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Background/aim: Increasing evidence show microRNAs (miRNAs) are engaged in 

hepatocellular carcinoma (HCC). The aim of this study was to investigate the role of miR-144 

in HCC, as well as to identify its underlying mechanism.

Methods: The expression levels of miR-144 were assessed in multiple HCC cell lines, as 

well as in liver tissues from patients with HCC. We further examined the effects of miR-144 

on HCC. The molecular target of miR-144 was identified using a computer algorithm and 

confirmed experimentally.

Results: We found that the levels of miR-144 were frequently downregulated in human HCC 

tissues and cell lines, and overexpression of miR-144 dramatically inhibited HCC metastasis, 

invasion, cell cycle, epithelial–mesenchymal transition, and chemoresistance. We further verified 

the SMAD4 as a novel and direct target of miR-144 in HCCs.

Conclusion: Taken together, overexpression of miR-144 or downregulation of SMAD4 may 

prove beneficial as therapeutic strategies for HCC treatment.

Keywords: microRNA, liver cancer, therapeautic target

Introduction
Hepatocellular carcinoma (HCC) is one of the most prevalent malignant diseases and the 

third leading cause of cancer-related deaths. One-half of the new HCC cases and HCC 

deaths worldwide were estimated to occur in the People’s Republic of China.1 Currently, 

surgical resection, liver transplantation, and radiofrequency ablation are the effective 

approaches for HCC treatment. The recurrence rate of HCC within 2 years in patients 

who received surgery exceeds 50%. Due to the late detection of the tumors and high 

rate of recurrence and metastasis, the prognosis of HCC is still dismal, and the 5-year 

survival rate for patients is less than 5%.2 Therefore, further elucidation of the molecular 

mechanisms underlying HCC invasion and metastasis are important for the development 

of new therapeutic strategies for diagnosis, treatment, and prognosis of HCC.

MicroRNAs (miRNAs) are a class of small, short, and noncoding RNAs, regulating 

gene expression by binding to sequences in a 3′-untranslated region (3′-UTR) of the 

target mRNA, resulting in upregulation and downregulation of the targeted gene.3,4 

In various human cancers, some miRNAs are often upregulated and have an onco-

genic function, while most miRNAs are downregulated and may possess a tumor-

suppressive activity. Accumulating evidence suggests that the abnormal expression of 

miRNAs is involved in the invasion and metastasis during the progression of various 

human cancers.
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Recent evidence indicates that miRNA expression 

profiling has been characterized in a variety of cancers, 

including breast cancer,5 pancreatic cancer,6 ovarian cancer,7 

and HCC.3 Previous data showed that certain miRNAs are 

involved in the proliferation and survival of HCC, including 

miR-199, miR-7, miR-124, and so on. In this study, we found 

that the levels of a specific miRNA, miR-144, were frequently 

downregulated in human HCC tissues and cell lines, and 

overexpression of miR-144 dramatically inhibited HCC 

metastasis, invasion, cell cycle, epithelial–mesenchymal 

transition, and chemoresistance. We further verified the 

SMAD4 as a novel and direct target of miR-144 in HCCs. 

In summary, our data demonstrate that SMAD4 expression 

is inversely correlated to miR-144 levels in HCC tissues and 

cell lines, and that overexpression of miR-144 in HCC cell 

lines decreases SMAD4 mRNA and protein levels by directly 

binding to the 3′-UTR of SMAD4, which subsequently leads 

to downregulation of SMAD4. Therefore, our data strongly 

indicate that miR-144 is a tumor suppressor by targeting 

SMAD4 expression to modulate HCC biological behaviors. 

Taken together, overexpression of miR-144 or downregula-

tion of SMAD4 may prove beneficial as therapeutic strategies 

for HCC treatment.

Methods
Patient selection
Samples of 100 HCC tissues were obtained from patients 

who had undergone HCC surgical resection at the Guangdong 

General Hospital. The study complied with the Declara-

tion of Helsinki and was approved by the Institutional 

Ethics Committee of Guangdong General Hospital. All 

patients signed consent forms indicating their willingness 

to participate, and their understanding of the procedure and 

general aim of the study. All of the included patients met 

the following criteria: pathologically and histologically 

confirmed HCC, no history of any other malignant tumors, 

and no neoadjuvant therapy prior to the surgery.

cell culture
The following human HCC cell lines were studied: 

MHCC-97H, SMMC-7221, HepG2, Huh-7, and Hep3B. 

The normal human liver LO2 cell line was also employed as 

normal control. All cells were grown in Dulbecco’s Modified 

Eagle’s Medium (Thermo Fisher Scientific, Waltham, 

MA, USA) and supplemented with 10% fetal bovine 

serum (HyClone, Logan, UT, USA) and 1% penicillin/

streptomycin.

Manipulation of mir-144 expression 
levels
The miR-144 mimics and negative control (micrON™ 

miRNA Mimic Negative Controls) were purchased from 

Land (Guangzhou, Guangdong, People’s Republic of China). 

The final concentration of transfection is 50 nM.

cell transfections
Transfection of the miR-144 mimics was performed using 

Lipofectamine® RNAiMAX (Thermo Fisher Scientific) 

according to the manufacturer’s instructions.

rna extraction and real-time Pcr 
analysis
Total RNA was extracted from the cell lines and frozen tissue 

specimens with TRIzol reagent (Thermo Fisher Scientific), and 

the concentration of the total RNA was quantitated by measur-

ing the absorbance at 260 nm. Complementary DNA was gen-

erated using a miScript Reverse Transcription Kit (Qiagen NV,  

Venlo, the Netherlands). Primers for miR-144 and the U6 

small nuclear RNA (snRNA) (internal control) were purchased 

from Land. The expression level of miRNA was defined based 

on the threshold cycle (Ct), and relative expression levels were 

calculated using the 2-ΔΔCt method, using the expression level 

of the U6 snRNA as a reference gene. Each polymerase chain 

reaction (PCR) was performed in triplicate. The primers for 

the examined genes are presented in Table 1.

cell invasion assay
The invasion assay was performed using a transwell chamber, 

consisting of 8 mm membrane filter inserts (Corning 

Incorporated, Corning, NY, USA) coated with Matrigel 

(BD Biosciences, San Jose, CA, USA). Briefly, cells were 

trypsinized and suspended in serum-free medium. Next, 

1.5×105 cells were added to the upper chamber, and the 

lower chamber was filled with medium containing 10% 

fetal bovine serum. After 36 hours of incubation, cells 

that had invaded the lower chamber were fixed with 4% 

paraformaldehyde, stained with hematoxylin, and counted 

using a microscope.

Table 1 Primer for qrT-Pcr

hsa-mir-144 F: 5′-acacTccagcTgggTacagTaTagaTgaTgTa
r: 5′-cTcaacTggTgTcgTgga

U6 F: 5′-cTcgcTTcggcagcaca
r: 5′-aacgcTTcacgaaTTTgcgT

Abbreviation: qrT-Pcr, quantitative reverse transcription polymerase chain reaction.
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Wound-healing assay
Wound-healing assay was performed using HepG2 and 

Huh-7 cells. Cells were trypsinized and seeded in equal 

numbers into six-well tissue culture plates, and allowed to 

grow until confluent (approximately 24 hours). Following 

serum starvation for 24 hours, an artificial homogenous 

wound (scratch) was created onto the cell monolayer with 

a sterile 100 μL tip. After scratching, the cells were washed 

with serum-free medium, complete media was added, and 

microscopic images (20× magnification) of the cells were 

collected at 0, 12, and 24 hours.

luciferase reporter assay
Luciferase reporter assay was performed according to the 

manufacturer’s instructions. Briefly, cells (3.5×104) were 

seeded in triplicate in 24-well plates overnight. Next, 100 ng 

of pGL3-SMAD4-3′-UTR (wild type/mutant) or control-

luciferase plasmid plus 1 ng of pRL-TK renilla plasmid 

(#E2810; Promega, Madison, WI, USA) were transfected into 

the cells using Lipofectamine® 2000 (Thermo Fisher Scien-

tific). Three independent experiments were performed and the 

data are presented as the mean ± standard deviation (SD).

statistical analysis
A Student’s t-test was used to evaluate the statistical 

significance of the difference between two groups of data. 

P-value of less than 0.05 was considered to be statistically 

significant. All analyses in the present study were performed 

by SPSS 13.0 (SPSS Inc., Chicago, IL, USA) statistical 

software package.

Results
The expression of mir-144 is frequently 
downregulated in hcc cell lines and  
tissues
To determine whether miR-144 is correlated with the 

progression of HCC, the expression level of miR-144 was 

detected in HCC cell lines, tissues, and matched with adja-

cent nontumor liver tissues obtained from 100 patients by 

quantitative reverse transcription polymerase chain reac-

tion (qRT-PCR). The results showed that the expression of 

miR-144 was dramatically decreased in various HCC cell 

lines, including MHCC-97H, SMMC-7221, HepG2, Huh-7, 

and Hep3B, compared with the normal hepatic cell line 

LO2 (Figure 1A). As shown in Figure 1B, the expression 

of miR-144 was found decreased (negative expression and 

low expression of miR-144) in 85.0% (85/100) of HCC 

tissues compared with matched adjacent nontumor liver 

tissues, with an average of 5.20-fold reduction in expression 

(median =0.73 vs 1.52; P0.01). No statistically significant 

relationships were found between miR-144 expression and 

any of the clinicopathological parameters except for recur-

rence (P=0.0041) (Table 2). Moreover, the expression of 

miR-144 was significantly higher in the HCC samples at 

early stages (TNM I and II) compared to that of the HCC 

samples at advanced tumor stages (TNM III) (Figure 1C).

effect of mir-144 on the proliferation of  
hcc cells
To determine whether miR-144 can inhibit the proliferation 

of HCC cells, miR-144 mimics was transfected into HepG2 

and MHCC-97H cells. EdU analysis of S-phase cells showed 

that EdU-positive cells decreased significantly after treatment 

with miR-144 mimics compared with mimic mock control 

in both MHCC-97H (45.68% vs 27.53%, P0.001) and 

HepG2 (49.67% vs 23.46%, P0.001) (Figure 2A and B). 

MTT assays indicated that both cells with miR-144 mimics 

proliferated at a slower rate than did control cells, and sta-

tistical analysis showed a significant difference after culture 

for 4 days (Figure 2C and D). The cell cycle of these cells 

was detected by flow cytometry. The results showed that 

32.70% of MHCC-97H and 32.74% of HepG2 cells were in 

S-phase, while 22.96% of MHCC-97H and 23.15% of HepG2 

cells were in S-phase after treatment with miR-144 mimics 

(P0.05, Figure 2E–G). Therefore, the results indicated that 

miR-144 can suppress the cell cycle progression and inhibit 

the proliferation of HCC cells.

effect of mir-144 on migration and 
invasion of hcc
To further investigate the biological significance of miR-

144 in HCC, we detected the effect of miR-144 on migra-

tion and invasion of HCC cells. Wound-healing assay 

showed that the mobility of HepG2 and MHCC-97H cells 

evidently decelerated in rate in within 48 hours compared 

with controls (wound closure of 24.71% vs 100.00% in 

MHCC-97H, P0.001; 24.01% vs 100.00% in HepG2 at 

48 hours, P0.001) (Figure 3A and B). Transwell with 

Matrigel showed that treatment with miR-144 led to a 

significant decrease in invasive potential of MHCC-97H 

(6.31-fold reduction, P0.001) and HepG2 (5.14-fold 

reduction, P0.001) (Figure 3C and D). Taken together, 

the expression of miR-144 suppresses the migration and 

invasion of HCC.
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effect of mir-144 on chemoresistance 
and apoptosis of hcc
As shown in Figure 4A, 5-fluorouracil (5-FU) inhibited cell 

proliferation of both cell lines in a dose-dependent manner. 

The half maximal inhibitory concentration (IC
50

) values of 

5-FU were 88.56±43.29 and 10.19±3.31 mg/L after transfec-

tion by miR-144 in MHCC-97H (P0.001), whereas IC
50

 

values were 10.66±2.19 and 1.92±0.48 mg/L after trans-

fection in HepG2 (P0.001) (Figure 4A and B). We also 

detected the apoptotic population of both cell lines transfec-

tion by miR-144 by flow cytometry. The results showed that 

1 mg/L 5-FU-induced apoptotic populations of MHCC-97H 

and HepG2 were 56.37% and 60.15%, respectively. After 

transfection by miR-144, the apoptotic population reduced to 

8.48±0.47 (P0.001) and 13.46±0.52 (P0.001) (Figure 4C 

and D). Our results generally showed that miR-144 can 

enhance the chemosensitivity in HCC cell lines.

Function of mir-144 in hcc cells 
partially attributed to targeting SMAD4
To determine the underlying mechanism by which miR-144 

regulates progression and chemoresistance of HCC, we inte-

grated bioinformatics algorithms, including miRanda, Pic-

Tar, and TargetScan, to predict the potential direct target of 

Figure 1 Downregulation of mir-144 in hcc tissues and cell lines detected by qrT-Pcr.
Notes: (A) The relative mir-144 expression in hcc cell lines was much lower than the normal liver cell line lO2. The relative expression of mir-144 was normalized to 
the endogenous control U6 snrna. each sample was analyzed in triplicate. *P0.05, **P0.01, compared with normal liver cell line. (B) The expression level of mir-144 was 
decreased in 100 hcc tissues than their matched adjacent nontumor liver tissues. each sample was analyzed in triplicate and normalized to the U6 snrna. Data represent 
mean ± sD. **P0.01, compared with normal tissues. (C) The relative expression level of mir-26b was examined in normal human liver tissue (normal), and hcc tissues 
at different WHO classifications. *P0.005; **P0.01.
Abbreviations: hcc, hepatocellular carcinoma; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; qrT-Pcr, quantitative reverse transcription polymerase chain 
reaction; snrna, small nuclear rna; sD, standard deviation; WhO, World health Organization.
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Table 2 relationship between mir-144 expression and clinicopathological features of hcc patients

Clinicopathological parameters Number of cases (%) Expression of miR-144

High (15/100) Low (85/100) P-value

sex 1.0000
Male 48 7 41
Female 52 8 44

age (years) 0.2591
60 56 6 50
60 44 9 35

Diameter (cm) 1.0000
5.0 60 9 51
5.0 40 6 34

histological differentiation 0.1315
Well 35 2 33
Moderate 49 9 40
Poor 16 4 12

liver cirrhosis 0.8191
Yes 35 6 29
no 65 10 55

recurrence 0.0041*
Yes 29 9 20
no 71 6 65

hBsag status 0.6360
Positive 78 11 67
negative 22 4 18

serum aFP (ng/ml) 0.9147
25 19 3 16
25 81 12 69

Note: *Statistically significant (P0.05).
Abbreviations: aFP, α-fetoprotein; hBsag, hepatitis B surface antigen; hcc, hepatocellular carcinoma.

Figure 2 (Continued)
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miR-144. According to the prediction, SMAD4 has the puta-

tive miR-144-binding site that maps to the 3′-UTR. To further 

validate the prediction results, we constructed the luciferase 

reporters carrying the wild type and mutant type of SMAD4 

3′-UTR (Figure 5A). As shown in Figure 5B, luciferase assays 

indicated that the wild type of 3′-UTR caused a significant 

reduction in luciferase activity, whereas mutation of the key 

seed region in the 3′-UTR of SMAD4 showed no variations in 

the luciferase activity compared with the control (Figure 5B). 

The qRT-PCR analysis suggested that treatment by miR-144 

mimics significantly repressed the expression of SMAD4 

mRNA (Figure 5C). These findings were further verified 

by Western blot analysis, which indicated that treatment by 

miR-144 mimics markedly inhibited SMAD4 protein level 

(Figure 5D). Taken together, these results strongly suggested 

that miR-144 could significantly suppress the expression of 

SMAD4 through targeting the 3′-UTR.

To determine the correlation of miR-144 and SMAD4 

expression in clinical HCC tissues, qRT-PCR was employed 

to assess the expression of SMAD4 in 100 HCC tissues. 

As indicated in Figure 5E, results of Spearman’s rank test 

showed a significantly negative correlation between miR-144 

Figure 2 effect of mir-144 on the proliferation of hcc cells.
Notes: (A) mir-144 decreased hcc cell line Mhcc-97h and hepg2 in s-phase. Blue color represents the nucleus and red color indicates s-phase cells (edU-positive). 
(B) histological analysis of the percent of edU-positive cells in mimic mock control and mir-144 mimics in hcc cell lines. Data are presented as mean ± sD (n=3). *P0.05, 
***P0.001 between control cells and cells with mir-144 mimics. (C, D) Proliferation rates were determined by MTT assays after transfection of the mir-144 mimics and 
mimic mock control in Mhcc-97h (C) and hepg2 (D) cell lines. mir-144 inhibited cell proliferation in both cell lines compared with the controls. (E–G) representative 
images of the cell cycle distribution of MHCC-97H and HepG2 by flow cytometry (E). cycle phase distributions (percentage) were determined by Facs analysis and plotted. 
Both cells were treated with mir-144 mimics and mimic mock as vehicle control for 24 hours. Data are presented as mean ± sD (n=3). *P0.05.
Abbreviations: HCC, hepatocellular carcinoma; SD, standard deviation; FACS, fluorescence-activated cell sorting; NC, negative control.
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and SMAD4 expression (r=-0.768, P0.001) (Figure 5E). 

Therefore, our results suggested that miR-144 represses the 

HCC development of HCC partly through inhibiting the 

expression of SMAD4.

Discussion
More and more evidence indicate that miRNAs are impor-

tant regulators in various cellular processes and are recently 

extensively investigated relating to cancer initiation, progres-

sion, diagnosis, and treatment.8 The involvement of miRNAs 

in cancer pathogenesis is well established, as they behave 

as oncogenic or tumor-suppressive role depending on their 

functional targets.9 Dysregulation of miRNAs is often found 

in HCC, and some of them have an important role in the 

progression and development of HCC.3 However, the role of 

miRNAs in the pathogenesis of HCC is still largely unclear 

as a single miRNA may regulate multiple target genes and a 

single mRNA may be regulated by various miRNAs.10 Given 

the complexity of the network between mRNAs and miRNAs, 

further studies are needed to determine the importance of 

miRNAs because of the potential in cancer diagnostic and 

prognostic value. Further understanding of the functional role 

of miRNAs in cancer helps to better reveal the underlying 

mechanism of HCC pathogenesis and progression.

Previous evidence demonstrated that miR-144 expres-

sion was deceased in various cancers, including HCC, 

cholangiocarcinoma,11 colorectal cancer,12 bladder cancer,13 

and thyroid cancer,14 and inversely related with cancer pro-

liferation and metastasis. Although a previous study demon-

strated that miR-144 might suppress the growth and motility 

of HCC cells partially by targeting E2F3, the knowledge 

about the role of miR-144 in HCC is still limited.15 There-

fore, the present study was carried out to further investigate 

the functional role of miR-144 in HCC. The findings of the 

present study are in line with those of previous evidence, 

which showed the reduced expression of miR-144 in cancer 

cell lines and human tissues. The present study showed 

that decreased expression was found in HCC cell lines and 

human tissues, and negatively correlated with the severity and 

progression of HCC, suggesting that decreased expression 

of miR-144 correlated with the malignant potential of HCC. 

Therefore, we assessed the effect of miR-144 on prolifera-

tion, migration, invasion, chemoresistance, and apoptosis. 

Consistent with prior studies,15 we showed that upregulation 

Figure 3 effect of mir-144 on growth and invasion of hcc cell in vitro.
Notes: (A, B) representative images of wound-healing assay (A). The wound healing rate (B) in Mhcc-97h and hepg2 cell lines transfected with mir-144 mimics was 
significantly decreased compared with the mimic mock control. (C, D) representative images (C) and quantification (D) of the transwell invasion assay. The number of 
invaded cells in the MHCC-97H and HepG2 transfected with miR-144 was significantly decreased compared with the mimic mock control. Data are presented as mean ± sD; 
P-values were calculated using the student’s t-test. ***P0.001.
Abbreviations: hcc, hepatocellular carcinoma; sD, standard deviation; nc, negative control; h, hours.
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Figure 4 effect of mir-144 on chemoresistance and apoptosis of hcc.
Notes: (A, B) cell viability were determined by MTT assays at 48 hours after transfection of the mir-144 mimics and mimic mock control in Mhcc-97h and hepg2 cell 
lines. (C) apoptotic population of Mhcc-97h and hepg2 cell lines. Flow cytometric analysis of 1 mg/l 5-FU-induced apoptosis in Mhcc-97h and hepg2 cell lines using 
annexin V FiTc/Pi. Quadrants: Q1: normal cells; Q2: necrotic cells; Q3: live cells; Q4: apoptotic cells. (D) columns, mean of three experiments. Data are presented as 
mean ± sD. ***P0.001, P-value compared with the control group.
Abbreviations: HCC, hepatocellular carcinoma; SD, standard deviation; FITC, fluorescein isothiocyanate; PI, propidium iodide; NC, negative control; 5-FU, 5-fluorouracil.

Figure 5 (Continued)
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of miR-144 can suppress the proliferation, migration, and 

invasion of HCC cell lines. Further, our results revealed that 

upregulation of miR-144 could repress cell cycle progression 

by inducing G0/G1 cell cycle arrest, and also could enhance 

chemosensitivity and induced cancer cell apoptosis. Also, 

we identified SMAD4 as a novel target of miR-144 in HCC 

cells. SMAD4 proved to be the key mediator of transforming 

growth factor beta (TGF-β) pathway,16–18 which has a central 

role in the growth of hepatocytes.19 Interestingly, Xu et al 

reported that miR-144 is a critical regulator of the TGF-β 

signaling cascade and is overexpressed in lungs with bronchi-

olitis obliterans syndrome, which suggest an important role 

of miR-144 in regulating TGF-β pathway.20 According to the 

previous data, SMAD4 has dual roles of tumor-suppressive 

and tumor-promoting effects in different cancers. Loss or 

inactivation of SMAD4 is proved to be inversely related 

with prognosis pancreatic cancer,21,22 colorectal cancer,21 

cholangiocarcinoma,23 and other malignancies.24 However, 

increased expression of SMAD4 was observed in HCC16,25,26 

and correlated with poor prognosis.27

Recent evidence suggested that SMAD4 processes a 

highly tumor-promoting function of SMAD4 in HCC and 

might serve as an ideal therapeutic target. Therefore, SMAD4 

inhibition represents a rational and promising new approach 

for HCC therapy due to its unique and specific role in HCC. 

To validate the prediction experimentally, luciferase reporter 

assay was employed and the results confirmed that SMAD4 is 

a target gene of miR-144. These data were further strength-

ened by assessment of the protein level of SMAD4 in both 

HCC cell lines treated with miR-144 mimics. Moreover, the 

coexpression of miR-144 and SMAD4 was detected in HCC 

tissues, and the results showed a significantly negative cor-

relation between them. Taken together, these results strongly 

suggested that miR-144 may exert a tumor-suppressive 

function by repressing the expression of SMAD4 in HCC 

development.

Conclusion
The results of this study strongly suggested the tumor-

suppressive role of miR-144 in HCC. Moreover, the 

present study also demonstrated that upregulation of 

miR-144 leads to inhibition of cell proliferation, cell cycle 

progression, chemoresistance, and other malignant biologi-

cal behaviors.
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Figure 5 Function of mir-144 in hcc cells partially attributed to targeting SMAD4.
Notes: (A) mir-144 and its putative binding sequence in the 3′-UTr of SMAD4. The mutant SMAD4 binding site was generated in the complementary site for the seed region 
of mir-144. (B) miR-144 significantly suppressed the luciferase activity that carried wild-type SMAD4 but not the mutant SMAD4. (C) Overexpression of miR-144 significantly 
decreased the mrna levels of SMAD4 in Mhcc-97h and hepg2 cell lines compared with control. (D) Overexpression of miR-144 significantly decreased the protein levels 
of SMAD4 in Mhcc-97h and hepg2 cell lines compared with control. (E) analysis of correlation of mir-144 and SMAD4 expression in hcc tissues (two-tailed spearman’s 
correlation analysis, r=-0.768; P=0.001, n=100). Data were presented as fold change of hcc tissues relative to nontumor adjacent tissues. **P0.01; ***P0.001.
Abbreviations: HCC, hepatocellular carcinoma; UTR, untranslated region; 5-FU, 5-fluorouracil; NC, negative control; Ct, threshold cycle.
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