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Abstract. Hepatocellular carcinoma (HCC) is a highly 
aggressive form of carcinoma with poor prognosis, and 
HCC‑associated mortality primarily occurs due to migration 
and invasion of HCC cells. The manipulation of epigenetic 
proteins, such as BRD4, has recently emerged as an alternative 
therapeutic strategy. The present study aimed to investigate 
the novel mechanism of BRD4 involvement in the migration 
and invasion of HCC cells. Reverse transcription‑quantitative 
polymerase chain reaction was used to assess BRD4 mRNA 
expression levels in HCC cell lines. This analysis demon-
strated that BRD4 was significantly overexpressed in HCC cell 
lines compared with a human immortalized normal liver cell 
line. A short hairpin RNA (shRNA) was then used to suppress 
BRD4 expression in HCC cells, and resulted in impaired HCC 
cell proliferation, migration and invasion. When the HepG2 
HCC cell line was treated with recombinant human sonic 
hedgehog (SHH) peptide, the migration and invasion capa-
bilities of HepG2 cells that were inhibited by BRD4 silencing 
were restored. BRD4 induced cell migration and invasion 
in HepG2 cells through the activation of matrix metallopro-
teinase (MMP)‑2 and MMP‑9, mediated by the SHH signaling 
pathway. Taken together, the results of the present study 
demonstrated the importance of BRD4 in HCC cell prolifera-
tion and metastasis. Thus, BRD4 is a potential novel target for 
the development of therapeutic approaches against HCC.

Introduction

Hepatocellular carcinoma (HCC) is the fifth leading cause 
of cancer‑associated mortality in the USA, with an estimated 
annual diagnosis rate of 33,190 people and an annual mortality 
rate of 23,000 cases in 2014 (1). Despite significant advances in 
the diagnosis and treatment of HCC, its prognosis is poor. Migra-
tion and invasion are 2 fundamental properties determining 
the prognosis of HCC patients (2). Therefore, determining the 
molecular mechanisms underlying HCC migration and invasion 
may aid in the identification of novel therapeutic targets and 
consequently lead to improved prognosis in the future.

The sonic hedgehog (SHH) signaling pathway is a highly 
conserved system; it is involved in proliferation and control of 
the migration and invasion of HCC (3‑6). A number of SHH 
signaling pathway molecular inhibitors, such as cyclopamine, 
have demonstrated clinical efficacy against basal cell carcinoma, 
medulloblastoma and pancreatic cancer (7‑9). However, primary 
and secondary resistance have been encountered (10,11). Further-
more, the exact regulatory mechanisms of SHH signaling in the 
migration and invasion of HCC remain unclear. Thus, further 
investigation of the SHH signaling pathway mechanism in 
tumor migration and invasion is required.

A previous study demonstrated that BRD4 regulates the 
SHH signaling pathway (12). Therefore, the SHH signaling 
pathway may be controlled by BRD4 to promote cell migra-
tion and invasion. BRD4 is an epigenome reader and a member 
of the BET family of proteins, which consist of two bromo-
domains in tandem and an extra terminal domain. Previous 
studies have demonstrated that BRD4 promotes cell cycle 
progression and regulates cell growth and transcription (13). 
Subsequent studies have demonstrated that BRD4 serves a crit-
ical role in tumor proliferation and growth in melanoma (14), 
neuroblastoma (15), glioblastoma (16), malignant peripheral 
nerve sheath tumors (17), lymphoblastic leukemia (18) and 
lung adenocarcinoma (19). However, to the best of our knowl-
edge, the involvement of BRD4 in migration and invasion has 
not been reported in HCC.

BRD4 induces cell migration and invasion in HCC cells  
through MMP‑2 and MMP‑9 activation mediated 

by the Sonic hedgehog signaling pathway
YONG‑HUI WANG1,  XIAO‑MEI SUI2,  YA‑NA SUI3,  QIN‑WEI ZHU3,  KAI YAN1,  

LI‑SHAN WANG1,  FEI WANG4  and  JIA‑HUA ZHOU1

1Department of General Surgery, The Affiliated Zhongda Hospital, Medical School, Southeast University, Nanjing 210096; 
2Radiotherapy Department of Affiliated Hospital of Weifang Medical University, Weifang, Shandong 261000;  

3Emergency Department of Weifang Traditional Chinese Hospital, Weifang, Shandong 261041;  
4Department of Hematology and Oncology (Key Department of Jiangsu Medicine), Medical School,  

Zhongda Hospital, Southeast University, Nanjing 210096, P.R. China

Received October 9, 2014;  Accepted July 16, 2015

DOI: 10.3892/ol.2015.3570

Correspondence to: Professor Jia‑Hua Zhou, Department of 
General Surgery, The Affiliated Zhongda Hospital, Medical School, 
Southeast University, 87 Dingjiaqiao, Nanjing 210096, P.R. China
E‑mail: zhoujh@seu.edu.cn

Key words: BRD4, hepatocellular carcinoma, matrix 
metalloproteinase, migration and invasion, sonic hedgehog pathway



WANG et al:  BRD4 IN HEPATOCELLULAR CARCINOMA2228

The present study aimed to investigate the role of BRD4 
expression in HCC proliferation, migration and invasion 
in  vitro. The potential mechanisms through which BRD4 
enhances the migration and invasion of HCC were also 
investigated, including the SHH signaling pathway and matrix 
metalloproteinase (MMP)‑2 and MMP‑9 activation.

Materials and methods

Cell culture. The human HCC cell lines (HepG2, Hep3B, 
SMMC‑7721, Bel‑7402 and Huh7) and an immortalized 
normal liver cell line (L02) were obtained from the Type 
Culture Collection of the Chinese Academy of Sciences 
(Beijing, China). These cell lines were cultured in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum (FBS), 100 U/ml penicillin and 0.1 mg/ml streptomycin 
(all from Gibco Life Technologies, Grand Island, NY, USA) 
in a humidified incubator at 37˚C with 5% carbon dioxide. 
In certain experiments, recombinant human SHH peptide 
(rhSHH) (R&D Systems, Inc., Minneapolis, MN, USA) was 
added to the culture medium.

Establishment of cell lines stably expressing BRD4 short 
hairpin RNA (shRNA). shRNA plasmids for BRD4, which 
were designed against the BRD4 gene and constructed in 
Phblv‑u6‑puro vectors, were purchased from Han Heng 
Biotechnology Co., Ltd. (Shanghai, China). A non‑target 
scrambled oligonucleotide served as the negative control 
(shcontrol). All plasmids were verified through sequencing. 
To generate stable BRD4‑silenced cell lines, HepG2 cells 
were cultured in 6‑well plates until they reached 40% 
confluence. The medium was then replaced with 1 ml fresh 
FBS‑free culture medium supplemented with 50 µl viral 
supernatant (1x108 UT/ml) and 6 µg/ml polybrene (Han Heng 
Biotechnology Co., Ltd.) for 24 h. Cells were cultured and 
screened in medium containing 3 µg/ml puromycin (Han 
Heng Biotechnology Co., Ltd.). Individual puromycin‑resis-
tant colonies were isolated during drug screening. The 
knockdown efficiency was verified through western blot 
analysis. The shRNA sequences used in the present study 
were as follows: shBRD4, 5'‑GAT​CCG​CCT​GGA​GAT​GAC​
ATA​GTC​TTA​TTC​AAG​AGA​TAA​GAC​TAT​GTC​ATC​TCC​
AGG​TTT​TTT​c‑3' and shcontrol, 5'‑GAT​CCT​TCT​CCG​AAC​
GTG​TCA​CGT​AAT​TCA​AGA​GAT​TAC​GTG​ACA​CGT​TCG​
GAG​AAT​TTT​TTg‑3'.

Cell proliferation assay. Cell proliferation was measured with 
a CCK‑8 assay (Beyotime Institute of Biotechnology). Briefly, 
shBRD4 and shcontrol HepG2 cells were plated onto 96‑well 
plates at a density of 3,000 cells/well. Following culture for 
the indicated time periods (0, 24, 48 and 72 h), 10 µl CCK‑8 
solution was added into each well and incubated at 37˚C. After 
3 h, the absorbance of each well was measured using a Multi-
skan MK3 spectrophotometer (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) at a wavelength of 450 nm.

Colony formation assay. shcontrol‑ or shBRD4‑expressing 
HepG2 cells were seeded at 200 cells/well in 6‑well plates. 
Following 1 week of culture, the colonies were stained with 
0.5% crystal violet (Beyotime Institute of Biotechnology, 

Haimen, China), images were captured under a CKX41 light 
microscope (Olympus Corporation, Tokyo, Japan) and counted.

Cell apoptosis analysis. The fraction of apoptotic cells was 
analyzed through the annexin V and propidium iodide staining 
method according to the manufacturer's instructions (Nanjing 
KeyGen BioTech Co., Ltd., Nanjing, China). The stained 
cells were immediately analyzed through flow cytometry 
(FACS101; Becton Dickinson, San Jose, CA, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA from cells was isolated using TRIzol 
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) 
and reverse‑transcribed using a PrimeScript RT Reagent Kit 
with gDNA Eraser (Takara Biotechnology Co., Ltd., Dalian, 
China) according to the manufacturer's instructions. RT‑PCR 
was performed using SYBR Premix Ex Taq (Takara Biotech-
nology Co., Ltd.). The specificity of amplification was verified 
using a melting curve and electrophoresis in agarose gel. The 
following PCR conditions were applied for detecting mRNAs: 
95˚C for 30 sec, followed by 40 cycles of 95˚C for 30 sec, 60˚C 
for 30 sec and 72˚C for 30 sec. The relative expression levels 
of the target gene mRNA was calculated as the inverse log of 
ΔΔCT and was normalized to the reference gene β‑actin. The 
primer sequences were as follows: BRD4, F 5'‑CAT​GGA​CAT​
GAG​CAC​AAT​CA‑3' and R 5'‑TCA​TGG​TCA​GGA​GGG​TTG​
TA‑3'; MMP‑2, F 5'‑AAG​TCT​GAA​‑GAG​CGT​GAA​GTT​TGG​
A‑3' and R 5'‑TGA​GGG​TTG​GTG​GGA​TTG​GAG‑3'; MMP‑9, 
F  5'‑AGT​CCA​CCC​TTG​TGC​TCT​TCC​C‑3' and R  5'‑TCT​
GCC​ACC​CGA​GTG​TAA​CCA​T‑3'; GLI1, F 5'‑AGG​GCT​GCA​
GTA​AAG​CCT​TCA‑3' and R  5'‑CTT​GAC​ATG​TTT​TCG​
CAG​CG‑3'; SHH, F 5'‑CCC​AAT​TAC​AAC​CCC​GAC​ATC‑3' 
and R  5'‑TCA​CCC​GCA​GTT​TCA​CTC​CT‑3'; and β‑actin, 
F 5'‑GAT​CAT​TGC​TCC​TCC​TGA​GC‑3' and R 5'‑ACT​CCT​
GCT​TGC​TGA​TCC​AC‑3'.

Western blot analysis. Equal amounts of proteins (30 µg) 
from the lysates of the HepG2 cells were subjected to elec-
trophoresis through 10% SDS‑PAGE (Beyotime Institute of 
Biotechnology) at 80 V for 30 min then 100 V for 1.5 h, and 
were transferred onto polyvinylidene difluoride membranes 
(Millipore, Billerica, MA, USA). Following blocking in 5% 
skimmed milk, the membranes were then incubated with 
the following diluted primary antibodies: Rabbit polyclonal 
BRD4 (1:200; ab75898; Abcam, Cambridge, MA, USA), goat 
polyclonal SHH (1:200; sc1194; Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA), rabbit polyclonal GLI1 (1:200; 
sc20687; Santa Cruz Biotechnology, Inc.), rabbit monoclonal 
MMP‑2 (1:400; D8N9Y; Cell Signaling Technology, Inc., 
Beverly, MA, USA), and rabbit polyclonal MMP‑9 (1:400; 
ab38898; Abcam) or mouse monoclonal β‑actin (1:800; 
AA128; Beyotime Institute of Biotechnology) overnight at 
4˚C, and then with horseradish peroxidase‑conjugated goat 
anti‑rabbit antibody (1:5,000; Santa Cruz Biotechnology, Inc.) 
at room temperature for 2 h. Specific bands were visualized 
with enhanced chemiluminescence reagent (Nanjing KeyGen 
Biotech Co., Ltd.) on an autoradiographic film.

Cell migration and invasion assay. Cell migration and inva-
sion were assessed by Boyden chamber assay. For the invasion 
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assay, the upper sides of the filters were coated with 50 µl 
Matrigel (BD Biosciences, Bedford, MA, USA). shcontrol 
or shBRD4‑expressing HepG2 cells were resuspended in 
FBS‑free medium with 0.5% bovine serum albumin (Santa 
Cruz Biotechnology, Inc.) with or without rhSHH added to 
the upper side of the chamber. Medium containing 5% FBS 
was added to the lower chamber. Following incubation at 37˚C 
with 5% CO2 for 8 h (migration) or 24 h (invasion), cells on 

the lower filter were fixed with methanol, stained with crystal 
violet, and then counted under a light microscope (CKX41; 
Olympus Corporation).

Statistical analysis. All experiments were performed in 
triplicate. Unless otherwise indicated, experimental values 
are expressed as the mean ± standard error. Statistical signifi-
cance was determined through unpaired Student's t‑tests using 

Figure 1. Increased expression of BRD4 in HCC cells. (A) Expression levels of BRD4 mRNA in the human HCC cell lines HepG2, Hep3B, SMMC‑7721, 
Bel‑7402, and Huh‑7 cells, as assessed through reverse transcription-quantitative polymerase chain reaction. Human immortalized normal liver cells, L02, 
served as the control. *P<0.05 vs. L02 cells. (B) Increased protein expression levels of BRD4 in HCC cell lines compared with L02 as assessed through western 
blot analysis. HCC, hepatocellular carcinoma. 

Figure 2. BRD4 expression promotes proliferation and inhibits apoptosis in HCC cells. (A) BRD4 protein expression in shcontrol- or shBRD4-treated 
HepG2 cells was assessed through western blot analysis. (B) Cell proliferation, determined by CCK‑8 assay, revealed that BRD4 knockdown markedly 
inhibited HepG2 proliferation. (C) BRD4 silencing in HepG2 cell reduced the colony‑forming efficiency. (D) Quantification of colony forming efficiency. 
(E) Annexin V‑FITC/PI‑stained cells transfected with shBRD4 exhibited a higher rate of apoptosis, as evaluated through flow cytometry. (F) Quantification 
of apoptosis rates. *P<0.05 vs. shcontrol. HCC, hepatocellular carcinoma; CCK-8, cell counting kit-8; FITC, fluorescein isothiocyanate; PI, propidium iodide; 
OD, optical density.
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SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

BRD4 was specifically overexpressed in HCC cells. To 
investigate the role of BRD4 in HCC, the expression levels 
of BRD4 mRNA and protein were measured in various HCC 
cell lines (HepG2, Hep3B, SMMC‑7721, Bel‑7402 and Huh‑7), 
and the immortalized normal liver cell line, L02. The results 
demonstrated that the expression levels of BRD4 mRNA were 
significantly increased in all five HCC cell lines compared with 
the normal liver L02 cell line (P<0.05; Fig. 1A). The protein 
levels were also increased (Fig. 1B), and the highest expression 
level was detected in the HepG2 cell line. Therefore, subse-
quent experiments were performed using this cell line.

BRD4 promotes the proliferation and inhibits the apop‑
tosis in HCC cells. To illustrate the role of BRD4 in HCC, 
BRD4‑knockdown lentiviral constructs were produced. 
HepG2 cells were transfected with BRD4 knockdown lenti-
viral vector. The post‑transfection knockdown of BRD4 was 
confirmed using western blot analysis (Fig. 2A). BRD4 knock-
down significantly suppressed the proliferation of the HepG2 
cells, as demonstrated by the CCK‑8 and colony formation 

assays (P<0.05; Fig. 2B‑D). In addition, BRD4 silencing mark-
edly increased the apoptosis rate of the cells (Fig. 2E and F).

BRD4 is critical for the migration and invasion potential of 
HCC cells. Cell migration and invasion are critical events 
in tumor metastasis. Thus, the effects of BRD4 expression 
on the migration and invasion of HCC cells was explored 
in vitro. HepG2 cell migration and invasion were investigated 
by Boyden chamber assay. The results indicated that BRD4 
silencing significantly inhibited the cell migration and inva-
sion (P<0.05; Fig. 3A‑D).

BRD4 induced cell migration and invasion through SHH 
signaling pathway‑mediated expression of MMP‑2 and 
MMP‑9 in HCC cells. MMPs, particularly MMP‑2 and 
MMP‑9, have been implicated in tumor invasion and metas-
tasis. A previous study demonstrated that BRD4 directly 
regulates MMP‑9 in osteoclasts (20). Therefore, to explore 
the mechanism through which BRD4 induces migration and 
invasion in HCC cells, BRD4 expression was knocked down 
in HepG2 cells and the effects on the expression of MMP‑2 
and MMP‑9 were assessed. The expression levels of MMP‑2 
and MMP‑9 mRNA in HepG2 cells stably transfected with 
shBRD4 were significantly reduced compared with shcon-
trol cells, as measured through RT‑qPCR (P<0.05; Fig. 4A). 
Protein levels were also markedly reduced, as indicated by 

Figure 3. BRD4 silencing inhibited the migration and invasion of HepG2 cells, while rhSHH reversed the migration and invasion of HepG2 cells reduced 
by BRD4 silencing. (A) shcontrol‑ or shBRD4‑expressing HepG2 cells were added to the upper Transwell chambers and incubated for 8 h with or without 
0.5 µg/ml rhSHH. Migrant cells were fixed, stained and counted and images were captured (magnification, x100). (B) shcontrol‑ or shBRD4‑expressing HepG2 
cells were added to the upper Matrigel‑coated filter of the Transwell chambers for 24 h with or without of 0.5 µg/ml rhSHH. Invading cells were stained 
with crystal violet and counted and then images were captured (magnification, x100). (C) Quantification of migrating HepG2 cells in the lower chamber. 
(D) Quantification of invading HepG2 cells in the lower chamber. *P<0.05, comparison indicated by brackets. rhSHH, recombinant human sonic hedgehog 
peptide.
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western blot analysis (Fig. 4B). These results indicate that 
the reduction in cell migration and invasion when BRD4 is 
silenced may be attributed to the downregulation of MMP‑2 
and MMP‑9. Previous studies have demonstrated that the SHH 
signaling pathway serves a critical function in the migration 
and invasion of HCC by regulating MMP‑2 and MMP‑9 (5). 
Therefore, it was important to determine whether the SHH 
signaling pathway was involved in the BRD4‑induced cell 
migration and invasion, and MMP‑2 and MMP‑9 expression 
in HepG2 cells. The potential effect of BRD4 on the SHH 
signaling pathway in HCC cells was examined. The results 
demonstrated that BRD4 knockdown significantly reduced 
the downstream target genes shh and gli1 a in HepG2 cells 
(P<0.05; Fig. 4C). Protein levels were also markedly reduced 
(Fig. 4D).

Effects of rhSHH treatment. It was also determined whether 
BRD4 silencing reduces the invasion and migration of 
HepG2 cells through the SHH signaling pathway. rhSHH 
was used in the invasion and migration assays with BRD4 
knockdown of HepG2 cells (Fig. 3A‑D). The results demon-
strated that treatment with rhSHH markedly increased the 
migration and invasion capabilities of HepG2 cells that were 
previously reduced by BRD4 silencing. Furthermore, the 
association of the activation of the SHH signaling pathway and 

the BRD4‑mediated upregulation of the MMP‑2 and MMP‑9 
expression was investigated: The results of this analysis 
demonstrated that rhSHH significantly increased the expres-
sion levels of MMP‑2 and MMP‑9, which were previously 
reduced by BRD4 silencing in HepG2 cells (Fig. 4A and B).

Discussion

BRD4 has been demonstrated to serve a critical role in 
carcinogenesis and progression of various types of human 
cancer (14,16,17). However, the role of BRD4 in cancer metas-
tasis has not been illustrated. The present study focused on the 
effects of BRD4 on the migration and invasion of liver cancer. 
BRD4 expression was correlated with migration and invasion 
in HCC. Furthermore, the BRD4 mechanisms in HCC inva-
sion and metastasis were investigated. Metastasis is a multistep 
process that initiates when cancer cells disseminate from a 
primary tumor to distant secondary organs or tissues (21,22). 
The degradation of the extracellular matrix (ECM) is an essen-
tial step in cancer invasion and metastasis (21,22). MMPs are 
proteolytic enzymes, and their basic mechanism of action is to 
degrade proteins in the ECM. MMPs, particularly MMP‑2 and 
MMP‑9 have long been associated with cancer cell metastasis 
in HCC (5,23). In the present study, the expression levels of 
MMP‑2 and MMP‑9 were significantly downregulated in vitro 

Figure 4. BRD4 induced cell migration and invasion through the SHH signaling pathway via increasing the expression levels of MMP‑2 and MMP‑9 in HepG2 
cells. BRD4 silencing downregulated expression of MMP‑2 and MMP‑9, while rhSHH reversed this reduction. Shcontrol‑ or shBRD4‑expressing HepG2 
cells were cultured with or without 0.5 µg/ml rhSHH for 24 h, and MMP‑2 and MMP‑9 expression levels were detected by (A) RT‑qPCR and (B) western 
blot analyses. BRD4 upregulated the SHH signaling pathway. Expression levels of SHH and GLI1 were downregulated in shBRD4-treated HepG2 cells 
compared with shcontrol-treated HepG2 cells, as evaluated by (C) RT‑qPCR and (D) western blot analyses. *P<0.05, comparison indicated by brackets. SHH, 
sonic hedgehog; MMP, matrix metalloproteinase; rhSHH, recombinant human SHH peptide; RT‑qPCR, reverse transcription‑quantitative polymerase chain 
reaction.
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following BRD4 silencing. These results indicate that BRD4 
induces HCC cell migration and invasion through the elevated 
expression of MMP‑2 and MMP‑9.

Accumulating evidence has demonstrated that the SHH 
signaling pathway serves an important role in the development 
and progression of HCC (8,24‑27). The SHH signaling pathway 
has been demonstrated to contribute to HCC cell metastasis 
by regulating MMP‑2 and MMP‑9 (5). Furthermore, a study 
demonstrated that the SHH signaling pathway is modulated 
by BRD4 (12). In the present study, to further illustrate the 
mechanism underlying BRD4 regulation of MMP‑2 and 
MMP‑9 expression in HCC, the association between BRD4, 
the SHH signaling pathway, and MMP‑2 and MMP‑9 were 
investigated. The expression levels of SHH and GLI1 were 
reduced by BRD4 knockdown in HepG2 cells. In addition, 
the data demonstrated that rhSHH significantly increased the 
migration and invasion of the HepG2 cells, thus reversing the 
attenuation achieved by BRD4 silencing. The results illustrated 
that rhSHH significantly increased the expression of MMP‑2 
and MMP‑9 in HepG2 cells, previously reduced by BRD4 
silencing. Thus, BRD4 promotes hepatoma cell migration and 
invasion through the SHH signaling pathway via inducing 
expression of MMP‑2 and MMP‑9. However, other molecular 
mechanisms underlying the BRD4‑induced migration and 
invasion of HCC cells may exist that were not investigated in 
the present study.

In summary, the present study demonstrated that BRD4 
contributes to the invasion and migration of HCC cells. 
The results emphasized the potential role of SHH signaling 
pathway‑mediated MMP‑2 and MMP‑9 expression in 
BRD4‑induced HCC cell migration and invasion. The data 
also indicated that BRD4 is a novel potential target for the 
development of alternative approaches to HCC treatment.
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