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Aim: We have previously found that microRNA-26a (miR-26a) is a potential tumor suppressor 

in hepatocellular carcinoma (HCC). In this study, we further explored the roles of miR-26a in 

HCC apoptosis.

Methods: miR-26a expression levels were detected in HCC tissues by real-time PCR. Statistical 

analysis was performed to explore the correlation between miR-26a expression and apoptotic 

cells and the antiapoptotic protein levels. In vitro assays were performed to investigate the roles 

of miR-26a in HCC apoptosis. The immunohistochemical staining analysis, Western blot, and 

luciferase reporter assay were performed to evaluate the relationship between miR-26a and its 

potential upstream regulating and downstream target genes. The potential mechanism of the 

combination treatment of interferon-α1b (IFN-α1b) and 5-fluorouracil (5-FU) was explored 

by in vitro and in vivo assays.

Results: miR-26a levels were significantly associated with the number of apoptotic cells and 

inversely correlated with the protein levels of Bcl-2, Bcl-xL, and Mcl1 in HCC tissues. Furthermore, 

miR-26a was proved to induce the mitochondrial apoptosis in vitro by directly targeting to inhibit 

Mcl1 in HCC cells. Moreover, p53 was demonstrated to mediate miR-26a-induced apoptosis, 

by activating its promoter in HCC. Meanwhile, the combination treatment of IFN-α1b and 5-FU 

could induce the expression of p53, which then upregulated miR-26a and downregulated Mcl1 

levels, and finally promoted the apoptosis of HCC cells through a mitochondrial pathway.

Conclusion: These findings highlight the important and related molecular mechanism of 

miR-26a in the regulation of apoptosis and implicate the potential application of combination 

of IFN-α1b and 5-FU in HCC treatment.
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Introduction
MicroRNAs (miRNAs) have been shown to play crucial roles in the tumorigenicity,1 

proliferation,2 apoptosis,3 angiogenesis, invasion, and metastasis4–6 of hepatocellular 

carcinoma (HCC). In addition, many studies have also demonstrated that some miRNAs 

including miR-125,7 miR-181b,8 and miR-3659 take part in the apoptosis regulation 

and may be used as therapeutic targets for the other types of cancer.

Emerging data show that miRNA-26a (miR-26a) is downregulated and could serve 

as a potential tumor suppressor in several distinct cancer types including the carcinomas 

of thyroid, nasopharyngeal, breast, as well as liver;10–17 and restoration of miR-26a activity 

in HCC has been proposed as a novel treatment strategy.16 Recently, we have reported 

that miR-26a suppresses tumor growth and metastasis of HCC through IL-6–Stat3 

signaling and is a novel prognostic marker and therapeutic target for HCC.18
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Interferon (IFN) has various biological properties includ-

ing immunomodulation and antitumor activity19,20 and is a 

useful adjuvant therapy to decrease the risk of tumor recur-

rence after HCC resection.21,22 The subgroup of patients 

with hepatitis B virus-related HCCs whose tumors had low 

expression of miR-26a had a better response to adjuvant IFN 

therapy versus patients whose tumors had high expression 

of miR-26a.17 In contrast, many studies suggest that 5-flu-

orouracil (5-FU) could significantly enhance the antitumor 

activity of IFN for HCC and combination of IFN-α and 5-FU 

could obviously increase the response for advanced HCC.23–26 

Accordingly, understanding the related mechanism of this 

combination is important for future clinical applications.

In this study, we further investigated the functional 

mechanism of miR-26a in the regulation of HCC apoptosis 

and the potential application of the combination treatment 

of IFN-α1b and 5-FU in HCC.

Methods
ethics approval and informed consent
This research was verified and ethically approved by the 

Ethics Committee of Fudan University (Shanghai, China). 

All patients provided written informed consent for the use 

of surgical specimens for pathological testing with operation 

consents. All animal care and experimental procedures were in 

strict accordance with recommendations of the Guide for the 

Care and Use of Laboratory Animals and were approved by 

the Committee on the Ethics of Animal Experiments of Fudan 

University (permit 2016-0-802-A186). The use of the cell lines 

was approved by the Ethics Committee of Fudan University.

Patients and specimens
A total of 58 patients who underwent curative resection for 

HCC at the Huashan Hospital & Cancer Metastasis Institute, 

Fudan University, from February 2014 to December 2015 

were enrolled in this study. All patients did not receive any 

preoperative cancer treatment. Their clinicopathological 

characteristics are presented in Table S1. Clinical samples 

were collected from these patients.

cell lines and culture conditions
HEK 293T and two high metastatic potential HCC cell lines 

including MHCC97-H and HCC-LM3 were used in this study 

as described in the Supplementary materials. 

Vectors and cell transfections
The miRNA vectors were purchased from Genecopoeia 

(Guangzhou, China) including miR-26a expression vector 

(HmiR0044-pEZX-MR03), anti-miR-26a expression vector 

(HmiR-AN0354-pEZX-AM04), the control vector for 

miR-26a (CmiR0001-pEZX-MR03), and the negative control 

vector (CmiR-AN0001-AM01). The expression vectors for 

human Mcl1 and p53, wild-type and mutant 3′-untranslated 

region (UTR) segments of human Mcl1 mRNA, and the 

wild-type and mutant miR-26a-1 promoter were constructed 

as described in Table S2.

Transferase-mediated dUTP nick 
end-labeling (TUnel) assay
We detected in situ apoptosis using the terminal deoxynucle-

otidyl TUNEL Kit (Keygen, Nanjing, China) according to the 

manufacturer’s instructions. This method can detect the frag-

mented DNA ends of apoptotic cells. For the quantification 

of apoptosis cells, five microscopic fields were randomly 

selected at 400× magnification and the average counts of 

TUNEL-positive cells were calculated.

cell apoptosis analysis
HCC cells were seeded in six-well plates at 1×105 cells/well. 

Forty-eight hours after transfection or treated with 1,000 U/mL 

of IFN-α1b and 5 µg/mL of 5-FU, cells were stained with 

PE and Annexin IV (BD Pharmingen, San Jose, CA, USA). 

Apoptotic cells were analyzed by flow cytometry (Epics 

Altra; Beckman Coulter, Brea, CA, USA). All experiments 

were performed in triplicate.

Measurement of mitochondrial 
membrane potential
Cells were harvested by centrifugation at 300× g at 4°C 

for 5 minutes. Mitochondrial membrane potential (∆Ψm) 

was determined by staining the cells with JC-1 (Keygen) 

according to the manufacturer’s instructions. Mitochon-

drial ∆Ψ was quantified by flow cytometry analysis (Epics 

Altra). Data were presented as the percentage of cells 

with the loss of ∆Ψm. All experiments were performed 

in triplicate.

in vivo tumor apoptosis assays
The nude mice (BALB/c nu/nu, 4 weeks old) were ran-

domly divided into the following two groups: control 

and IFN-α1b +5-FU group. HCC-LM3 cells (2×106 

cells/mouse) were implanted subcutaneously into the 

flank of nude mice. When the tumor size reached to 

5–10 mm in diameter (1 week later), the mice in the IFN-

α1b +5-FU group were treated with 5-FU (Sigma-Aldrich 

Co., St Louis, MO, USA) (20 mg/kg/d, via intraperitoneal 
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injection) and IFN-α1b (Kexin, Shenzhen, China) 

(3.0×105 U/d, via subcutaneous injection) for 6 weeks, 

while only phosphate-buffered saline (PBS) (Thermo 

Fisher Scientific, Waltham, MA, USA) was given to con-

trol. Six weeks later, the mice were sacrificed. Tumors were 

removed to evaluate their sizes and volumes (length/2× 

[the width]2), and then they were fixed in formalin and 

embedded in paraffin. Consecutive sections were made 

for every tumor block, and TUNEL assay was performed 

to assess the apoptosis of cancer cells.

Western blot
Cytosolic protein fractions were prepared using the cell 

mitochondria isolation kit (Beyotime, Shanghai, China). 

Total protein was extracted by lysing cells in RIPA buffer 

containing protease inhibitor. Western blot was performed 

as described in the Supplementary materials.

immunohistochemical staining
The protein levels of Bcl-2, Bcl-xL, Mcl1, and p53 in tumor 

tissues were detected by immunohistochemistry. The details 

are presented in the Supplementary materials.

luciferase reporter assays
The effect of miR-26a on the luciferase activity of Mcl1 

containing a wild-type or mutant 3′-UTR was measured 

as described in the previous study.18 HEK 293T cells were 

seeded into 24-well plates 1 day before transfection, and 

100 ng of wild-type or mutant miR-26a-1 promoter plasmids, 

10 ng of Renilla plasmid, and 400 ng of p53 plasmids were 

co-transfected with Lipofectamine 3000. Then, the reporter 

activity was measured at 48 hours posttransfection using a 

Dual-Luciferase® Reporter Assay System (Promega Corpora-

tion, Fitchburg, WI, USA). Luciferase reporter assays were 

performed in duplicate and repeated in three independent 

experiments. Luciferase activity was detected using an 

Orion II Microplate Luminometer (Berthold Technologies, 

Bad Wildbad, Germany).

statistical analysis
Statistical analysis was performed using SPSS 15.0 (SPSS 

Inc., Chicago, IL, USA). The differences between groups 

were analyzed using Student’s t-test (only two groups) or 

one-way analysis of variance (more than two groups were 

compared). The association of miR-26a expression with 

apoptotic cell number and the expression of apoptotic 

pathway-related protein in HCC patients was explored by 

Spearman’s correlation and χ2 tests. All statistical tests were 

two sided, and P-value ,0.05 was considered statistically 

significant.

Results
The relationship between mir-26a 
expression and the apoptotic cell number 
in hcc tissues
miR-26a expression levels were detected by qRT-PCR and 

normalized against an endogenous control (U6 RNA) 

(P,0.01; Figure S1). The patients were further classified 

into low- and high-miR-26a groups according to the cutoff 

values of miR-26a, which were defined as its median level of 

the cohort. We next investigated whether there was any cor-

relation between miR-26a expression levels and the number 

of apoptotic cells in HCC tissues. Apoptotic HCC cells were 

determined by TUNEL assays (Figure 1A). The TUNEL-

positive cells were obviously much more in high-miR-26a 

HCC tissues than low-miR-26a HCC tissues (P,0.01; 

Figure 1B). Similarly, the percentage of TUNEL-positive 

cells was obviously higher in high-miR-26a HCC tissues 

than in low-miR-26a HCC tissues (P,0.01; Figure S2). 

Importantly, miR-26a mRNA levels were positively cor-

related with the number of TUNEL-positive cells in HCC 

tissues (r=0.5479, P,0.001; Figure 1C). This positive cor-

relation between miR-26a levels and the number of apop-

totic HCC cells (P=0.001) was further confirmed by χ2 tests  

(Table 1).

Upregulation of mir-26a induces the 
apoptosis of hcc cells through a 
mitochondrial pathway
To explore the functional roles of miR-26a in HCC apop-

tosis, we transfected the expressing vector of miR-26a into 

HCC-LM3 and MHCC97-H cells to upregulate the miR-26a 

expression. After transfection of miR-26a, both HCC-LM3 

(26.3% versus 7.4%, P,0.01) and MHCC97-H (16.1% 

versus 6.1%, P,0.01) cells displayed higher apoptotic rates 

than control (Figure 2A). These suggest that miR-26a could 

induce HCC cells’ apoptosis.

Since there have been some reports that miRNAs promote 

cell apoptosis through the mitochondrial pathway,1,7 we next 

examined the mitochondrial membrane potential (∆Ψm) by 

JC-1 assay and cytoplasmic cytochrome c release to evaluate 

whether upregulation of miR-26a triggered HCC cells’ apopto-

sis through a mitochondrial pathway. As shown in Figure 2B, 

the proportion of cells with the loss of ∆Ψm were obviously 

increased in miR-26a-transfected HCC-LM3 (32.1% versus 

www.dovepress.com
www.dovepress.com
www.dovepress.com
http://www.dovepress.com/get_supplementary_file.php?f=160895.doc
http://www.dovepress.com/get_supplementary_file.php?f=160895.doc
http://www.dovepress.com/get_supplementary_file.php?f=160895.doc
http://www.dovepress.com/get_supplementary_file.php?f=160895.doc


OncoTargets and Therapy 2018:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2230

gao et al

10.5%, P,0.01) and MHCC97-H cells (33.6% versus 12.8%, 

P,0.01) than in the control. Moreover, miR-26a transfection 

induced a significant increase in the cytoplasmic cytochrome 

c levels, but not the total cytochrome c levels in HCC cells 

(Figures 2C and S3A), which suggests that the cytochrome c 

might be released from mitochondria in to cytoplasm. Taken 

together, these demonstrate that miR-26a may promote HCC 

apoptosis through a mitochondrial pathway.

Mcl1 is a direct target of mir-26a 
in promoting hcc apoptosis
Since miRNAs are mostly involved in a variety of biological 

processes through suppressing the expression of targeting 

mRNAs, and the proteins of Bcl-2 family are critical for the 

mitochondrial pathway-related apoptosis, we further evalu-

ated the influence of miR-26a on the expression levels of the 

antiapoptotic proteins, including Bcl-2, Bcl-xL, and Mcl1, 

and determined whether miR-26a induces cell apoptosis 

by targeting these proteins. We found that the expression 

of Bcl-2, Bcl-xL, and Mcl1 was significantly decreased in 

high-miR-26a HCC tissues than in low-miR-26a tissues 

(P,0.01; Figure 3A); in contrast, miR-26a levels were 

closely associated with these antiapoptotic protein levels. 

Figure 1 The association of mir-26a expression levels with the number of apoptotic tumor cells in hcc tissues.
Notes: (A) apoptotic tumor cells were determined by TUnel assays (400× magnification, bar =100 µm). The TUnel assay was performed in 58 hcc samples. The average 
count of the TUNEL spot of the five randomly selected fields was evaluated. The arrow indicates TUNEL-positive cells. (B) The TUnel-positive cells were much more in 
high-mir-26a hcc tissues than in low-mir-26a hcc tissues. (C) spearman’s correlation analysis showed a positive correlation between mir-26a levels and the number of 
TUnel-positive cells in hcc tissues. **P,0.01.
Abbreviations: hcc, hepatocellular carcinoma; mir-26a, microrna-26a; TUnel, transferase-mediated dUTP nick end-labeling.

Table 1 The association of mir-26a expression with the number 
of apoptotic cell and the expression levels of apoptosis pathway-
related proteins in hccs

Variable miR-26a expression P-value

Low 
expression

High 
expression

The number of apoptotic cells 0.001, n (%)
high apoptosis group 21 (72.4) 8 (27.6)
low apoptosis group 8 (27.6) 21 (72.4)

apoptotic pathway-related proteins, n (%)
Bcl-2 0.001

low expression 8 (27.6) 21 (72.4)
high expression 21 (72.4) 8 (27.6)

Bcl-xl ,0.001 
low expression 5 (17.2) 24 (82.8)
high expression 24 (82.8) 5 (17.2)

Mcl1 ,0.001
low expression 6 (20.7) 23 (79.3)
high expression 23 (79.3) 6 (20.7)

p53 ,0.001
low expression 22 (75.9) 7 (24.1)
high expression 7 (24.1) 22 (75.9)

Notes: The analysis was conducted using χ2 tests. a “low” versus “high” expression 
of miR-26a and the apoptotic pathway-related proteins were defined according to 
the cutoff values of their expression levels, which were defined as the median of the 
cohort. Similarly, a low versus high apoptosis group were defined according to the 
cutoff values of the number of apoptotic cells, which were defined as the median 
of the cohort.
Abbreviations: hccs, hepatocellular carcinomas; mir-26a, microrna-26a.
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To confirm this finding, we performed Spearman’s correla-

tion analyses and found a statistically significant inverse 

correlation between miR-26a levels and the protein levels of 

Bcl-2 (r=−0.6259, P,0.001), Bcl-xL (r=−0.7452, P,0.001), 

and Mcl1 (r=−0.6940, P,0.001) in HCC tissues (Figure 3B). 

These correlations were further confirmed by χ2 tests 

(Table 1). After transfection of miR-26a, the expression levels 

of Bcl-2, Bcl-xL, and Mcl1 in HCC-LM3 and MHCC97-H 

Figure 2 (Continued)

∆Ψ
∆Ψ
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cells were also obviously decreased compared with the con-

trol (Figures 3C and S3B). These results strongly suggest that 

miR-26a might induce HCC apoptosis by regulating these 

antiapoptotic proteins.

To identify the potential target genes of miR-26a, Bcl-2, 

Bcl-xL, and Mcl1were selected for further validations. 

Among them, only the binding sequence of Mcl1 at wild-type 

3′-UTR to miR-26a was found in publicly available databases 

including TargetScan, PicTar, and miRanda (Figure 3D), and 

Mcl1 might be the target gene of miR-26a. Dual-luciferase 

reporter analysis showed that coexpression of miR-26a 

significantly inhibited the luciferase activity of Mcl1 con-

taining a wild-type 3′-UTR but did not suppress the activity 

of Mcl1 with a mutant 3′-UTR (P,0.01, Figure 3E). Also, 

downregulation of miR-26a induced by anti-miR-26a signifi-

cantly increased the luciferase activity of Mcl1 containing a 

wild-type 3′-UTR (P,0.01, Figure 3E). However, miR-26a 

did not have a significant effect on the luciferase activity of 

Bcl-2 or Bcl-xL with a wild-type 3′-UTR. These indicate 

that miR-26a might inhibit Mcl1 expression through directly 

binding to its sequence at 3′-UTR in HCCs.

mir-26a increases cell apoptosis of hcc 
cells via targeting to inhibit Mcl1
To further confirm that Mcl1 was a functional target of miR-26a, 

we overexpressed Mcl1 in HCC-LM3 and MHCC97-H 

cells, which were miR-26a stable transfectants, and found 

that HCC-LM3 and MHCC97-H cells displayed obviously 

lower apoptotic rates than miR-26a transfectants (P,0.01) 

(Figures 4A and S3). Meanwhile, the proportion of cells with 

the loss of ∆Ψm and the cytoplasmic cytochrome c levels 

significantly decreased in miR-26a-expressing HCC-LM3 

and MHCC97-H cells after Mcl1 transfection than miR-26a 

transfectants (P,0.01, Figure 4B and C). These results 

strongly suggest that miR-26a might induce mitochondrial 

apoptosis of HCC by directly targeting Mcl1.

p53 induced the mitochondrial apoptosis 
of hcc cells partly by activating mir-26a
We searched for candidate transcription factors of miR-26a 

promoter using the DECODE database and found that p53, 

a crucial apoptosis-inducing protein, could bind to the 

promoter region of miR-26a-1 rather than that of miR-

26a-2 (Figure 5A).27 Moreover, p53 significantly activated 

the luciferase activity of miR-26a-1 containing a wild-

type promoter sequence but did not increase the activity 

of miR-26a-1 with a mutant promoter region (P,0.01, 

Figure 5A). Moreover, overexpression of p53 (Figure S4) 

significantly upregulated the level of miR-26a in HCC-

LM3 and MHCC97-H cells (P,0.01, Figure 5B), and a 

statistically significant positive correlation was revealed 

by Spearman’s correlation analysis between the mRNA 

levels of miR-26a and p53 level (r=0.7561; P,0.001, 

Figure 5C). And, this correlation was further confirmed 

by Fisher’s exact tests in HCC tissues (Table 1). These 

suggest that p53 plays an important role in activating the 

promoter activity and regulating the expression of miR-

26a in HCC cells.

Next, we further explore whether p53 induces the mito-

chondrial apoptosis of HCC cells through activating miR-26a. 

As expected, transfection of p53 induced significantly higher 

apoptotic rates in HCC-LM3 and MHCC97-H cells than in 

the control (P,0.01, Figure 5D). However, when miR-26a 

was knocked down by anti-miR-26a, the apoptotic rate of the 

p53 stable transfecting HCC-LM3 and MHCC97-H cells (p53 

transfectants) was markedly decreased (P,0.01, Figure 5D). 

Similarly, the effects of p53 on the proportion of cells with the 

loss of ∆Ψm and the cytoplasmic cytochrome c levels of HCC 

Figure 2 mir-26a upregulation induced the apoptosis of hcc cells through a mitochondrial pathway.
Notes: (A) Flow cytometry analyzed apoptosis of HCC cells. Significantly increased apoptosis was found in miR-26a-transfected HCC-LM3 (upper) and MHCC-97 (lower) 
cells than in the control. (B) Jc-1 staining to determine mitochondrial membrane potential (∆Ψm) of hcc cells. The proportions of cells with the loss of ∆Ψm were obviously 
increased in mir-26a-transfected hcc-lM3 (upper) and Mhcc97-h (lower) cells than in the control. (C) The alterations of the cytoplasmic and total cytochrome c levels 
in hcc cells after mir-26a transfection detected by Western blot. **P,0.01.
Abbreviations: hcc, hepatocellular carcinoma; mir-26a, microrna-26a.
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Figure 3 Mcl1 was a target of mir-26a among the apoptotic pathway-associated proteins.
Notes: (A) The proteins were detected by IHC staining, and the final IHC score was calculated by multiplying the intensity score with the percentage of positive cells (left). 
Bcl-2, Bcl-xL, and Mcl1 levels were significantly downregulated in high-miR-26a HCC tissues than in low-miR-26a HCC tissues (400× magnification, bar =100 µm) (right). 
(B) Spearman’s correlation analysis revealed a significant inverse correlation between miR-26a levels and the protein expression levels of Bcl-2, Bcl-xL, and Mcl1in HCC 
tissues. (C) The alterations of Bcl-2, Bcl-xl, and Mcl1 levels in hcc-lM3 and Mhcc-97 cells after mir-26a transfection detected by Western blot. mir-26a transfection 
induced a significant decrease in Bcl-2, Bcl-xL, and Mcl1 than in the control. (D) The binding sequence of Mcl1 at wild-type and mutant 3′-UTr to mir-26a found in publicly 
available databases. (E) Dual-luciferase reporter analysis showed that coexpression of miR-26a did not inhibit the activity of firefly luciferase of Bcl-2 or Bcl-xL that carried 
a wild-type 3′-UTR. miR-26a significantly inhibited the luciferase activity of Mcl1 containing a wild-type 3′-UTr, but not a mutant 3′-UTr, and downregulation of mir-26a 
induced by anti-miR-26a significantly increased the luciferase activity of Mcl1 containing a wild-type 3′-UTr. **P,0.01.
Abbreviations: hcc, hepatocellular carcinoma; ihc, immunohistochemical; mir-26a, microrna-26a; WT, wild-type; MT, mutant; UTr, untranslated region; nc, 
negative control.
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Figure 4 mir-26a promoted cell apoptosis by targeting Mcl1 in hcc cell lines.
Notes: (A) after overexpressing Mcl1, the apoptotic rates of hcc-lM3 and Mhcc97-h cells, which were mir-26a stable transfectants, were obviously decreased than 
those in the mir-26a group. (B and C) after transfecting Mcl1 expression vector into hcc-lM3 and Mhcc97-h cells, the proportion of cells with the loss of ∆Ψm and the 
cytoplasmic cytochrome c levels were significantly decreased than those in the miR-26a group. **P,0.01.
Abbreviations: hcc, hepatocellular carcinoma; mir-26a, microrna-26a.
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cells were also antagonized by anti-miR-26a in p53 stable 

transfectants (P,0.01, Figures 5E and F and S3D). These 

provide further evidence to support that as an upstream func-

tional mediator, p53 regulates the mitochondrial apoptosis 

of HCC cells at least in part by activating miR-26a.

combination treatment of iFn-α1b and 
5-FU induced cell apoptosis through 
upregulating mir-26a mediated by p53
The combination of IFN-α1b and 5-FU has been reported to 

be a useful treatment for patients with advanced HCCs.23–26 

We next explored the HCC-LM3 and MHCC-97H cells 

with IFN-α1b in combination with 5-FU to explore whether 

their co-effects on cell apoptosis in HCC were induced by 

partly upregulating miR-26a mediated by p53 and provide 

clinical evidence for the combination of IFN-α1b and 5-FU 

in HCC.

After treated with the combination of IFN-α1b and 5-FU 

for 48 hours, an obviously higher ratio of apoptosis of both 

HCC-LM3 and MHCC-97H cells were detected compared 

with the control (P,0.01, Figure 6A). The proportion of HCC 

cells with the loss of ∆Ψm and the levels of mitochondrial 

Figure 5 p53 induced the mitochondrial apoptosis by activating the promoter activity of mir-26a in hcc cells.
Notes: (A) The promoter region of miR-26a-1 contained the binding site of p53. p53 significantly increased the luciferase activity of miR-26a-1 with a wild-type promoter 
sequence rather than with a mutated promoter. (B) p53 significantly upregulated miR-26a in HCC-LM3 and MHCC97-H cells. (C) spearman’s correlation analysis 
demonstrated a significant positive correlation between mRNA levels of miR-26a and levels of p53. (D) after transfection of p53, hcc-lM3 and Mhcc97-h cells displayed 
obviously higher apoptotic rates than control; knock-down of mir-26a markedly decreased the apoptotic rates. (E and F) The effects of p53 on the proportion of cells with 
the loss of ∆Ψm and the cytoplasmic cytochrome c levels of hcc cells were also antagonized by anti-mir-26a in p53 stable transfectants. **P,0.01.
Abbreviations: HCC, hepatocellular carcinoma; miR-26a, microRNA-26a; ns, not significant.
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cytochrome c release in the IFN-α1b +5-FU group was also 

significantly higher than that in the control (Figures 6B 

and C and S3E). Similarly, in the nude mice models with 

subcutaneous implantation of HCC-LM3 cells, much smaller 

tumor volumes and obviously increased numbers of apoptotic 

HCC cells were found in the IFN-α1b +5-FU group than in 

the control (Figure 6D and E).

Moreover, after the treatment with IFN-α1b +5-FU, 

significantly upregulated levels of p53 and miR-26a and 

obviously decreased Mcl1 level were detected in HCC cells 

of in vitro culture as well as tumor tissues of the subcutane-

ous implantation models (Figures 6F–H and S3E). Taking 

together, these results indicate that the combination treatment 

of IFN-α1b and 5-FU could promote HCC apoptosis, which, 

at least in part, is through inducing p53 expression, upregulat-

ing miR-26a levels, and thus downregulating Mcl1.

Discussion
Cancer cells evolve to evade apoptosis so that they can escape 

from the surveillance system, which is one of the important 

reasons of tumor progression.28,29 The induction and promo-

tion of cancer cell apoptosis is one major strategy in cancer 

treatment. Therefore, exploring molecular targets involved 

in activating HCC cells’ apoptosis is helpful to develop new 

treatment strategies for HCC.

Many studies have demonstrated that miRNAs1,3,7–9 take 

part in the regulation of cancer cell apoptosis and may be used 

as therapeutic targets. miR-26a has been reported to regulate 

hepatocyte proliferation during liver regeneration,30 block 

G1/S transition,16,31 and suppress in vivo tumor growth.16,32 

Restoration of miR-26a activity in HCC has been proposed 

as a novel treatment strategy.16 However, the molecular 

mechanisms by which miR-26a induces HCC apoptosis 

remain largely unclear.17 In this study, miR-26a was proved 

to involve in the mitochondrial apoptosis.

Many cancer therapies are prone to trigger the apoptosis 

through the intrinsic pathway, controlled by pro- and anti-

apoptotic Bcl-2 family proteins at the mitochondrion in tumor 

cells.29,33 Bcl-2, Bcl-xL, and Mcl1 maintain the integrity of 

the mitochondrial outer membrane and the endoplasmic 

reticulum/nuclear membrane.34 It has been reported that 

Bcl-2, Bcl-xL, and/or Mcl1 are upregulated, while Bax is 

downregulated in different types of cancers, which exerts an 

antiapoptotic function through the mitochondrial signaling 

pathway.35,36 During apoptosis, Bax and Bak form homo-

oligomers within the mitochondrial membrane and probably 

breach its integrity, resulting in the release of cytochrome c.36 

Caspase-9 is instead activated in the presence of ATP and 

cytochrome c by an allosteric change on a heptameric scaffold 

of apoptotic protease-activating factor 1 (Apaf1) proteins 

termed the apoptosome.37,38 Then, effector caspase-3 is acti-

vated by the initiator caspase-9.39 Ultimately, these effects 

promote mitochondrial apoptosis. In this article, we demon-

strated that the upregulation of miR-26a decreased the expres-

sion levels of Bcl-2 and Bcl-xL, inhibited Mcl1 expression, 

and in turn promoted cytochrome c releasing from the mito-

chondria to the cytoplasm, which might increase the activities 

of mitochondrial apoptosis. These implicate the potential 

application of miR-26a in anticancer therapy.

Previous works have demonstrated that the p53-dependent 

augmentation of miR-16 and miR-26a expression levels is 

able to lead to the cell cycle arrest of G1/S and increase 

apoptosis of cancer cells.32,40 In the present study, based on 

the publicly available DECODE database, we found that the 

promoter region of miR-26a-1, but not miR-26a-2, contains 

the binding sequence to p53. And, p53 could activate the 

promoter activity to regulate the expression of miR-26a in 

HCC cells. More importantly, p53 is confirmed to induce 

the mitochondrial apoptosis of HCC cells at least in part by 

activating miR-26a. Therefore, these provide more clues 

to the functional mechanisms of p53 in HCC growth and 

progression.

IFN possesses a variety of biological properties including 

immunomodulation and antitumor activity as a useful adju-

vant therapy to decrease the risk of tumor recurrence after 

curative resection of hepatitis B virus-related HCC.21 5-FU 

was conformed to induce cell apoptosis by p53-dependent 

way, and many studies suggest that 5-FU significantly 

enhanced the antitumor activity of IFN for HCC, and IFN-α1b 

in combination with 5-FU has been demonstrated to be an 

effective treatment for patients with advanced HCC.23–26 How-

ever, the detailed molecular mechanisms remain unknown. In 

the present study, using in vitro and in vivo studies, we have 

found that the combination treatments of IFN-α1b and 5-FU 

induced the expression of p53, which is able to upregulate 

miR-26a levels, and then downregulated Mcl1 to promote 

the apoptosis of HCC cells through a mitochondrial pathway. 

These are helpful for us to understand the underlying mecha-

nism of the combination treatment of IFN-α1b and 5-FU and 

use more likely effective strategy for combating HCC.

Conclusion
Our results suggest that miR-26a promotes HCC apoptosis 

through a mitochondrial pathway by targeting the inhibi-

tion of Mcl1 and IFN-α1b in combination with 5-FU 

significantly suppressed tumor growth and promoted cells’ 
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apoptosis through upregulating p53 and then inducing miR-

26a expression. These provide more clues to understand the 

functional mechanisms of p53 and miR-26a in HCC growth 

and progression and to provide more molecular evidence for 

understanding of the underlying mechanism of the combina-

tion treatment of IFN-α1b and 5-FU, which is more likely 

an effective strategy for combating HCC.
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