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Abstract. Hepatocellular carcinoma (HCC) is one of the most 
common tumor malignances with poor chemotherapeutic effi‑
ciency due to chemoresistance. MicroRNAs (miRNAs) have 
essential roles in regulating chemoresistance. However, the 
mechanism underlying the involvement of miR‑212‑3p in pacli‑
taxel (PTX) resistance in HCC remains unclear. PTX resistance 
was investigated in the present study by assessing cell viability, 
the half maximal inhibitory concentration of PTX, resis‑
tance‑associated protein levels and apoptosis. The expression 
levels of miR‑212‑3p and zinc finger E‑box binding homeobox 2 
(ZEB2) were detected by reverse transcription‑quantitative PCR 
and western blotting. The epithelial‑mesenchymal transition 
(EMT), migration and invasion were evaluated by western blot‑
ting and transwell assay. The association between miR‑212‑3p 
and ZEB2 was investigating by the luciferase activity. The 
results showed that treatment of HCC cells with PTX inhibited 
cell viability and miR‑212‑3p level. Moreover, miR‑212‑3p 
was reduced and its overexpression resulted in decreased cell 
viability, half maximal inhibitory concentration (IC50) of PTX 
and levels of P‑glycoprotein and glutathione S‑transferase π, 
but increased cell apoptosis, in Huh7/PTX cells. However, 
miR‑212‑3p knockdown induced opposite effects in Huh7 
cells. Furthermore, EMT, migration and invasion were induced 
in Huh7/PTX cells and the addition of miR‑212‑3p inhibited 
EMT, migration and invasion. Meanwhile, miR‑212‑3p abroga‑
tion caused the opposite effects in Huh7 cells. Additionally, 

ZEB2 was directly targeted by miR‑212‑3p and its restoration 
or silencing abated the effect of miR‑221‑3p overexpression 
or knockdown in Huh7/PTX or Huh7 cells, respectively. The 
data from the present study suggest that miR‑212‑3p attenuates 
PTX resistance, by regulating EMT, migration and invasion via 
targeting ZEB2 in HCC cells, indicating a novel target for HCC 
chemotherapy.

Introduction

Hepatocellular carcinoma (HCC) has developed into one of 
the most important medical problems, with high incidence (6th 
in terms of new cases) and mortality rates (5‑year survival rate 
is ~18%) worldwide in recent years (1). With advances in under‑
standing the pathogenesis of HCC, many treatments have been 
used to increase survival in patients with HCC, including surgical 
treatment, radiotherapy and chemotherapy (2). Emerging evidence 
suggests that many chemotherapeutic drugs, including cisplatin, 
sorafenib and paclitaxel (PTX), are used for the treatment of 
HCC, however, resistance is regarded as a major hindrance of 
these drugs in HCC (3,4). Hence, much hope is placed in probing 
novel target to ameliorate resistance to PTX in HCC.

MicroRNAs (miRNAs/miRs) are a class of small 
non‑coding RNAs with 20‑25 nucleotides, which play essen‑
tial roles in the diagnosis and prognosis of HCC via multiple 
pathways  (5). Moreover, miRNAs have vital roles in PTX 
resistance in HCC by regulating different molecular signaling 
pathways (6). For instance, miR‑877 was found to regulate 
PTX sensitivity in HCC by targeting forkhead box protein M1 
(FOXM1) (7). In addition, miR‑153 contributes to resistance 
of HCC cells to chemotherapeutic agents, such as sorafenib, 
etoposide and PTX (8). As for miR‑212‑3p, a miRNA plays 
an important role in cancer progression by regulating cell 
proliferation and apoptosis (9). Furthermore, previous study 
suggested that miR‑212 is associated with radio‑sensitivity in 
glioma cells by regulating breast cancer susceptibility gene 1 
(BRCA1) (10). Besides, miR‑212 could suppress cell prolif‑
eration and promote cell apoptosis by regulating FOXA1 in 
HCC (11). Notably, miR‑212‑3p, a mature form of miR‑212, is 
expressed and may be used as a potential target for the diag‑
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nosis, prognosis and treatment of HCC (12). However, there is 
no direct evidence that miR‑212‑3p participates in resistance 
to PTX in HCC.

Zinc finger E‑box binding homeobox 2 (ZEB2) has been 
reported as a transcription factor, which exerts an impor‑
tant impact on the development of the nervous system (13). 
Moreover, ZEB2 is a key factor of epithelial‑mesenchymal 
transition (EMT), which is associated with resistance to cispl‑
atin or PTX in human lung cancer cells (14). Notably, ZEB2 
plays essential roles in HCC progression, through regulating 
EMT, invasion and metastasis (15). Intriguingly, bioinformatics 
analysis using TargetScan provided putative binding sites of 
miR‑212‑3p and ZEB2. Hence, it was hypothesized that ZEB2 
may be involved in miR‑212‑3p‑mediated PTX resistance in 
HCC. In the present study the expression of miR‑212‑3p, EMT, 
migration and invasion were assessed in PTX‑resistant HCC 
cells. Moreover, the effect of miR‑212‑3p on PTX resistance, 
EMT, migration and invasion were investigated. In addition, 
the association between miR‑212‑3p and ZEB2, and their 
effect on PTX resistance, was explored in HCC cells.

Materials and methods

Cell culture and treatment. The human HCC cell lines Huh7 
and HCCLM3 cells were purchased from Japanese Collection 
of Research (JCRB Cell Bank, Japan). All cells were main‑
tained in RPMI‑1640 culture medium (Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.), 1% penicillin and streptomycin 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C with 
5% CO2 during the study. The PTX‑resistant Huh7 cells were 
constructed by continuous treatment for 24 h at 37˚C with 
increasing concentrations of PTX (0‑20 nM) and removing 
any dead PTX‑sensitive cells. Briefly, Huh7 cells were treated 
with 1 nM PTX for 24 h. Subsequently, the medium was 
replaced with fresh PTX‑free medium. After cells reached 
80% confluence, they were incubated with gradually increasing 
concentrations of PTX (2, 5, 10 and 20 nM) for 24 h at 37˚C, 
and PTX‑resistant Huh7 cells were collected (resistant to 
20 nM PTX). Subsequently, PTX‑resistant cells (Huh7/PTX) 
were cultured in RPMI‑1640 medium with 10 nM PTX.

Cell transfection. miR‑212‑3p mimic (miR‑212‑3p; 5'‑UA 
ACAGUCUCCAGUCACGGCC‑3'), mimic negative control 
(miR‑NC; the non‑targeting sequence, 5'‑CGAUCGCAUCA 
GCAUCGAUUGC‑3'), miR‑212‑3p inhibitor (5'‑GGCCG 
UGACUGGAGACUGUUA‑3'), inhibitor negative control 
(miR‑NC inhibitor; the non‑targeting sequence, 5'‑CUAAC 
GCAUGCACAGUCGUACG‑3'), pcDNA3.1‑ZEB2 overex‑
pression vector (ZEB2), pcDNA3.1 vector (Thermo Fisher 
Scientific, Inc.) alone as overexpression vector negative control 
(vector), small interfering (si)RNA against ZEB2 (siZEB2; 
5'‑UGAUAUUGUUUCUCAUUCGGC‑3'), and siRNA nega‑
tive control (scrambled; 5'‑UUCUCCGAACGUGUCACGU 
TT‑3') were obtained from Shanghai GenePharma Co., Ltd. 
Transient transfection of Huh7 and Huh7/PTX cells with 
40 nM oligonucleotides or vector was performed by using 
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's instructions. Cells were 
collected for further analyses after 48 h post‑transfection.

Cell viability assay. Cell viability was measured by using 
the 3‑(4, 5‑dimethylthiazol‑2‑yl)‑2, 5‑diphenyl‑trtrazolium 
bromide (MTT) assay. Briefly, Huh7 and Huh7/PTX cells were 
seeded into 96‑well plates at the density of 1x104 cells/well 
and incubated with varying concentrations of PTX for 24 h. 
Each sample was conducted in triplicate. Then cell medium 
was replaced with 0.5% MTT (Sigma‑Aldrich; Merck KGaA) 
and incubated for another 4 h at 37˚C. After the removal of the 
supernatant, dimethyl sulfoxide (100 µl/well; Sigma‑Aldrich; 
Merck KGaA) was added to cells to dissolve the formazan. 
The absorbance was detected at 490 nm with a microplate 
reader (Bio‑Rad Laboratories, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA from cells was extracted with mirVanaTM miRNA 
isolation kit (Thermo Fisher Scientific, Inc.), following the 
manufacturer's instructions. Subsequently, the target miRNA 
was reverse transcribed into cDNA using the TaqMan 
microRNA Reverse Transcription kit (Applied Biosystems; 
Thermo Fisher Scientific, Inc.), with the following parameters: 
16˚C for 30 min, 42˚C for 30 min and 85˚C for 5 min. q‑PCR 
was conducted using SYBR‑Green (Applied Biosystems; 
Thermo Fisher Scientific, Inc.), following the amplification 
instructions. The following thermocycling conditions were 
used: 95˚C for 5 min; 40 cycles at 95˚C for 10 sec, 60˚C for 
1 min and a final extension at 72˚C for 5 min. All primers were 
obtained from Sangon Biotech Co., Ltd.: miR‑212‑3p forward, 
5'‑GGTAACAGTCTCCAGTCA‑3'; miR‑212‑3p reverse, 
5'‑GCAATTGCACTGGATACG‑3'; U6 forward, 5'‑CTC 
GCTTCGGCAGCACATATACT‑3'; U6 reverse, 5'‑CGCTT 
CACGAATTTGCGTGT‑3'. Each sample was conducted in 
triplicate. The expression of miR‑212‑3p was normalized to 
U6 small nuclear RNA, using the 2‑ΔΔCq method (16).

Cell apoptosis assay. Cell apoptosis was investigated by 
flow cytometry using the Annexin V‑FITC/PI detection kit 
(Sigma‑Aldrich; Merck KGaA). Following treatment with 
PTX for 24 h, Huh7 and Huh7/PTX were resuspended in 
binding buffer and then incubated with 10 µl Annexin V‑FITC 
and PI for 20 min at room temperature in the dark. The posi‑
tive cells (Annexin V‑FITC+/PI‑/+) were examined using a flow 
cytometer (BD Biosciences) and BD FACStation software 
(version 6.1; BD Biosciences)

Western blotting. Total protein was extracted using RIPA 
lysis buffer (Thermo Fisher Scientific, Inc.) containing 
1% protease inhibitor and quantified by bicinchoninic acid 
protein assay kit (Sigma‑Aldrich; Merck KGaA), according 
to the manufacturer's instructions. Denatured proteins 
(20 µg/lane) were loaded onto 6 or 10% SDS‑PAGE gels and 
then transferred to polyvinylidene difluoride membranes 
(Millipore). Membranes were subsequently blocked in 
5% non‑fat milk for 1 h at room temperature. Membranes were 
then incubated with primary antibodies against p‑glycoprotein 
(P‑gp) (1:1,000; cat. no. ab235954), glutathione S‑transferase 
π (GST‑π) (1:2,000; cat. no. ab153949), E‑cadherin (1:500; 
cat. no. ab15148), cytokeratin 18 (1:10,000; cat. no. ab133263), 
N‑cadherin (1:1,000; cat. no.  ab18203), vimentin (1:1,000; 
cat. no.  ab92547), ZEB2 (1:500, cat. no.  ab138222) or 
β‑actin (1:5,000; cat. no.  ab227387) (all from Abcam) 
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overnight at 4˚C. β‑actin was regarded as a housekeeping 
protein in this study. After three washes in Tris‑buffer 
saline, containing 0.1% Tween‑20 (TBST), membranes were 
incubated in horseradish peroxidase‑conjugated secondary 
antibodies (1:10,000; cat. no.  ab6721; Abcam) for 2  h at 
room temperature. The protein bands were visualized using 
enhanced chemiluminescence (ECL) chromogenic substrate 
(GE Healthcare) and analyzed using the Image Lab software 
(version 2.1; Bio‑Rad Laboratories. Inc.).

Transwell assay. Cell migration and invasion were investi‑
gated by transwell assay. For cell invasion assay, chambers 
were pre‑coated with Matrigel (BD Biosciences). Huh7 
and Huh7/PTX cells (2x104  cells/well) were suspended in 
serum‑free RPMI‑1640 medium and then incubated in the 
upper chambers (Costar; Corning, Inc.) at 37˚C with 5% CO2 
for 12 h. Invasive cells on the basal side of the membrane were 
fixed with 4% paraformaldehyde for 20 min at room tempera‑
ture, stained with 0.1% crystal violet (Sigma‑Aldrich; Merck 
KGaA) for 10 min at room temperature, and subsequently 
counted under a light microscope (magnification, x100) 
(Olympus Corporation). Migrated cells were investigated 
by using transwell chambers, following a similar approach, 
without Matrigel.

Luciferase assays. The putative binding sites of miR‑212‑3p 
and ZEB2 were predicted by TargetScan Human Release 7.1 
(www.targetscan.org/vert_71/). The wild‑type or mutant 
sequence of 3' untranslated regions (3'‑UTR) of ZEB2 were 
amplified by PCR and cloned into the pGL3 luciferase 
reporter vector (Promega Corporation), in order to generate 
the ZEB2‑Wt or ZEB2‑Mut, respectively. Wt or Mut luciferase 
reporter vector was co‑transfected with miR‑212‑3p mimic, 
miR‑NC, miR‑212‑3p inhibitor or miR‑NC inhibitor in Huh7 
and Huh7/PTX cells, using Lipofectamine™ 2000 (Invitrogen; 

Thermo Fisher Scientific, Inc.), according to the manufac‑
turer's protocols. Subsequently, cells were lysed and used for 
the luciferase activity analysis by using the Dual‑Luciferase 
Assay kit (Promega Corporation) after 48 h of transfection. 
Firefly luciferase activity was normalized to Renilla luciferase 
activity.

Statistical analysis. Data are presented as the mean ± standard 
deviation of three independent experiments. The differences 
were investigated by Student's t-test or one‑way analysis of 
variance followed by Tukey's post hoc test using the GraphPad 
Prism  7 software (GraphPad Software, Inc.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

miR‑212‑3p expression is downregulated in PTX‑resistant HCC 
cells. Following treatment with different concentrations of PTX 
for 24 h, the viability of Huh7 cells was significantly decreased 
in a concentration‑dependent manner (Fig. 1A). Moreover, the 
data from the RTq‑PCR assay revealed that the expression of 
miR‑212‑3p was progressively reduced in Huh7 cells after treat‑
ment with PTX at various time points or exposure to different 
doses at 24 h (Fig. 1B and C). In order to investigate the potential 
role of miR‑212‑3p in HCC resistance, PTX‑resistant Huh7/PTX 
cells were constructed. MTT analysis showed that Huh7/PTX 
cells displayed higher cell viability compared with Huh7 cells 
in response to different concentrations of PTX (Fig.  1D). 
Meanwhile, the IC50 at 24 h of PTX was ~80 nM in Huh7 
cells and 1,000 nM in Huh7/PTX cells (Fig. 1E). Furthermore, 
downregulation of miR‑212‑3p was demonstrated in Huh7/PTX 
cells compared with Huh7 cells (Fig. 1F). Furthermore, similar 
events were also observed in HCCLM3 cells (Fig. S1A‑D). 
Taken together, dysregulated miR‑212‑3p may be associated 
with PTX resistance in HCC cells.

Figure 1. miR‑212‑3p expression was low in PTX‑resistant hepatocellular carcinoma cells. (A) Cell viability was investigated in Huh7 cells treated with 
different concentrations of PTX for 24 h by MTT. (B and C) The expression of miR‑212‑3p was measured in PTX‑treated Huh7 cells at different time points 
and different concentrations by reverse transcription‑quantitative PCR. (D and E) The cell viability was detected in Huh7 and Huh7/PTX cells treated with 
varying concentrations of PTX for 24 h, and the IC50 of PTX was analyzed. (F) The level of miR‑212‑3p was examined in Huh7 and Huh7/PTX cells. *P<0.05: 
A, B and C, PTX‑treated group vs. non‑treated group; D, E and F, Huh7/PTX group vs. Huh7 group. PTX, paclitaxel; miR, microRNA; IC50, half maximal 
inhibitory concentration.
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miR‑212‑3p inhibits PTX resistance in HCC cells. To explore 
the function of miR‑212‑3p on PTX resistance in HCC 
cells, Huh7 cells were transfected with miR‑NC inhibitor 
or miR‑212‑3p inhibitor and Huh7/PTX cells were trans‑
fected with miR‑212‑3p mimic or miR‑NC, respectively. 
The transfection efficiency was confirmed (Fig. S2A and B). 
Following treatment with different concentrations of PTX, 
MTT assay demonstrated that the knockdown miR‑212‑3p 
reversed the inhibitory effect of PTX on the viability of Huh7 
cells and led to increased IC50 of PTX from 85 to 624 nM 
(Fig. 2A and B). However, the overexpression of miR‑212‑3p 
exacerbated PTX‑mediated inhibition of cell viability in 
Huh7/PTX cells and resulted in reduced IC50 of PTX from 

1,086 to 365 nM (Fig. 2C and D). In addition, the protein 
levels of P‑gp and GST‑π were significantly increased in Huh7 
cells by miR‑212‑3p knockdown and decreased in Huh7/PTX 
cells following miR‑212‑3p overexpression (Fig. 2E and F). 
Moreover, cell apoptosis was measured in Huh7 and Huh7/PTX 
cells, following treatment with 80 or 1,000 nM PTX for 24 h. 
The results demonstrated that treatment with 80 nM PTX 
induced Huh7 cells apoptosis, whereas miR‑212‑3p deple‑
tion protected cells from PTX‑induced apoptosis (Fig. 2G). 
Furthermore, the introduction of miR‑212‑3p aggravated 
PTX‑induced cells apoptosis in Huh7/PTX cells (Fig. 2H). 
Overall, these findings suggest that miR‑212‑3p attenuates 
PTX resistance in HCC cells.

Figure 2. Addition of miR‑212‑3p inhibited PTX resistance in HCC cells. (A) The effect of miR‑212‑3p inhibition on cell viability was investigated in Huh7 
cells treated with different concentrations of PTX for 24 h. (B) The IC50 of PTX in Huh7 cells transfected with miR‑212‑3p inhibitor or miR‑NC inhibitor. 
(C) The effect of miR‑212‑3p overexpression on cell viability was detected in Huh7/PTX cells treated with different concentrations of PTX for 24 h. (D) The 
IC50 of PTX in Huh7/PTX cells transfected with miR‑212‑3p or miR‑NC. (E and F) The protein expression levels of P‑gp and GST‑π were detected in 
the cells. (G) Cell apoptosis was evaluated in Huh7 cells treated with PTX and miR‑212‑3p inhibitor by flow cytometry. (H) The effect of miR‑212‑3p on 
PTX‑induced apoptosis was analyzed in Huh7/PTX cells. *P<0.05; #P<0.05: A, B and E, miR‑212‑3p inhibitor group vs. miR‑NC inhibitor group; C, D and 
F, miR‑212‑3p group vs. miR‑NC group; G and H, PTX group vs. control group, miR‑212‑3p inhibitor group + PTX vs. miR‑NC inhibitor + PTX group, and 
miR‑212‑3p group + PTX vs. miR‑NC + PTX group. PTX, paclitaxel; miR, microRNA; NC, negative control; IC50, half maximal inhibitory concentration; 
P‑gp, p‑glycoprotein; GST‑π, glutathione S‑transferase π.
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EMT, migration and invasion are associated with PTX resis‑
tance in HCC cells. Since EMT, migration and invasion may 
play essential roles in chemoresistance, these processes were 
assessed in Huh7 and Huh7/PTX cells. The protein levels 
of EMT markers were investigated by western blotting. The 
results demonstrated decreased E‑cadherin and cytokeratin 18, 

whilst increased N‑cadherin and vimentin, in Huh7/PTX cells 
compared with Huh7 cells, suggesting that PTX resistance 
promoted EMT (Fig. 3A and B). Furthermore, cell migra‑
tion and invasion were detected in HCC cells. The transwell 
assays demonstrated increased cell migration and invasion 
abilities in Huh7/PTX cells compared with PTX‑sensitive 

Figure 3. EMT, migration and invasion are enhanced in PTX‑resistant hepatocellular carcinoma cells. (A and B) The protein expression levels of E‑cadherin, 
cytokeratin 18, N‑cadherin and vimentin were measured in Huh7 and Huh7/PTX cells by western blotting. (C and D) Cell migration and invasion were 
examined in Huh7 and Huh7/PTX cells by transwell assay. *P<0.05, Huh7/PTX group vs. with Huh7 group. EMT, epithelial‑mesenchymal transition; PTX, 
paclitaxel.

Figure 4. miR‑212‑3p overexpression suppresses EMT, migration and invasion in PTX‑resistant hepatocellular cells. (A and B) The effect of miR‑212‑3p on 
E‑cadherin, cytokeratin 18, N‑cadherin and vimentin protein expression levels was investigated in Huh7 and Huh7/PTX cells, following transfection with 
miR‑212‑3p inhibitor or miR‑212‑3p. (C and D) Cell migration and invasion were measured in miR‑212‑3p inhibitor‑transfected Huh7 and miR‑212‑3p‑trans‑
fected Huh7/PTX cells. *P<0.05, miR‑212‑3p inhibitor group vs. miR‑NC inhibitor group; #P<0.05, miR‑212‑3p group vs. miR‑NC group. PTX, paclitaxel; miR, 
microRNA; NC, negative control; EMT, epithelial‑mesenchymal transition.
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cells (Fig. 3C and D). Overall, these results suggest that EMT, 
migration and invasion are positively associated with PTX 
resistance in HCC cells.

miR‑212‑3p controls PTX resistance by regulating EMT, 
migration and invasion in HCC cells. Based on the aforemen‑
tioned results, the effect of miR‑212‑3p on EMT, migration 
and invasion was investigated in Huh7 and Huh7/PTX cells. 
Western blotting assay showed that miR‑212‑3p deficiency 
promoted EMT in Huh7 cells, demonstrated by decreased 
E‑cadherin, cytokeratin  18 and increased of N‑cadherin, 
vimentin expression levels (Fig. 4A and B). However, the over‑
expression of miR‑212‑3p resulted in the opposite effects on 
EMT in Huh7/PTX cells (Fig. 4A and B). Moreover, inhibition 
of miR‑212‑3p resulted in increased migration and invasion 
abilities of Huh7 cells, whereas its addition blocked cell migra‑
tion and invasion in (Fig. 4C and D). These results indicate that 

miR‑212‑3p regulates PTX resistance by suppressing EMT, 
migration and invasion in HCC cells.

ZEB2 is a target of miR‑212‑3p. Given that functional 
miRNAs exert their effects by regulating target genes, the 
targets of miR‑212‑3p were predicted by TargetScan Human 
Release 7.1 online. Potential binding sites of miR‑212‑3p were 
predicted in ZEB2, suggesting that ZEB2 might be a target of 
miR‑212‑3p (Fig. 5A). Hence, the prediction was next validated 
by luciferase activity assay. Results showed that the knock‑
down of miR‑212‑3p resulted in enhanced luciferase activity 
in ZEB2‑Wt‑transfected Huh7 cells, while little effect was 
observed with ZEB2‑Mut cells (Fig. 5B). Moreover, a notable 
decrease in luciferase activity was demonstrated in Huh7/PTX 
cells co‑transfected with miR‑212‑3p and ZEB2‑Wt, whereas 
the effect was lost in the ZEB2‑Mut group (Fig. 5C). Besides, 
ZEB2 protein expression was significantly enhanced in 

Figure 5. ZEB2 is a direct target of miR‑212‑3p. (A) The potential binding sites of miR‑212‑3p and ZEB2 were predicted by TargetScan Human Release 7.1. 
(B) The luciferase activity was investigated in Huh7 cells co‑transfected with miR‑212‑3p inhibitor or miR‑NC inhibitor and ZEB2‑WT or ZEB2‑Mut. (C) The 
luciferase activity was evaluated in Huh7/PTX cells co‑transfected with miR‑212‑3p or miR‑NC and ZEB2‑WT or ZEB2‑Mut. (D and E) The protein expression 
level of ZEB2 was detected in Huh7 and Huh7/PTX cells by western blotting. (F and G) The effect of miR‑212‑3p on ZEB2 expression level was investigated 
in miR‑212‑3p inhibitor‑transfected Huh7 and miR‑212‑3p‑transfected Huh7/PTX cells. *P<0.05: B and G, miR‑212‑3p inhibitor group vs. miR‑NC inhibitor 
group; C, miR‑212‑3p group vs. miR‑NC group; E, Huh7/PTX group vs. Huh7 group. #P<0.05: G, miR‑212‑3p group vs. miR‑NC group. PTX, paclitaxel; miR, 
microRNA; NC, negative control; ZEB, zinc finger E‑box binding homeobox 2; WT, wild type; Mut, mutant.
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Huh7/PTX compared with Huh7 cells (Fig. 5D and E). In 
addition, the effect of miR‑212‑3p on ZEB2 expression was 
also investigated in Huh7 and Huh7/PTX cells. As shown in 
Fig. 5F and G, miR‑212‑3p abrogation induced ZEB2 expres‑
sion in Huh7 cells, while miR‑212‑3p overexpression blocked 
ZEB2 abundance in Huh7/PTX cells. These findings suggest 
ZEB2 as a direct target of miR‑212‑3p in HCC cells.

ZEB2 is involved in miR‑212‑3p‑mediated PTX resistance 
in HCC cells. In order to assess whether ZEB2 was required 
for miR‑212‑3p‑mediated PTX resistance, Huh7 cells were 
co‑transfected with miR‑212‑3p inhibitor and siZEB2 or 
scrambled siRNA and Huh7/PTX cells were co‑transfected 
with miR‑212‑3p and ZEB2 or vector. The transfection efficacy 
was confirmed (Fig. S3A‑D). Cell viability and apoptosis were 
detected in transfected cells, following treatment with PTX for 
24 h. MTT assay showed that the silencing of ZEB2 decreased 
cell viability and IC50 of PTX in Huh7 cells, whereas ZEB2 
restoration protected the cell viability and increased IC50 of 
PTX in Huh7/PTX cells (Fig. 6A‑D). Moreover, data from 
flow cytometry reflected that the absence of ZEB2 induced 

cell apoptosis in miR‑212‑3p‑deficient Huh7 cells, while 
the introduction of ZEB2 weakened miR‑212‑3p‑induced 
apoptosis in Huh7/PTX cells (Fig. 6E and F). In addition, a 
significant loss of ZEB2 protein expression was demonstrated 
in siZEB2‑transfected Huh7 cells and a notable increase in 
ZEB2 expression was displayed in Huh7/PTX cells transfected 
with ZEB2 overexpression vector, compared with their corre‑
sponding control, respectively (Fig. 6G). Furthermore, ZEB2 
interference overturned the effect of miR‑212‑3p inhibition 
on EMT, revealed by elevated E‑cadherin, cytokeratin 18 and 
reduced N‑cadherin and vimentin (Fig. 6G) expression levels. 
However, ZEB2 overexpression indicated opposite trends in 
miR‑212‑3p‑transfected Huh7/PTX cells (Fig. 6G). Besides, 
ZEB2 abrogation inhibited cell migration and invasion in 
Huh7 cells transfected with miR‑212‑3p inhibitor and siZEB2 
compared with cells transfected with miR‑212‑3p inhibitor and 
scrambled (Fig. 6H). Conversely, ZEB2 restoration promoted 
cell migration and invasion in miR‑212‑3p‑transfected 
Huh7/PTX cells (Fig. 6I). Collectively, these results indicate 
that miR‑212‑3p mediates PTX resistance by targeting ZEB2 
in HCC cells.

Figure 6. ZEB2 is required for miR‑212‑3p‑mediated PTX resistance. Huh7 cells were co‑transfected with miR‑212‑3p inhibitor and scrambled or siZEB2. 
Huh7/PTX cells were co‑transfected with miR‑212‑3p and vector or ZEB2. (A‑D) Cell viability and IC50 of PTX were measured in transfected Huh7 and 
Huh7/PTX cells after treatment with different concentrations of PTX for 24 h. (E and F) Cell apoptosis was detected in transfected Huh7 and Huh7/PTX cells 
after treatment with the corresponding concentration (80 nM for Huh7 cells and 1,000 nM for Huh7/PTX cells) of PTX for 24 h. (G) The protein levels of 
ZEB2, E‑cadherin, cytokeratin 18, N‑cadherin and vimentin were examined in transfected Huh7 and Huh7/PTX cells. (H and I) Cell migration and invasion 
were analyzed in transfected Huh7 and Huh7/PTX cells, respectively. *P<0.05: A, B, E, G and H, miR‑212‑3p inhibitor + siZEB2 group vs. miR‑212‑3p inhib‑
itor + scrambled group; C, D, F and I, miR‑212‑3p + ZEB2 group vs. miR‑212‑3p + vector group. #P<0.05: G, miR‑212‑3p + ZEB2 group vs. miR‑212‑3p + vector 
group. PTX, paclitaxel; miR, microRNA; ZEB, zinc finger E‑box binding homeobox 2; IC50, half maximal inhibitory concentration.
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Discussion

The efficacy of chemotherapy is unsatisfactory, owing to 
chemoresistance in HCC (3). PTX, as an important chemo‑
therapeutic agent, has been widely used for the treatment of 
HCC (17). In the present study, Huh7 cells were treated with 
PTX in order to establish Huh7/PTX cells. MTT analysis 
showed that PTX treatment suppressed cell viability of 
Huh7 and Huh7/PTX cells, and Huh7/PTX cells had higher 
viability and IC50 of PTX, suggesting the anti‑HCC role of 
PTX and successful establishment of PTX‑resistant HCC 
cells. The present study was the first to demonstrate that 
miR‑212‑3p inhibited PTX resistance by targeting ZEB2 in 
HCC cells.

A previous study suggested that miR‑212‑3p was down‑
regulated in HCC (12), while the effect of miR‑212‑3p on 
PTX resistance was unclear. In the present study, miR‑212‑3p 
expression was decreased in Huh7 cells, following treatment 
with PTX, and Huh7/PTX cells displayed lower expression 
level of miR‑212‑3p, suggesting that miR‑212‑3p may play 
an important role in PTX resistance in HCC cells. Moreover, 
following treatment with PTX, analyses by MTT, western blot‑
ting and flow cytometry revealed that miR‑212‑3p decreased 
PTX resistance in HCC cells, indicating miR‑212‑3p as a 
promising target for improving the efficacy of chemotherapy 
in HCC.

Several mechanisms, such as EMT, inf lammation, 
autophagy and oxidative stress, play key roles in regulating 
drug resistance via varying pathways (18). EMT has been 
reported to be involved in the advancement of HCC and is asso‑
ciated with the development of drug resistance in advanced 
HCC (19). The expression levels of EMT markers showed 
that EMT was induced in Huh7/PTX cells, suggesting that 
EMT was positively associated with PTX resistance. This is 
consistent with a previous study that also indicated the asso‑
ciation between EMT and PTX resistance by regulating the 
expression levels of E‑cadherin, cytokeratin 18, N‑cadherin 
and vimentin (20). Moreover, it was found that miR‑212‑3p 
inhibited PTX resistance by regulating EMT. Furthermore, 
current evidence indicates that EMT is associated with 
cell migration and invasion in HCC (21). Furthermore, the 
acquisition of PTX resistance was suggested to be associated 
with metastatic properties (22,23). In the present study, the 
contribution of migration and invasion to PTX resistance 
was demonstrated, and the potential role of miR‑212‑3p in 
suppressing drug resistance by regulating migration and 
invasion.

miRNAs function by mediating the expression of target 
genes in different conditions. For example, miR‑212‑3p was 
reported to inhibit cell proliferation and induce apoptosis by 
regulating FOXA1 expression in osteosarcoma (9). Moreover, 
miR‑212‑3p mediated cell proliferation, migration, cell cycle 
and EMT by targeting Ras‑associated binding‑GTPase 1a 
(Rab1a) in intrahepatic cholangiocarcinoma, in response to 
hypoxia treatment  (24). Besides, miR‑212‑3p may inhibit 
proliferation and increase apoptosis via suppressing sex deter‑
mining region Y‑box 5 (SOX5) in rheumatoid arthritis (25). 
Apart from these, serum and glucocorticoid‑inducible 
kinase  3 (SGK3) was also a target of miR‑212‑3p, which 
regulated cell proliferation in glioblastoma (26). ZEB2, an 

EMT‑associated gene, induced EMT to regulate cell migration 
and invasion in HCC by targeting miR‑145 (15). In addition, 
miR‑139‑5p also inhibited EMT, migration and invasion 
by mediating ZEB2 in HCC (27). Promisingly, it was found 
that miR‑212‑3p could also target ZEB2 in HCC cells, which 
was identified by luciferase activity analysis. Western blot‑
ting showed increased protein expression level of ZEB2 in 
PTX‑resistant HCC cells compared with PTX‑sensitive cells, 
suggesting that ZEB2 may contribute towards PTX resistance 
in HCC cells, which is similar to findings of other studies, 
which demonstrated positive association between ZEB2 and 
EMT, and supported chemoresistance in lung cancer (14,28). 
Furthermore, rescue experiments demonstrated that ZEB2 
interference or restoration reversed miR‑212‑3p knockdown or 
overexpression‑mediated regulation of PTX resistance. These 
data reflected that miR‑212‑3p counteracted PTX resistance by 
targeting ZEB2 in HCC cells. In the present study, the poten‑
tial mechanism underlying the regulation of PTX resistance by 
miR‑212‑3p was only investigated in vitro. Hence, a preclinical 
study with an animal model, as well as clinical experiments 
are expected in future.

In conclusion, low expression of miR‑212‑3p was demon‑
strated in PTX‑resistant HCC cells, and overexpression of 
miR‑212‑3p inhibited PTX resistance through regulating 
EMT, migration and invasion by targeting ZEB2 in HCC cells. 
Thus, the present study provides a novel regulator for studying 
the efficacy of chemotherapy in HCC.
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