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miR-26a-5p suppresses tumor metastasis by regulating EMT
and is associated with prognosis in HCC
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Abstract

Objective To determine the role of miR-26a-5p in tumor

invasion and metastasis in hepatocellular carcinoma

(HCC).

Methods We evaluated miR-26a-5p expression in HCC

tissues by quantitative PCR and then analyzed its clinical

significance using a Cox regression model. Transwell and

nude mouse models were used to examine tumor metastasis

in vitro and in vivo, respectively. The relationship between

miR-26a-5p and epithelial-mesenchymal transition was

also investigated by q-PCR and western blot.

Results Strong downregulation of miR-26a-5p was

observed in tumor tissues compared to paired adjacent

normal tissues. Moreover, patients with low miR-26a-5p

expression had a significantly poorer prognosis than those

with high expression. The multivariate analysis indicated

that miR-26a-5p expression was an independent prognostic

indicator. The experimental transwell model and athymic

mouse model revealed that miR-26a-5p depressed tumor

metastasis in vitro and in vivo, respectively. In addition,

the decreased miR-26a-5p level observed in HCC was

associated with reduced E-cadherin expression and upreg-

ulation of vimentin, which affects the molecular mecha-

nism of EMT.

Conclusion Downregulation of miR-26a-5p promotes

tumor metastasis by targeting EMT and influences the

prognosis of HCC patients. Therefore, miR-26a-5p has

potential as a new biomarker and therapeutic target.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most com-

mon and aggressive human malignancies in the world and

is the third leading cause of cancer-related mortality

worldwide and the principal cause of fatality among

patients with cirrhosis. Furthermore, HCC is not easy to

diagnose in its early stages, and determining effective

therapies is difficult [1, 2]. Some aspects of liver tumor cell

migration and invasion are well understood. However,

HCC metastasis is a complex process, with many intrinsic

cellular factors and extrinsic microenvironmental factors

influencing the metastatic potential of HCC cells [3], and

the molecular mechanisms that mediate the metastatic

cascade remain largely unknown. To promote the devel-

opment of effective therapies targeting metastasis and

improve the overall prognosis of patients with HCC, we

need to increase our understanding of the molecular

mechanisms of HCC invasion and metastasis.

miRNAs are single-stranded non-coding RNAs of 19–25

nucleotides in length that are processed from longer

endogenous hairpin transcripts. A single miRNA can target

more than 100 transcripts, and research has indicated that

more than 60% of human protein-coding genes are mod-

ulated by miRNAs, suggesting that they serve as master

modulators of gene expression [4]. A general characteristic

of tumor tissues is downregulation of most miRNAs in

comparison to normal tissues [5–9]. The dysregulation of

miRNA expression in cancer cells may be due to genetic

alterations, modification of epigenetic patterns, and tran-

scriptional and post-transcriptional regulation, as has been
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observed for other genes that are dysregulated in cancer

cells. Importantly, dysregulation of individual miRNAs and

miRNA signatures have been used to classify HCCs

according to specific biological and clinical parameters

[10]. Particular miRNA signatures are correlated with a

poor outcome and tumor relapse, indicating that a set of

miRNAs and the associated network of probably hundreds

of target transcripts may define a migratory phenotype.

Based on these facts, we believe that improving our

understanding of the influence of miRNAs in HCC and

using miRNAs as noninvasive biomarkers will aid in the

diagnosis and treatment of hepatocellular carcinoma

[11–13].

As we know, many studies revealed that the miR-26

family (including miR-26a and miR-26b) is commonly

downregulated in multiple types of cancer, including HCC,

breast cancer [14, 15]. In this study, we focused on miR-

26a-5p. Its unregulated expression in cancers was demon-

strated to be related to a variety of tumor behaviors and

functions in different cancers [16, 17] and it is also

downregulated in hepatocellular carcinoma [18], but

reports of its function in tumor invasion and metastasis are

limited. Furthermore, miR-26a-5p is a potential biomarker

for HCC, and determining its molecular mechanisms in

HCC tissues and cells may aid in earlier diagnosis and

increased treatment efficacy.

Methods

Tissue samples and clinical data

In this study, HCC tumor tissues and paired adjacent non-

tumor tissues from each included patient were analyzed.

We included 50 tumor tissue samples and paired adjacent

normal tissue samples preserved in our Tumor Specimen

Bank; the samples were obtained from 50 patients who

underwent surgical resection at our department between

August 2012 and July 2014. The diagnosis of each HCC

case was histopathologically confirmed. The protocols used

for this study were approved by the Human Subjects

Committee of Zhongnan Hospital, and written informed

consent was obtained from all patients. All included

medical cases had no history of preoperative therapy or

other tumors. The tissue samples were well-preserved at

-80 �C until they were used for the experiments. In regard

to clinical data, we collected age, gender, liver function,

BCLC stage, HBV infection, cirrhosis status, AFP, and

Child-Pugh score for every patient. In addition, 2 years of

follow-up data (through August 2016) were collected for

each medical case. The overall survival rate (OS) and

recurrence-free survival rate (RFS) were also included in

the statistical analysis.

Cell culture

The cell lines used for this study included the normal

human liver cell line L02 and the hepatoma cell lines

Huh7, Hep3B, HepG2 and HCCLM9. They were obtained

from the Cell Bank of the Chinese Academy of Sciences

(Shanghai, China) where they were characterized by

mycoplasma detection, DNA fingerprinting, isozyme

detection, and determination of cell viability. The cells

were incubated at 37 �C in a humidified chamber supple-

mented with 5% CO2.

Quantitative polymerase chain reaction (q-PCR)

Total tissue and cellular RNA were extracted using the

TRIzol reagent (Invitrogen, USA) according to the manu-

facturer’s protocol to analyze the levels of the mRNAs of

interest. Extracted total RNA was quantified using a Nan-

odropTM spectrophotometer (Thermo Scientific) at 260 and

280 nm. Reverse transcription of mRNA was performed

using the OligodT primer. Quantitative real-time PCR was

performed using an iQ5 Quantitative PCR System (Bio-Rad,

USA). b-actin was used for normalization of expression, and

2-DDCT values were normalized to the b-actin levels.

Western blot

Western blot was used to analyze total cellular protein

samples. The samples were separated by 10% SDS-poly-

acrylamide gel electrophoresis (SDS-PAGE) and trans-

ferred onto PVDF membranes (Millipore, USA). The

membranes were incubated with primary antibodies over-

night at 4 �C. Then, the membranes were washed and

incubated for 1.5 h with secondary antibodies. Finally, the

PVDF membranes were subjected to immunoblotting

analysis using the ECL immunoblotting kit (Beyotime

Institute of Biotechnology, China) according to the man-

ufacturer’s protocol. Each band was normalized with

respect to its corresponding GAPDH band.

Inhibitor assay construction and transfection

The miR-26a-5p-inhibitor and control-inhibitor sequences

were synthesized. The various cell lines were transfected

with the inhibitors using Lipofectamine 2000 reagent (In-

vitrogen; Thermo Fisher Scientific Inc.) and Opti-MEM

(Thermo Fisher Scientific) according to the manufacturer’s

protocol. The cells were lysed at 48 h after transfection.

Transwell assay

Cell migration was evaluated by transwell experiments.

The quantitative cell migration assays were performed
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using 24-well plates containing chambers with 8 lm

polycarbonate filters. The cells that invaded through the

membrane into the lower surface after 24 h were fixed,

stained and counted at 37 �C.

Athymic mouse model

The athymic mouse model (4- to 6-week-old mice) was

established by injecting 100 ll of HCCLM9 cells that had

been stably transfected with miR-26a-5p-inhibitor and sus-

pended at 2 9 107 cells/ml into the tail vein. Normal

HCCLM9 cells were injected into the tail veins of nude mice

to create a control athymic mouse model. Overall survival

(OS) was compared between the experimental and control

athymic mouse models. We also compared the number of

metastatic nodes in the lung tissues of the two athymic mice

models by HE staining at 7 weeks after injection.

Statistical analysis

Continuous and dichotomous variables are presented as the

mean ± standard deviation and discrete numbers, respec-

tively. The Student’s t test, v2 test and Fisher’s exact test

were performed to make comparisons between groups

using SPSS 22.0 software (IBM, Chicago, IL, USA). The

Kaplan–Meier test was used to estimate OS and RFS.

Differences with P values \0.05 were considered statisti-

cally significant. The Cox regression model was used to

determine independent factors influencing prognosis.

Results

miR-26a-5p was strongly downregulated in HCC

We tested 50 tumor and related adjacent tissues from 50

HCC patients by q-PCR. The results revealed that miR-

26a-5p expression was downregulated in 76% (38/50) of

HCC tissues (Fig. 1a). The overall comparison of tumor

and adjacent tissues demonstrated that miR-26a-5p

expression was downregulated in the tumor tissues

(P\ 0.05) (Fig. 1b).

Level of miR-26a-5p was associated with HCC

progression

We divided the 50 patients into two groups according to the

miR-26a-5p expression level: the 25 patients with the

highest expression were classified as the high expression

group, and the remaining 25 patients were classified as the

low expression group. The comparison of the general data

for these two groups showed that they were well-matched

(Table 1). Then, we collected prognostic data and

conducted a survival analysis. The results showed that high

miR-26a-5p expression was associated with higher overall

and recurrence-free survival rates (Fig. 1c). Based on these

findings, we performed a Cox regression analysis and

found that miR-26a-5p expression, preoperative Child-

Pugh grade, and preoperative viral load were independent

prognostic indicators (Table 2).

Different miR-26a-5p expression levels

between cancer and normal hepatocellular cell lines

Using q-PCR, we detected the miR-26a-5p expression

levels in multiple cell lines, including the normal human

liver cell line L02 and several hepatoma cell lines. We

found that miR-26a-5p expression was significantly lower

in the hepatoma cell lines than in the normal hepatocellular

cell line (Fig. 2a).

Lower miR-26a-5p expression promotes tumor

invasion and metastasis in vitro

We compared cell invasion between HCCLM9 cells

transfected with miR-26a-5p-inhibitor and control-inhibitor

(Table 3) in vitro using a transwell assay. The results

showed that decreased miR-26a-5p expression increased

cell invasion (Fig. 2c), and this finding was statistically

significant (Fig. 2b).

miR-26a-5p regulated tumor cell invasion

and metastasis in vitro by targeting epithelial-

mesenchymal transition

The expression levels of vimentin and E-cadherin were

compared between HCCLM9 cells transfected with miR-

26a-5p-inhibitor, control-inhibitor, and no inhibitor by

q-PCR (primers was presented in Table 3) and Western

blot. We found that low expression of miR-26a-5p upreg-

ulated vimentin expression and downregulated E-cadherin

expression (Fig. 2d, e).

miR-26a-5p regulated tumor metastasis in vivo

and may influence prognosis

As mentioned above, we injected HCCLM9 cells stably

transfected with miR-26a-5p-inhibitor into the tail veins of

athymic mice to create an experimental mouse model and

compared the survival rate and tumor metastasis among

those mice with those among control nude mice injected

with normal HCCLM9 cells. The results revealed that low

expression of miR-26a-5p in vivo was associated with a

poorer survival rate (Fig. 3c) and upregulated tumor

metastasis in lung tissues; both of these findings were

statistically significant (Fig. 3a, b).
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Discussion

In recent years, HCC diagnosis and treatment have greatly

improved, resulting in an increased survival rate. However,

HCC is still considered a high malignancy cancer in

comparison to others cancer types. Currently, the molecu-

lar mechanisms underlying HCC carcinogenesis and tumor

promotion are unknown. In general, tumor suppressor

genes protect normal cells from converting into cancer

cells. However, in cancer cells, these genes often have

Fig. 1 Clinical data according to miR-26a-5p level. a miR-26a-5p

expression level in tumor tissues compared to paired adjacent tissues

from 50 patients tested by q-PCR. b Related miR-26a-5p expression

in all 50 HCC tissues and adjacent normal regions. c Kaplan–Meier

curves and log-rank test present the differences in overall (left panel)

and recurrence-free (right panel) survival between groups with high

and low miR-26a-5p in tumor tissues. *P\ 0.05
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genetic mutations and aberrant epigenetic modifications

[19–21]. Some miRNAs have been reported as tumor

suppressors, but the roles of other miRNAs in cancer have

not yet been identified. Currently, miRNA dysregulation is

detectable in the early stages of liver tumorigenesis, and a

number of studies have illustrated the relevance of aberrant

miRNA expression in multiple aspects of hepatocarcino-

genesis and HCC cell biology [22, 23]. Based on these

facts, we believe that miRNAs play a very important role in

HCC tumor promotion via molecular mechanisms. miR-

26a-5p was previously demonstrated to be a tumor sup-

pressor in some tissues [24–28], but its function and

molecular mechanism in HCC were still unclear.

In this study, we demonstrated that miR-26a-5p

expression is decreased in tumor tissues and HCC tumor

cell lines compared to normal adjacent tissues (Fig. 1a, b)

and normal liver cells (Fig. 2a), respectively. In regard to

the clinical data analysis, we divided the 50 included

patients into a high expression group (25 cases) and a low

expression group (25 cases) according to the miR-26a-5p

level in the tumor tissue. Based on the well-matched gen-

eral data, we found that high miRNA-26a-5p level signif-

icantly increased the overall and recurrence-free survival

rates (Fig. 1c). Furthermore, the results of the Cox

regression analysis demonstrated that miR-26a-5p level is

an independent prognostic indicator (P = 0.001, Table 2).

We transfected miR-26a-5p-inhibitor into HCCLM9

cells and examined its effect on epithelial-mesenchymal

transition (EMT) regulation in vitro. The q-PCR and

Western blot results revealed that miRNA-26a-5p influ-

ences EMT. The EMT is defined as follows: epithelial cells

lose their polarity and cohesiveness and transform into

spindle-shaped cells with a more fibroblast- or myofi-

broblast-like phenotype [29–33]. EMT and metastasis are

generally considered late events in tumorigenesis, and

acquiring a mesenchymal phenotype allows a malignant

epithelial cell to detach from the primary tumor. Addi-

tionally, EMT has been shown to be critical in the early

events of tumor cell metastatic dissemination, during which

cells become more motile and exhibit invasive potential.

EMT can also be reactivated in cancer to promote the

tumorigenic progression of epithelial cells; for example, it

can increase migration and invasion and inhibit apoptosis

Table 1 Correlation between miR-26a-5p expression and clinico-

pathologic parameters

Items High expression

(n = 25)

Low expression

(n = 25)

P value

Age 65.3 ± 8.9 62.7 ± 9.5 0.32

Gender

Male 23 22 0.63

Female 2 3

Liver function

TBIL (lmol/l) 24.1 ± 8.4 23.8 ± 8.9 0.90

ALT (U/l) 35.9 ± 13.5 35.0 ± 11.3 0.79

AST (U/l) 45.1 ± 14.1 42.3 ± 15.2 0.50

BCLC stage

A 19 21 0.47

B 6 4

HBV

Infected 17 19 0.52

Noninfected 8 6

Cirrhosis

YES 15 18 0.37

NO 10 7

AFP (lg/ml)

C400 23 21 0.75

\400 2 4

Child-Pugh

A 20 17 0.33

B 5 8

Table 2 Results of Cox regression model analysis of patient survival

Variable Univariate Multivariate

Hazard ratio 95% CI P value Hazard ratio 95% CI P value

Age 0.986 0.932–1.043 0.617

miRNA-26a-5p Expression 0.363 0.190–0.694 0.002 0.532 0.221–1.312 0.001

Gender 0.657 0.225–1.918 0.442

Preoperative AFP 1.000 0.999–1.000 0.531

Preoperative Child-Pugh grade 0.167 0.050–0.562 0.004 0.235 0.107–0.773 0.002

Preoperative virus load 1.001 1.000–1.001 0.016 1.233 1.021–1.575 0.037

Preoperative TBIL 1.378 0.763–2.489 0.288
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and senescence [34, 35]. As mentioned above, EMT is

defined as the loss of epithelial phenotypes and cell polarity

and the acquisition of a mesenchymal phenotype, which

includes attenuation of E-cadherin, N-cadherin, vimentin,

and b-catenin [36–38]. Vimentin plays a significant role in

supporting and anchoring the position of the organelles in

the cytosol, and the regulation of vimentin reduces the

potential for tumor cells to migrate, suggesting that this

protein influences the cellular invasive phenotype.

Vimentin is considered one of the most significant markers

of EMT, and its expression has been measured in a series of

neoplasms [39–41]. E-cadherin has also been shown to be

an EMT marker, and both E-cadherin and vimentin serve

as prognostic markers [42]. In this study, we demonstrated

that miR-26a-5p is strongly associated with vimentin and

E-cadherin expression and is a potential biomarker that can

be used to target EMT to act as a tumor suppressor

(Fig. 2d, e). Additionally, an in vitro transwell assay

(Fig. 2b, c) and in vivo (Fig. 3) nude mouse model

demonstrated that downregulation of miR-26a-5p

expression can promote tumor metastasis and indicate poor

prognosis.

The results of our study allow us to propose the role and

function of miR-26a-5p in HCC. First, miR-26a-5p was

decreased in HCC tissues and cells. Although 12 tissues did

not reveal downregulation (even four tissues exhibited

upregulation), but most of the clinical samples (76%) are

shown to be the same regulation trend as the cells. This

may be related to the sensitivity and accuracy of the

diagnosis in the population. In addition, the difference in

the expression level of miR-26a-5p between tumor and

normal tissues (Fig. 1b) indicates that miR-26a-5p is a

potential biomarker for early HCC diagnosis. Second, the

Cox regression analysis of the results of the nude mouse

model experiments demonstrated that the miR-26a-5p

expression level was an independent prognostic predictor

for HCC. Moreover, the transwell assay and the analysis of

lung tissue samples from nude mice provided supplemen-

tary evidence of the involvement of miR-26a-5p in tumor

invasion and metastasis. These findings indicated that

upregulation of miR-26a-5p may suppress tumor invasion

and metastasis. Thus, miR-26a-5p could be a new thera-

peutic target for HCC. Finally, we determined that down-

regulation of miR-26a-5p increases vimentin expression

and decreases E-cadherin expression. This finding could

partially explain the molecular mechanism of miR-26a-5p

in tumor metastasis, as E-cadherin and vimentin are both

involved in EMT.

To the best of our knowledge, miR-26 family, especially

miR-26b-5p, is reported as a potential biomarker and tumor

suppressor in HCC [43, 44]. In this study, miR-26a-5p

expression was strongly associated with EMT, which may

be the molecular mechanism through which miR-26a-5p

impacts tumor invasion and metastasis. Therefore, miR-

26a-5p may be a new biomarker and therapeutic target for

HCC. This study had several limitations. Because we only

included 50 paired tissues in the clinical data analysis, the

results of the clinical analysis may not be sufficiently

robust to draw any conclusions. However, we compared

miR-26a-5p expression in multiple cell lines and in an

athymic mouse model to confirm the results of the clinical

analysis. Furthermore, we demonstrated the miR-26a-5p

regulates tumor invasion and metastasis by targeting EMT;

however, the specific molecular mechanisms and pathways

involved in this regulation are still unclear and need to be

discovered in the future.

Despite several limitations of this study, our data

strongly suggest that downregulation of miR-26a-5p targets

bFig. 2 Expression and function of miR-26a-5p in vitro. a miR-26a-

5p expression levels in HCC cell lines and a normal human liver cell

line. b Cell number below the membrane of the transwell after

transfection with miR-26a-5p-inhibitor, control-inhibitor and no

inhibitor. c Images of cells transfected with miR-26a-5p-inhibitor,

control-inhibitor and no inhibitor fixed on the lower layer of the

membrane after invasion. d Difference in expression of vimentin and

E-cadherin after transfection with miR-26a-5p-inhibitor and control-

inhibitor in the HCCLM9 cell line tested by q-PCR. e Difference in

expression of vimentin and E-cadherin after transfection of HCCLM9

cells with miR-26a-5p-inhibitor tested by western blot. *P\ 0.05

Table 3 DNA and RNA sequences of primers and inhibitors

Item Sequence (50–30) bp

Primer

b-Actin-F AGCGAGCATCCCCCAAAGTT 285

b-Actin-R GGGCACGAAGGCTCATCATT

E-cadherin-F CTTGCGGAAGTCAGTTCAGA 216

E-cadherin-R CACCGTGAACGTGTAGCTCT

Vimentin-F GCAGGAGGCAGAAGAATGGT 140

Vimentin-R CCACTTCACAGGTGAGGGAC

Inhibitor

miR-inhibitor AGCCUAUCCUGGAUUACUUGAA

Control-inhibitor CAGUACUUUUGUGUAGUACAA
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EMT to promote tumor metastasis and influences the

prognosis of HCC patients. miR-26a-5p is a new potential

biomarker and therapeutic target for HCC.
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