB5A, ATG4D and mTOR mRNA levels, 
whereas miR-101-inhibitor elevated the mRNA levels of these 
four genes (P<0.05; Fig. 2C). Finally, we tested the effect of 
miR-101 on the protein of STMN1, RAB5A, ATG4D and 
mTOR. As shown in Fig. 2D, miR-101 downregulated STMN1, 
RAB5A, ATG4D and mTOR protein. Therefore, miR-101 
targets STMN1, RAB5A, ATG4D and mTOR, downregulating 
them both at the mRNA and at the protein level.

miR-101 suppresses autophagy. Since the formation of 
special double-membraned structures containing undigested 
cytoplasmic contents (autophagosomes) is the most important 

characteristic of autophagy, demonstrating these structures by 
electron microscopy is considered the gold standard for docu-
menting autophagy. Hence, we examined the ultrastructural 
changes in HepG2 cells undergoing miR‑101-mimic/inhibitor 
treatment. Prior to fixation, cells were transfected with miR-
101-mimic or miR-101-inhibitor for 72  h. Non-transfected 
cells were used as a control. Quantification of autophagosomes 
per cellular cross-section revealed that autophagosomes were 
rarely detected in the non-transfected cell group. However, the 
number of autophagosomes was significant reduced in the miR-
101-mimic group (Fig. 3). LC3 is also widely used to monitor 
autophagy. The density of LC3-II band divided by the density of 
tubulin band, which represented the expression level of LC3-II. 
The ratio of LC3-II level/tubulin level was used as an indicator 
of autophagic level. In our experiment, HepG2 cells were trans-
fected with miR-101-mimic or miR-101-inhibitor for 72 h. Cells 
were treated with bafilomycin (400 nM, Sigma), which signifi-
cantly inhibits autophagy, for 2 h and used as an autophagy 
inhibitor. Non-transfected cells were used as a control. Western 
blotting results showed that, compared with the non-transfected 
group, miR-101-mimic significantly reduced the ratio of LC3-II 
level/tubulin levels, suggesting the process of autophagy was 
inhibited. Meanwhile, miR‑101-inhibitor elevated the ratio of 
LC3-II level/tubulin significantly (Fig. 4). Therefore, miR-101 
plays the function of inhibition of autophagy.

Figure 3. Transmission electron microscopy confirms suppression of autophagy by miR-101. (A) Representative images of HepG2 cells from the wild-type 
group, the miR-101-mimic-treated group and the miR-101-inhibitor-treated group. The white arrows indicate the double membrane-surrounded autophago-
somes in the HepG2 cells. Upper panel, overview images (magnification, x20,000). Scale bars represent 1 µm. Lower panel, enlarged images of cytoplasmic 
regions of the upper panel indicated within the dashed lines. Scale bars represent 500 nm. (B) The data were quantified by counting the number of autophago-
somes per cross-sectioned cell. * P<0.05 compared with wild-type; ** P<0.01 compared with wild-type, n=30.
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miR-101 enhances sensitization to cisplatin. In order to 
investigate the role of miR-101 in chemotherapy, cisplatin 
induced-apoptosis was assessed by flow cytometry. Following 
treatment with 10 µM cisplatin for 48 h, miR-101-mimic trans-

fected cells showed a higher apoptosis ratio (25.37±4.05%), 
whereas miR-101-inhibitor exhibited a lower apoptosis ratio 
(7.35±2.25%; P<0.05) (Fig. 5). This indicated that miR-101 
increases cisplatin sensitivity of HepG2 cells.

Figure 4. Western blotting confirms suppression of autophagy by miR-101. (A) Western blotting for LC3 using lysates from HepG2 cells were transfected with 
miR-101-mimic or miR-101-inhibitor for 72 h. Cells were treated with 400 nM bafilomycin for 2 h. Non-transfected cells were used as control. The ratio of 
LC3-II level/tubulin level was used as an indicator of autophagic level. (B) The ratio of LC3-II/tubulin is presented in the bar charts. * P<0.01 compared with 
untreated cells; ** P<0.05 compared with untreated cells, n=3.

Figure 5. miR-101 enhances sensitization to cisplatin. Cisplatin-induced apoptosis was assessed by flow cytometry. Following treatment with 10 µM cis-
platin for 48 h, miR-101-mimic transfected cells showed a higher apoptosis ratio (25.37±4.05%), whereas miR-101-inhibitor exhibited a lower apoptosis ratio 
(7.35±2.25%, *P<0.05).
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Discussion

In this study, we demonstrated that miR-101 enhances apop-
tosis induced by cisplatin in HCC cells. In addition, our data 
showed that the targets of miR-101 are STMN1, RAB5A, 
ATG4D and mTOR. These results suggest that miR-101 plays 
an important role in the cisplatin-induced apoptosis in HCC 
cells by inhibiting autophagy.

It is reported that miR-101 is low expressed in different 
types of cancer (20, 22-24). Emerging evidence suggests that 
miR-101 induces apoptosis, suppresses tumorigenicity and 
inhibits migration and invasion of gastric cancer cells (25). 
miR-101 sensitizes HCC cells to apoptosis and impairs the 
ability of cancer cells to form colonies both in vitro and in vivo 
(20). Moreover, myeloid cell leukemia sequence 1 (Mcl-1) was 
characterized as a direct target of miR-101. In addition, it was 
demonstrated that the TPA-induced ERK signaling pathway 
in HepG2 cells upregulates expression of miR-101 (23). In this 
study, we investigated the role of miR-101 in cisplatin-induced 
apoptosis of HCC cells. We found that miR-101 enhanced 
apoptosis induced by cisplatin in HCC cells, indicating the 
potential application of miR-101 in HCC therapy.

Increasing evidence shows that autophagy functions as 
a survival mechanism in liver cancer cells against drug-
induced apoptosis. A recent study showed that miRNA-101 
is a potent inhibitor of autophagy in breast cancer cells. In 
addition, STMN1, RAB5A and ATG4D were identified as 
direct targets (26). In our study, miR-101 inhibited autophagy 
in HCC cells. Aside from STMN1, RAB5A and ATG4D, we 
found that mTOR was targeted directly by miR-101 as well. It 
is well known that suppression of mTOR leads to activation 
of autophagy. It seems controversial that miR-101 suppresses 
mTOR and inhibits autophagy. It is also well documented that 
several targets exist for a miRNA. Thus, the role of a miRNA 
is the result of changes in all of these target genes. It may be 
that, although we found four targets for miR-101 in autophagy, 
the exhibited role of miR-101 was mainly based on STMN1, 
RAB5A and ATG4D protein level change.

In conclusion, we showed that miR-101 plays a key role in 
enhancing apoptosis induced by cisplatin in HCC cells. The 
possible mechanism of this effect may be through inhibition of 
autophagy via targets including RAB5A, STMN1 and ATG4D. 
We propose that gene therapy targeting miR-101/autophagy 
should be investigated further as a potential alternative thera-
peutic strategy for HCC.
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