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Abstract. MicroRNAs (miRNAs/miRs) are important regula-
tors of multiple cellular processes, and their dysregulation is 
a common event in tumorigenesis, including the development 
of hepatocellular carcinoma (HCC). Studies have shown that 
certain miRNAs are associated with resistance to chemotherapy 
or drug sensitization; however, the underlying mechanisms have 
largely remained elusive. Multiple drug resistance is a major 
barrier for the treatment of advanced HCC. In the present 
study, miR-101 was observed to be downregulated in a panel of 
HCC cell lines, suggesting that it has a tumor suppressor role. 
Furthermore, transfection of miR-101 significantly enhanced 
the cytotoxicity of doxorubicin to HepG2 cells. While over-
expression of miR-101 did not influence the accumulation of 
doxorubicin, it promoted the apoptosis-inducing effect of doxo-
rubicin in HepG2 cells. A bioinformatics analysis predicted that 
miR-101 directly targeted the 3'-untranslated region of myeloid 
cell leukemia 1 (Mcl-1), which was verified by a luciferase 
reporter assay. Finally, transfection of HepG2 cells with Mcl-1 
expression plasmid inhibited apoptosis caused by doxorubicin 
plus miR-101 expression. In conclusion, the present study 
showed that miR-101 is a negative regulator of Mcl-1 in HCC, 
and the combination of miR-101 expression with doxorubicin 
may represent a novel approach for the treatment of HCC.

Introduction

Hepatocellular carcinoma (HCC) represents the second 
most common cause of cancer-associated mortality world-
wide due to late diagnosis and poor treatment options (1). 
Studies have suggested that aberrant regulation of cell death 

signaling pathways and loss of several tumor suppressors, 
including apoptotic pathways and tumor suppressor miRNAs 
(miRNAs/miRs), are involved in the genesis of HCC. However, 
the molecular pathogenesis of HCC has largely remained 
elusive (2,3). Although surgery and liver transplantation are 
able to cure patients with early-stage HCC, chemotherapy is 
the main treatment option for patients with advanced or unre-
sectable liver cancers (4).

Doxorubcin (DOX), also known as adriamycin, is widely 
used as an anti-tumor drug. Its mechanisms of action include the 
induction of apoptosis of tumor cells by intercalating into their 
DNA to inhibit its transcription and initiate a DNA damage 
response (5). DOX-based chemotherapy is used against a wide 
range of cancer types, including ovarian (6), breast (7) and 
bladder cancer (8) as well as HCC (9). However, the clinical 
application of DOX is limited due to cardiac toxicity and drug 
resistance (10). Therefore, it is urgently required to develop 
novel and efficient approaches to improve the curative effects 
of DOX for HCC treatment.

The relevance of miRNAs in tumorigenesis and drug resis-
tance of cancer types, including HCC, has become increasingly 
known (11,12). miRNAs are a class of small, endogenous, 
non-coding, single-stranded RNAs of 19-25 nucleotides, which 
either induce mRNA degradation or inhibit mRNA translation 
via binding with imperfect complementary sequences within 
the 3'-untranslated region (3'-UTR) of the target mRNA (13). 
Aberrant expression of miRNAs is associated with tumor 
development through regulation of their respective target 
genes. For example, miR-218 was reported to suppress the 
growth of esophageal squamous cell carcinoma by regulating 
the PI3K/AKT/mTOR pathway (14). miR-17 and miR-106b 
are frequently downregulated in the serum of gastric cancer 
patients, which may therefore be utilized as tumor markers for 
the early diagnosis of gastric cancer (15). Although miR-101 
has been demonstrated to suppress the growth of multiple 
cancer types, including HCC (16-18), its utilization as a target 
in chemotherapy has remained to be validated. The present 
study aimed to assess the role of miR-101 in HCC as well its 
ability to enhance the chemotherapeutic efficacy of DOX. 
Furthermore, the underlying mechanism was elucidated by 
identifying a direct target of miR-101 using bioinformatics 
analysis and a luciferase reporter assay. The present study 
indicated that the combination of forced overexpression of 
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miR-101 enhanced the apoptosis-inducing effects of doxoru-
bicin via myeloid cell leukemia 1 (Mcl-1), which may represent 
a novel approach for the treatment of HCC.

Materials and methods

Cell culture. The HepG2, Hep3B, Huh7 and PLC human HCC 
cell lines and the L-O2 normal liver cell line were obtained from 
the Institute of Biochemistry and Cell Biology, Chinese Academy 
of Sciences (Shanghai, China) and cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) (Gibco; Thermo Fisher Scientific, 
Waltham, MA, USA) with 10% fetal bovine serum (FBS; Gibco) 
at 37˚C in a humidified atmosphere containing 5% CO2.

Reverse-transcription quantitative polymerase chain reaction 
(RT-qPCR) analysis of miR-101 and Mcl-1 mRNA expression. 
Total RNA was isolated from cultured cells using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific) following the manufac-
turer's instructions. For analysis of mature miR-101 expression, 
stem-loop RT-qPCR (19) was employed using Moloney murine 
leukemia virus Reverse Transcriptase (Invitrogen) following the 
manufacturer's instructions. The miR-101 RT primer (Ribobio, 
Guangzhou, China) had the following sequence: 5'-CTC AAC 
TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG ATG 
TCATG-3'. Relative expression was calculated using the 2-ΔΔCq 
method (20) and normalized to the expression of U6 small 
RNA. Mcl-1 mRNA was also quantified by RT-qPCR using the 
PrimeScript RT reagent kit (Takara Bio Inc., Otsu, Japan) for 
reverse transcription and SYBR® Premix Ex Taq II (Takara Bio, 
Inc.) for PCR amplification on an Applied Biosystems 7900HT 
thermocycler (Thermo Fisher Scientific). The PCR reaction mix 
consisted of 12.5 µl 2X SYBR® Premix Ex Taq II, 1 µl forward 
primer (10 µM), 1 µl reverse primer (10 µM), 2 µl cDNA and 8.5 µl 
H2O. PCR was performed under the following thermal cycling 
conditions: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 
5 sec and 60˚C for 30 sec, and one cycle of 95°C for 15 sec, 60°C 
for 60 sec and 95°C for 15 sec for dissociation. PCR primers 
were obtained from Ribobio and had the following sequences: 
Mcl-1 forward, 5'-TGG CTA AAC ACT TGA AGACC-3' and 
reverse, 5'-GGA AGA ACT CCA CAA ACCC-3'; β-actin forward, 
5'-CAG AGC CTC GCC TTT GCC-3' and reverse, 5'-GTC GCC 
CAC ATA GGA ATC-3'. After the products were purified using 
the MiniBEST DNA Fragment Purification kit (cat. no. 9761; 
Takara Bio, Inc.) according to the manufacturer's instructions, 
the PCR products were quantified by reading the absorbance at 
260 nm PCR products. The expression levels were normalized 
to β-actin.

Plasmid construction. Bioinformatics analysis using TargetScan 
(http://www.targetscan.org/) indicated that Mcl-1 represents 
a target gene of miR-101. To verify this, luciferase reporter 
vectors containing a wild-type (W) or mutated (M) fragment 
of the 3'-UTR of Mcl-1 were constructed. The 3'-UTR of Mcl-1 
was amplified by PCR using cDNA from HepG2 cells as a 
template. The Mcl-1 3'UTR and open reading frame fragment 
were amplified by PCR. The following primers were utilized: 
Mcl-1 3'UTR: Mcl-1-SpeI, 5'-CGA CTA GTG CAA CAA ACA 
AAC TTT GTT TG-3' and Mcl-1-HindIII, 5'-CGA AGC TTG 
CAA AGT TCA AAA GGG TAT GA-3'; Mcl-1 open reading 
frame: Mcl-1-HindIII, 5'-CGA AGC TTA TGT TTG GCC TCA 

AAA GAA AC-3' and Mcl-1 EcoRI, 5'-CGG AAT TCT GTC 
TTA TTA GAT ATG CCA AAC CAG-3'. The reaction conditions 
were as follows: 95˚C for 5 min; 35 cycles of 95˚C for 45 sec, 
58˚C for 45 sec and 72˚C for 60 sec; and 72˚C for 5 min. PCR 
products and the vector were then digested with SpeI/HindIII 
or HindIII/EcoRI (Takara Bio, Inc.). To ligate the Mcl-1 frag-
ment into the vector, the digestion products were incubated with 
T4 DNA Ligase (Takara Bio, Inc.). The resulting recombinant 
plasmid was transformed into E. coli (DH5 strain; Tiangen 
Co., Ltd., Beijing, China) for replication and then extracted 
from E. coli using an EndoFree Plasmid Maxi kit (Qiagen, 
Hilden, Germany). Total RNA was isolated from cultured cells 
using TRIzol reagent, and the cDNA library was synthesized 
by using the PrimeScript RT reagent kit (Takara Bio, Inc.) 
according to the manufacturer's instructions. The obtained 
nucleotides were cloned into the SpeI/HindIII site of the pMIR 
vector (pMIR-REPORT™ miRNA Expression Reporter Vector 
System; Ambion; Thermo Fisher Scientific). For cloning, 1 µl 
restriction enzymes (Takara Bio, Inc.), 2 µl 10X buffer (Takara 
Bio, Inc.) and 1 µg DNA were used with H2O added for a 
total volume of 20 µl. The recombinant plasmid was named 
pMIR-Mcl-1-W. The mutant plasmid, pMIR-Mcl-1-M, was 
created by mutating the seed regions of the miR-101 binding 
sites (CAG UAC UGUA) by using a site-directed mutagenesis kit 
(Takara Bio, Inc.). 

To construct an Mcl-1 overexpression vector, the Mcl-1 open 
reading frame without the 3'-UTR was amplified by PCR with 
HepG2 cDNA as a template and cloned into the HindIII/EcoRI 
site of the pcDNA3.1 vector (Invitrogen) with the respective 
restriction enzymes (Takara Bio, Inc.) according to the above-
mentioned procedure; the resulting recombinant plasmid was 
named pcDNA-Mcl-1.

Transient transfection. HepG2 cells were seeded into 12-well 
plates and transfected at ~80% confluence. The Firefly lucif-
erase reporters (pMIR-Mcl-1-W or pMIR-Mcl-1-M; 2 µg/ml), 
Renilla luciferase pRL-TK vector (100 ng/ml; Promega Corp., 
Madison, WI, USA), eukaryotic expression vector (pcDNA3.1 
or pcDNA-Mcl-1; 2 µg/ml), RNA oligonucleotides [nega-
tive control oligonucleotide (NCO; 5'-GUA CUA ACC UAU 
GUG AAA UAG-3'; Genepharma Co., Shanghai, China), 
miR-101 mimics (5'-UAC AGU ACU GUG AUA ACU GAA-3'; 
Genepharma Co.) or multidrug restistance 1 (MDR1) small 
interfering (si)RNA (5'-GGA AAA GAA ACC AAC UGU 
CUU-3'; 50 nM; Ribobio)], were transiently transfected into 
the HepG2 cells with Lipofectamine 2000 reagent (Invitrogen) 
following the manufacturer's instructions.

Luciferase assay. HepG2 cells were seeded into 48-well plates 
at 80% cell confluence, followed by transfection with the 
Firefly luciferase reporters pMIR plus the Renilla luciferase 
pRL-TK vector in combination with miR-101-mimics and NCO 
using Lipofectamine 2000. Luciferase activity was measured 
48 h after transfection by using the Dual-Luciferase Reporter 
assay system (Promega Corp.) according to the manufacturer's 
instructions. Firefly luciferase activity was normalized to 
Renilla luciferase activity for each transfected well.

Measurement of cell viability by 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). The effect 
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of miR-101, DOX (Sigma-Aldrich, St. Louis, MO, USA) and 
their combination on the viability of HepG2 cells was measured 
using an MTT assay. HepG2 cells were seeded in triplicate in 
a 96-well plate at a density of 5x103 per well. Following culture 
for 12 h, cells were transfected with miR-101 or NCO. Following 
incubation for 24 h, cells were treated with various concentra-
tions of DOX (0.1, 0.25, 0.5, 1, 1.5 and 2 µg/ml) for 48 h. The 
inhibition of cell viability was detected using the MTT assay 
as described previously using MTT and dimethyl sulfoxide 
(Sigma-Aldrich) (21). The absorbance values of wells from the 
various treatment groups at 570 nm were determined using a 
SpectraMax M5 (Molecular Devices, Sunnyvale, CA, USA) and 
compared with the absorbance of the control cells to calculate 
the relative cell viability.

Doxorubicin accumulation. HepG2 cells were transfected 
with miR-101 mimics, NCO or MDR1 siRNA for 24 h, and 
the cells were then treated with 0.25 µg/ml doxorubicin. After 
2 h of incubation, the cells were washed three times with 
phosphate-buffered saline and the mean fluorescence intensity 
of intracellular DOX was determined using flow cytometry 
(FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA) at 
an excitation wavelength of 488 nm and an emission wave-
length of 575 nm.

Western blot analysis. Total cellular extracts were prepared with 
radioimmunoprecipitation assay lysis buffer (Cell Signaling 
Technology, Inc., Danvers, MA, USA). The protein concentra-
tion was determined using the bicinchoninic acid assay (Pierce 
Biotechnology, Inc., Rockford, IL, USA) and equal amounts 
of protein (50 µg) were separated by 12.5% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (Sigma-Aldrich). 
Proteins were then transferred onto polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA) by electroblotting. 
Non-specific binding was blocked using 5% (w/v) skimmed 
milk in Tris-buffered saline with 1% Tween-20 (TBST) for 
2 h at room temperature. The membranes were then incubated 
with the primary antibodies rabbit anti-β-actin monoclonal 
antibody (mAb) (cat. no. 4970; 1:1,000 dilution; Cell Signaling 
Technology, Inc.) and Mcl-1 rabbit mAb (cat. no. 5453; 
1:1,000 dilution; Cell Signaling Technology, Inc.) overnight at 
4˚C. Following several washes with TBST, the membranes were 

incubated in horseradish peroxidase-conjugated goat anti-rabbit 
immunoglobulin G (cat no. 7074; 1:2,000 dilution; Cell Signaling 
Technology, Inc.) for 2 h at room temperature and were then 
washed five times with TBST for 10 min each. Blots were visu-
alized using an enhanced chemiluminescence detection kit (cat. 
no. 32106; Pierce Biotechnology, Inc.) and images were captured 
using Gel Doc™ EZ (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA).

Measurement of apoptosis. DOX was added to the cell medium 
at a final concentration of 0.25 µg/ml at 24 h after transfec-
tion with miR-101 mimics. After 24 h of incubation, cells 
were collected, stained with Annexin V/propidium iodide 
(PI) (Sigma-Aldrich, St. Louis, MO, USA) for 15 min at room 
temperature according to the manufacturer's instructions and 
analyzed using flow cytometry (FACSCalibur).

Statistical analysis. Statistical analysis was performed using 
SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA). Student's 
t-test and analysis of variance were used to compare mean 
values. Values are expressed as the mean ± standard devia-
tion and derived from at least three independent experiments. 
P<0.05 was considered to indicate a statistically significant 
difference between values.

Results

miR-101 is downregulated and Mcl-1 is upregulated in HCC.To 
evaluate the role of miR-101 in HCC cells as well as any mecha-
nistic association with Mcl-1, the expression levels of miR-101 
and Mcl-1 were determined in the L-O2 normal liver cell line as 
well as in four HCC cell lines (PLC, HepG2, Hep3B and Huh7). 
The results showed that miR-101 expression was reduced in 
the human HCC cell lines compared with that in L-O2 cells 
(Fig. 1A). Conversely, Mcl-1 was significantly upregulated in all 
four liver cancer cell lines at the mRNA as well as at the protein 
level (Fig. 1B and C). These results suggested that miR-101 
exerts a tumor suppressor role in HCC, and that the expression 
of Mcl-1 is involved in liver carcinogenesis.

miR-101 sensitizes HCC cells to DOX. The viability of HepG2 
cells treated with various concentrations of DOX for 48 h was 

Figure 1. Inverse correlation of miR-101 and Mcl-1 in HCC cell lines. (A) Expression of miR-101 was down-regulated in HCC cell lines according to RT-qPCR 
analysis. (B) Mcl-1 expression was significantly upregulated in HCC cell lines compared with levels in the normal liver cell line L-O2 according to RT-qPCR 
analysis. Values are expressed as the mean ± standard deviation. *P<0.05 vs. L-O2. (C) Western blot representative of three experiments showing that Mcl-1 
was obviously upregulated in HCC cell lines compared with levels in L-O2 cells. miR, microRNA; HCC, hepatocellular cancer; Mcl-1, myeloid cell leukemia 
1; RT-qPCR, reverse-transcription quantitative polymerase chain reaction.
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determined using an MTT assay, demonstrating that DOX inhib-
ited the cell viability in a dose-dependent manner (Fig. 2A). To 
examine the effects of miR-101 on the viability of HCC cells, 

HepG2 cells were transfected with miR-101 mimics for 24 h and 
treated with DOX at a moderate concentration (0.25 µg/ml) for 
48 h. As shown in Fig. 2B, the viability of HepG2 cells treated 
with DOX plus miR-101 was considerably lower compared to 
that of cells treated with DOX or miR-101 mimics alone.

miR-101 does not affect the accumulation of DOX in HCC cells. 
To determine the underlying mechanisms of miR-101-mediated 
sensitization of HCC cells to DOX, the present study assessed 
the effects of miR-101 mimics on DOX accumulation in HepG2. 
Cells transfected with MDR1 (encoding P-glycoprotein) 
siRNA to increase the accumulation of DOX (22) were used 
as the positive control. As expected, transfection of MDR1 
siRNA significantly increased the uptake of DOX in HepG2 
cells (Fig. 3A). However, the accumulation of DOX in HepG2 
cells was not influenced by transfection with miR-101 mimics, 
suggesting that a mechanism other than the enhancement of 
drug accumulation is responsible for the synergism of miR-101 
and DOX. 

miR-101 enhances apoptosis induction by DOX. To further 
investigate the underlying mechanisms of miR-101-mediated 
sensitization of HCC cells to DOX, the apoptosis-inducing 
effects of miR-101, DOX and their combination were assessed 
by Annexin V/PI staining and flow cytometric analysis. As 
shown in Fig. 3B, a marked increase of HepG2-cell apoptosis 
was observed upon combined treatment with DOX and miR-101 
compared with that in the single treatment groups. These results 
suggested that the overexpression of miR-101 sensitizes HCC 
cells to DOX through enhancing the apoptotic rate.

miR-101 negatively regulates Mcl-1 expression in HCC 
cells. To explore the regulatory mechanisms of miR-101, the 
public miRNA database TargetScan was used for predic-
tion of its target genes, which suggested Mcl-1 as a possible 
target. To determine the regulation of Mcl-1 expression by 
miR-101, miR-101 mimics were transfected into HepG2 
cells and the effects on Mcl-1 expression were assessed by 
RT-qPCR and western blot analysis. As shown in Fig. 4A, 
transfection with miR-101 mimics significantly enhanced the 

Figure 3. miR-101 enhances the apoptotic effects of DOX without influencing 
DOX accumulation. (A) HepG2 cells were transfected with NCO, miR-125b 
or MDR1 siRNA for 24 h, followed by incubation with 0.25 µg/ml DOX for 
another 2 h. The accumulation of DOX was evaluated by flow cytometric 
analysis. (B) miR-101 or NCO was transfected into HepG2 cells for 24 h, 
followed by incubation with/without 0.25 µg/ml DOX for another 24 h. The 
apoptotic rate was evaluated by flow cytometric analysis. Dot plots represen-
tative of three independent experiments are shown. siRNA, small interfering 
RNA; miR, microRNA; DOX, doxorubicin; NCO, negative control oligo-
nucleotide; PI, propidium iodide.

A

B

Figure 2. miR-101 increases the cytotoxic effects of DOX in HepG2 cells. (A) Cell viability was measured using an MTT assay after 48 h of DOX treatment. 
*P<0.05 vs. control group. (B) Enforced vector-mediated expression of miR-101 enhanced the cytotoxicity of DOX in HepG2 cells compared with that in cells 
treated with DOX or transfected with miR-101 only. *P<0.05. Values are expressed as the mean ± standard deviation. DOX, doxorubicin; miR, microRNA; 
NCO, negative control oligonucleotide.

  A   B
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levels of miR-101 in HepG2 cells compared to those in the 
NCO-transfected group. Furthermore, consistent with the 
bioinformatics prediction, ectopically expressed miR-101 

decreased the expression of Mcl-1 at the mRNA as well as at 
the protein level (Fig. 4B and C). This result suggested that 
Mcl-1 expression is regulated by miR-101 in HCC cells.

Figure 6. Mcl-1 is involved in miR-101-enhanced cytotoxicity of doxorubicin. (A) HepG2 cells were co-transfected with miR-101 and pcDNA-Mcl-1 for 24 h, and 
then the mRNA expression of Mcl-1 was detected by reverse-transcription quantitative polymerase chain reaction analysis. (B) Protein levels of Mcl-1 in HepG2 
cells treated as described above were assessed by western blot analysis. A blot representative of three experiments is shown. (C) HepG2 cells were co-transfected 
with pcDNA-Mcl-1 and miR-101 for 24 h, followed by incubation with 0.25 µg/ml DOX for another 24 h. An MTT assay was performed to evaluate the cell 
viability. Values are expressed as the mean ± standard deviation. *P<0.05. miR, microRNA; Mcl-1, myeloid cell leukemia 1; NCO, negative control oligonucleotide; 
DOX, doxorubicin.

Figure 4. Inverse correlation between Mcl-1 and miR-101 in HepG2 cells. (A) HepG2 cells were transfected with miR-101 or NCO for 6 h and the miR-101 
levels were then detected by RT-qPCR analysis. (B) Expression of Mcl-1 in HepG2 was examined by RT-qPCR after transfection with miR-101 mimics or 
NCO. Values are expressed as the mean ± standard deviation. *P<0.05. (C) Western blot analysis of Mcl-1 protein levels in HepG2 cells treated as above. A blot 
representative of three experiments is shown. miR, microRNA; Mcl-1, myeloid cell leukemia 1; RT-qPCR, reverse-transcription quantitative polymerase chain 
reaction; NCO, negative control oligonucleotide.

Figure 5. Mcl-1 is ta direct target of miR-101. (A) TargetScan analysis predicted that Mcl-1 was a potential target of miR-101. (B) A dual luciferase assay was 
performed in HepG2 cells co-transfected with RNA mimics as well as pRL-TK and pMIR plasmids containing the wild-type or mutant 3'-UTR of the Mcl-1 gene. 
The activity of Firefly luciferase expressed by pMIR of each sample was normalized to the Renilla luciferase activity. Values are expressed as the mean ± standard 
deviation. *P<0.05. miR, microRNA; Mcl-1, myeloid cell leukemia 1; NCO, negative control oligonucleotide; UTR, untranslated region; W, wild-type; M, mutated.
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Mcl-1 is a direct target of miR-101. As illustrated in Fig. 5A, 
Mcl-1 contains a putative miR-101 target site in its 3'-UTR 
(5'-CAG UAC UGUA-3'; nucleotides 460-469 of Mcl-1 mRNA 
3'-UTR) and is therefore a potential target of miR-101. To 
confirm whether miR-101 directly regulates Mcl-1 expression, 
the target sequence of the Mcl-1 3'-UTR or a mutant sequence 
was cloned into the pMIR luciferase reporter vector, which was 
then respectively transfected into HepG2 cells in combination 
with miR-101 mimics. The results showed that co-transfection 
with miR-101 significantly suppressed the luciferase activity of 
the reporter plasmid containing the wild-type 3'-UTR of Mcl-1 
compared with transfection with NCO, while the luciferase 
activity of the reporter plasmid carrying the mutant 3'-UTR 
remained unaffected by the miR-101 mimics (Fig. 5B). All 
these results confirmed that Mcl-1 is a direct target of miR-101 
in HepG2 cells.

Mcl-1 mediates the sensitization of HCC cells to DOX by 
miR-101. Since miR-101 sensitized HepG2 cells to DOX and 
Mcl-1 is a direct target of miR-101, the present study examined 
whether eukaryotic expression vector-mediated upregulation 
of Mcl-1 reverses the cytotoxic effects of DOX plus miR-101 
in HepG2 cells. First, HepG2 cells were transfected with 
pcDNA3.1 carrying with the open reading frames of the Mcl-1 
gene, and Mcl-1 expression was evaluated at the mRNA and 
protein level. As shown in Fig. 6A and B, transfection with 
pcDNA-Mcl-1 significantly increased the expression of Mcl-1 
in HepG2 cells, even in the presence of miR-101 mimics. 
Furthermore, as expected, exogenous expression of Mcl-1 
significantly decreased the cytotoxicity of DOX combined with 
miR-101 in HepG2 cells (Fig. 6C). These results supported the 
notion that Mcl-1 is involved in the sensitization of HCC cells 
to doxorubicin by miR-101.

Discussion

It has been demonstrated that miRNAs are involved in carcino-
genesis through regulating the expression of a large variety of 
genes, including oncogenes and tumor suppressor genes (23). It 
has been reported that dysregulation of miR-101 is associated 
with tumorigenesis, development and invasion, which is essen-
tial in multiple cancer types, including bladder cancer (24) and 
human hepatocellular carcinoma (25,26). Furthermore, it has 
bee reported that overexpression of miR-101 induced apoptosis 
in gastric cancer cells (27). The present study demonstrated 
that the expression of miR-101 was reduced in four human 
HCC cell lines compared with that in a normal liver cell line, 
illustrating that miR-101 acts as a tumor suppressor in liver 
cancer. By contrast, Mcl-1 was significantly upregulated in all 
four liver cancer cell lines. These results inferred that miR-101 
and Mcl-1 are inversely correlated in HCC.

Mcl-1 is a key anti-apoptotic protein of the B-cell lymphoma 2 
family, which controls apoptosis (28). In addition, Mcl-1 has 
been implicated in resistance to chemotherapy in multiple 
cancer types. Sun et al (29) demonstrated that siRNA-mediated 
inhibition of Mcl-1 effectively increased the sensitivity of 
human colon cancer cells to ABT-737-induced apoptosis, while 
apoptosis was significantly attenuated by enforced expression 
of Mcl-1. As high expression of Mcl-1 contributes to the ability 
of cancer cells to survive and evade apoptosis induced by 

chemotherapeutic drugs, high levels of Mcl-1 protein have been 
correlated with poor prognosis of various cancer types (30,31).

The present study found that miR-101 significantly increased 
the cytotoxic effects of DOX in HepG2 cells. Flow-cytometric 
analysis revealed that the accumulation of DOX in HepG2 cells 
was not influenced by miR-101, suggesting that other pathways 
are responsible for the observed synergism of miR-101 and 
DOX. It was then demonstrated that miR-101 enhanced the 
anti-cancer effects of DOX by increasing its ability to induce 
apoptosis in HepG2 cells. Bioinformatics analysis revealed that 
Mcl-1 was a putative target of miR-101. Since downregulation 
of Mcl-1 is a mechanism of apoptosis induction (32), the present 
study determined the effects of miR-101 mimics on Mcl-1 in 
HepG2 cells, revealing that upregulation of miR-101 expres-
sion significantly reduced Mcl-1 expression. Furthermore, a 
luciferase reporter assay proved that miR-101 directly targeted 
the Mcl-1 3'-UTR. Of note, enforced expression of Mcl-1 by 
transfection of pcDNA-Mcl-1 markedly reduced the effects of 
miR-101 on the sensitivity of HCC cells to DOX, suggesting 
that miR-101 enhances the sensitivity of HCC cells to DOX 
via Mcl-1. It is therefore concluded that miR-101 is involved in 
DOX resistance of HCC through regulating Mcl-1 expression.

In conclusion, the results of the present study demonstrated 
that miR-101 was downregulated in HCC cell lines, while its 
overexpression enhanced the sensitivity of HepG2 cells to the 
chemotherapeutic agent DOX by facilitating apoptosis. Of 
note, Mcl-1 was confirmed as a functional target of miR-101 in 
HCC, demonstrating that miR-101 may enhance the sensitivity 
of cancer cells by downregulating Mcl-1 expression. These 
results suggested the potential application of miR-101 overex-
pression as an adjuvant in DOX-based therapy.
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