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Abstract Glioma-associated oncogene homolog-1 (Gli-

1) is considered a marker of Hedgehog pathway activation

and is associated with the progression of several cancers.

We have previously reported that Gli-1 was correlated with

invasion and metastasis in hepatocellular carcinoma

(HCC). However, the exact roles and mechanisms of Gli-1

in HCC invasion are unclear. In this study, we found that

small interfering RNA mediated down-regulation of Gli-1

expression significantly suppressed adhesion, motility,

migration, and invasion of both SMMC-7721 and SK-Hep1

cells. Furthermore, down-regulation of Gli-1 significantly

reduced expressions and activities of both matrix metallo-

proteinase (MMP)-2 and MMP-9. In addition, we found

that down-regulation of Gli-1 resulted in up-regulation of

E-cadherin and concomitant down-regulation of Snail and

Vimentin, consistent with inhibition of epithelial-mesen-

chymal transition (EMT). Taken together, our results

suggest that down-regulation of Gli-1 suppresses HCC cell

migration and invasion likely through inhibiting expres-

sions and activations of MMP-2, 9 and blocking EMT.
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Introduction

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

valent cancers and the third most common cause of cancer-

related death worldwide [1]. Invasion and metastasis are

characteristic features of HCC and the main cause of death

in patients with HCC [2]. However, the underlying mech-

anisms of HCC invasion and metastasis are still not fully

understood. To further elucidate the molecular mechanisms

underlying invasion and metastasis of HCC will help to

identify novel potential therapeutic targets and conse-

quently improve its prognosis.

Hedgehog (Hh) is a secretory signaling protein that

was initially isolated from Drosophila [3]. Hh signaling

is initiated when Hh binds to the transmembrane receptor

Patched (Ptch), which in turn relieves Ptch-mediated

repression of Smoothened (Smo), a seven-transmembrane

protein. The derepression of Smo triggers intracellular

signal transduction cascade that activates the transcrip-

tion of Hh target gene through activation of a family of

zinc-finger transcription factors, the glioma-associated

oncogenes (Gli) [4, 5]. Constitutive activation of the Hh

signaling has been implicated in various human malig-

nancies [5–7]. In our earlier report, we showed that Hh

signaling pathway induced cell migration and invasion of

HCC [8].
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In vertebrates, there are three Gli proteins: glioma-

associated oncogene homolog-1 (Gli-1), Gli-2, and Gli-

3. Among these Gli, Gli-1 acts as a strong activator to

mediate and/or amplify the Hh response and is itself a

transcriptional target of Hh pathway [9, 10]. Therefore,

Gli-1 is considered to be a reliable marker of Hh

pathway activation [10–14]. Accumulating evidences

have shown that Gli-1 is sufficient to induce basal cell

carcinoma (BCC)-like skin tumors and hyperproliferation

of central nervous system (CNS) [15, 16]. Furthermore,

Gli-1 has been implicated in the progression of several

cancers including pancreatic cancer [17], esophageal

squamous cell cancer [18], oral squamous cell carci-

noma [19], and ovarian cancer [20]. In addition, we

have found that Gli-1 overexpression is correlated with

capsular invasion, advanced tumor stage, vascular inva-

sion, and intrahepatic metastasis in HCC [8]. However,

the exact roles and underlying mechanisms of Gli-1 in

invasion and metastasis of HCC remain to be

elucidated.

In this study, we studied the effect of small interfering

RNA (siRNA) mediated down-regulation of Gli-1 on HCC

cell adhesion, migration, and invasion. Furthermore, the

underlying mechanisms of down-regulation of Gli-1 were

investigated. Our results showed that Gli-1 siRNA sup-

pressed HCC cell migration and invasion by down-regu-

lating matrix metalloprotease (MMP)-2, 9 expressions and

activities and blocking epithelial- mesenchymal transition

(EMT).

Materials and methods

Cell culture

Human hepatoma cell lines, SMMC-7721 and SK-Hep1,

were maintained in Dulbecco’s modified Eagle’s medium

(DMEM) (Gibco, CA, USA) supplemented with 10 % fetal

bovine serum (Gibco, CA, USA) and 100 U/ml penicillin

and 100 lg/ml streptomycin in a humidified atmosphere of

5 % CO2 at 37 �C.

Small interfering RNA transfection

Small interfering RNA (siRNA) duplex designed to target

Gli-1 (sense: 50-CCAGU GUCCUCGACUUGAAdTdT-30;
antisense: 50-UUCAAGUCGAGGACACUGGTdTd-30)
and control siRNA (scrambled siRNA) were purchased

from Ribobio Co., Ltd (Guangzhou, China). Transfection

was performed using the LipofectAMINE2000 reagent

(Invitrogen, Carlsbad, CA, USA) according to the manu-

facturer’s instruction as described previously [21].

Real-time PCR

Total RNA was extracted from cells using TRIzol reagent

(Invitrogen, Carlsbad, CA, USA) following the manufac-

turer’s protocol. Complementary DNA (cDNA) was syn-

thesized and real-time polymerase chain reaction (PCR)

was performed as previously described [22]. The primers

for human Snail (forward primer: 50-CCCCAATCGGAAG

CCTAACT-30, reverse primer: 50-AGATGAGCATTGGC

AGCGA-30), E-cadherin (forward primer: 50-ACAACGCC

CCCATACCAGA-30, reverse primer: 50-CACTCGCCCC

GTGTGTTAGT-30), and Vimentin (forward primer: 50-TT

GACAATGCGTCTCTGGCA-30, reverse primer: 50-TCCT

TGTCGTACAGGTTTAGC-30) were used in the real-time

PCR. The primers specific for human MMP-2, MMP-9,

Gli-1, and b-actin were reported previously [8, 21, 22].

Western blot

Western blot was done as described previously [8, 21]. In

brief, total protein was extracted from cells and protein

concentrations were then measured. Equal amounts of

protein were separated by SDS–polyacrylamide (PAGE)

gels and transferred to polyvinylidene difluoride (PVDF)

membranes (Millipore, Bedford, MA, USA). The mem-

branes were incubated with the primary antibodies against

Gli-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at

1:400, MMP-2 (Cell Signaling Technology, Beverly, MA,

USA) at 1:1,000, MMP-9 (Cell Signaling Technology) at

1:1,000, Snail (Cell Signaling Technology) at 1:800,

E-cadherin (Cell Signaling Technology) at 1:800, Vimentin

(Santa Cruz) at 1:500, and GAPDH (Santa Cruz) at 1:2,000

and then with horseradish peroxidase (HRP)-conjugated

secondary antibodies. The bands were detected with

enhanced chemiluminescence (ECL) kit (Pierce, Rockford,

IL, USA) and exposed to X-ray film.

Cell adhesion

Cell adhesion assay was performed as described previously

[8, 21]. In brief, the cells (1 9 105/well) were plated into

96-well plates precoated with fibronectin (Becton–Dickin-

son, Bedford, MA, USA). After incubation for 1 h at 37 �C

in 5 % CO2 incubator, the cells were washed with PBS to

remove the unattached cells. The attached cells were ana-

lyzed by MTT assay.

Wound-healing assay

Wound-healing assay was performed as described previ-

ously [21].
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Cell migration and invasion assay

Cell migration and invasion assay were done as previously

described [8, 21]. Briefly, 20 h after transfection, the cells

(1 9 105/well) with serum-free medium were plated onto

the upper chamber of 24-well Transwell inserts (Corning,

NY, USA). The lower chamber was filled with 500 lL

DMEM with 20 % fetal bovine serum. After 24 h of incu-

bation, the cells on the upper surface of the filter were wiped

out with a cotton swab and the cells that had migrated to the

lower surface of the filter were fixed, stained, and counted.

The cellular invasion potential was determined by the same

procedures described above, except that the Matrigel-coated

Transwell inserts were used.

Cell viability assay

Cell viability was examined by 3-[4,5-dimethylthiazol-2-yl]-

2, 5-diphenyltetrazolium bromide (MTT) assay. In brief, after

20 h of transfection, MTT (Sigma, St. Louis, MO, USA)

solution was added into each well. After 4 h, the medium was

removed and 100 lL dimethyl sulfoxide (DMSO) was added

into each well. The plates were read at 570 nm on an enzyme-

linked immunity implement. Each experiment was repeated

at least thrice in quadruplicate wells.

MMP gelatinase activity assay

The activities of MMP-2 and MMP-9 in the conditioned

media were determined by MMP gelatinase activity assay

as described previously [8, 21]. Briefly, after 20 h of

transfection, cells were incubated in serum-free DMEM for

18 h. The conditioned media were then collected and

centrifuged. The activities of MMP-2 and MMP-9 in the

conditioned media were detected using CHEMICON Gel-

atinase Activity Assay Kit (Cat. No. ECM700) (Chemicon,

Temecula, CA, USA) following manufacturer’s protocols.

Statistical analysis

All data were expressed as mean ± standard deviation

(SD) and were analyzed by two-tailed Student’s t test.

Statistical analyses were performed using SPSS 13.0 for

Windows (SPSS Inc., Chicago, IL, USA). P \ 0.05 was

considered significant.

Results

Gli-1 siRNA inhibited Gli-1 expression in hepatoma

cells

Our previous study has shown that Gli-1 is overexpressed

in SMMC-7721 and SK-Hep1 cells [8]. siRNA-mediated

RNA interference has proven to be a powerful means for

investigating the function of gene. Therefore, the specific

siRNA against Gli-1 was used to inhibit the Gli-1 expres-

sion. Our results demonstrated that Gli-1 mRNA levels

were significantly down-regulated in a concentration-

dependent manner, and the greatest knockdowns were

achieved at 100 nM in both SMMC-7721 and SK-Hep1

cells transfected with Gli-1 siRNA for 20 h (Fig. 1a).

Furthermore, the effectiveness of the siRNA to inhibit Gli-

1 expression was confirmed by western blot (Fig. 1b). In

contrast, control siRNA had little effect on Gli-1 mRNA

and protein expressions (Fig. 1). These data indicated that

Gli-1 siRNA effectively suppressed mRNA and protein

expressions of Gli-1 in hepatoma cells.

Down-regulation of Gli-1 inhibited hepatoma cell

adhesion, migration, and invasion

Because we have found that Gli-1 overexpression is closely

correlated with invasion and metastasis in human HCC

samples [8], we further confirmed whether Gli-1 contrib-

utes to hepatoma cell migration and invasion in vitro. To

that end, we down-regulated Gli-1 expression by using the

RNA interference approach in hepatoma cells and then

examined the adhesive, migratory, and invasive potential

Fig. 1 siRNA-mediated down-regulation of Gli-1 in hepatoma cells.

After SMMC-7721 and SK-Hep1 cells were transfected with control

siRNA or various concentrations of Gli-1 siRNA for 20 h, the mRNA

and protein levels of Gli-1 were detected by real-time PCR and

western blot, respectively. a Specific siRNA against Gli-1 signifi-

cantly down-regulated Gli-1 mRNA expression, whereas control

siRNA did not affect Gli-1 mRNA expression. *P \ 0.01, compared

with controls. b Western blot showed that Gli-1 protein expression

was significantly inhibited by Gli-1 siRNA
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of these cells. First, we found that the cell adhesive ability

of SMMC-7721 and SK-Hep1 cells was inhibited in a dose-

dependent manner after transfection with Gli-1 siRNA

(Fig. 2a). Next, the results of wound-healing assays dem-

onstrated that Gli-1 siRNA significantly suppressed the

motility of both SMMC-7721 and SK-Hep1 cells (Fig. 2b).

Then, we found that the migratory potential of Gli-1 siR-

NA-transfected SMMC-7721 and SK-Hep1 cells was dra-

matically decreased (Fig. 2c). Finally, down-regulation of

Gli-1 expression by siRNA significantly inhibited invasive

capability of SMMC-7721 and SK-Hep1 cells (Fig. 2d).

However, control siRNA did not affect adhesion, migra-

tion, and invasion of SMMC-7721 and SK-Hep1 cells.

To determine whether the effect of Gli-1 siRNA on cell

adhesion, migration, and invasion was dependent on its

cellular cytotoxicity, we examined the viability of SMMC-

7721 and SK-Hep1 cells transfected with Gli-1siRNA for

the same length of time using MTT assay. The results of

MTT assay showed that the viability of SMMC-7721 and

SK-Hep1 cells was not affected after transfection with Gli-

1 siRNA for 20 h at the indicated concentrations (Fig. 3).

These results suggest that the effect of down-regulation of

Gli-1 expression by siRNA on hepatoma cell adhesion,

migration, and invasion is independent of its cellular

cytotoxicity. Since 100 nM Gli-1 siRNA caused the

greatest suppression in hepatoma cell adhesion, migration,

and invasion, we used 100 nM Gli-1 siRNA for subsequent

experiments.

Down-regulation of Gli-1 decreased MMP-2 and MMP-

9 expressions and activities

MMP-2 and MMP-9 are known to play critical roles in the

extracellular matrix (ECM) degradation and be correlated

with HCC invasion and metastasis [22]. Therefore, we

studied whether decreased migratory and invasive poten-

tials of Gli-1 siRNA-transfected cells were associated with

MMP-2 and MMP-9. First, real-time PCR and western blot

were conducted to detect the alteration in the expressions

of MMP-2 and MMP-9. The results showed that down-

regulation of Gli-1 significantly decreased MMP-2 and

MMP-9 mRNA and protein expressions in SMMC-7721

and SK-Hep1 cells (Fig. 4a, b). Next, we determined

whether down-regulation of Gli-1 could decrease MMP-2

and MMP-9 activities. We found that MMP-2 and MMP-9

activities were significantly inhibited in the conditioned

media from Gli-1 siRNA-transfected SMMC-7721 and SK-

Hep1 cells (Fig. 4c). However, control siRNA had negli-

gible effect on the expressions and activities of MMP-2 and

MMP-9 (Fig. 4).

Gli-1 silencing up-regulated E-cadherin expression

and down-regulated Snail and Vimentin expressions

Epithelial-mesenchymal transition (EMT) is a key event in

HCC invasion [23, 24]. Therefore, we further investigated

whether Gli-1 has any effect on EMT. Real-time PCR and

western blot were done to detect the expressions of

E-cadherin, Snail, and Vimentin. Our results showed that

down-regulation of Gli-1 mediated by siRNA led to sig-

nificant up-regulation of E-cadherin mRNA and protein

levels and concomitant down-regulation of mRNA and

protein levels of Snail and Vimentin in SMMC-7721 and

SK-Hep1 cells, whereas control siRNA showed no effect

(Fig. 5), suggesting that down-regulation of Gli-1 blocks

EMT.

Discussion

Hedgehog (Hh) signaling pathway is known to play

important roles in embryonic development and the

b Fig. 2 Down-regulation of Gli-1 suppressed cell adhesion, motility,

migration, and invasion in hepatoma cells. SMMC-7721 and SK-

Hep1 cells were transfected with control siRNA or Gli-1 siRNA for

20 h. a The cells were then seeded into 96-well plates that were

precoated with fibronectin and incubated for 1 h. The adhered cells

were analyzed by MTT assay. *P \ 0.01, compared with controls.

b The cell monolayers were wounded with a pipette tip. Represen-

tative images were taken at 0 and 24 h after wounds were made. c The

cells seeded into the upper chambers of 24-well Transwell inserts and

incubated for 24 h. The migrated cells were counted by microscope

(9100 magnification). The data were presented as a percentage of

control. *P \ 0.01, compared with controls. d The invasive potential

of the cells was assayed using Matrigel-coated invasion chambers.

*P \ 0.01, compared with controls

Fig. 3 Cytotoxic effect of Gli-1 siRNA on hepatoma cells. After

SMMC-7721 and SK-Hep1 cells were transfected with control siRNA

or Gli-1 siRNA for 20 h, the viability of cells was determined by

MTT assays
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formation and development of several human cancers [5–7,

25]. Gli-1 is a core member of Hh signaling pathway and is

induced in cells that receive Hh signaling [26]. Gli-1

functions as an activator of transcription in Hh pathway.

Therefore, Gli-1 expression, especially nuclear transloca-

tion of Gli-1, is considered a marker of Hh pathway acti-

vation [10–14]. Accumulating evidences have shown that

Gli-1 is implicated in the progression of several cancers

including HCC [8, 17–20]. However, the precise roles and

mechanisms of Gli-1 in tumor invasion are still undefined.

In this study, our results demonstrated that down-regulation

of Gli-1 by siRNA significantly inhibited hepatoma cell

adhesion, migration, and invasion, suggesting that Gli-1

plays an important role in HCC invasion and metastasis

and that Gli-1 might be a potential therapeutic target for

HCC. Furthermore, our results showed that down-regula-

tion of Gli-1 reduced MMP-2 and MMP-9 expressions and

activities. In addition, we found that down-regulation of

Gli-1 increased E-cadherin expression and decreased

expressions of Snail and Vimentin. Taken together, these

Fig. 4 Down-regulation of Gli-1 inhibited expressions and activities

of MMP-2 and MMP-9. SMMC-7721 and SK-Hep1 cells were

transfected with control siRNA or 100nM Gli-1 siRNA for 20 h.

a MMP-2 and MMP-9 mRNA expressions in the cells were detected

using real-time PCR. *P \ 0.001, compared with controls. b MMP-2

and MMP-9 protein expression levels were determined by western

blot. c Conditioned media were collected and activities of MMP-2

and MMP-9 were analyzed by the MMP gelatinase activity assay.

*P \ 0.001, compared with controls
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results indicate that down-regulation of Gli-1 suppresses

HCC migration and invasion likely through inhibiting

expressions and activations of MMP-2, 9 and blocking

EMT.

Tumor invasion and metastasis are a complex multistep

process involving destruction of basement membranes and

proteolysis of extracellular matrix (ECM) as an early event

in the metastatic cascade [27]. Matrix metalloproteinases

(MMPs), are a family of zinc-dependent endoproteinases

that play an important role in proteolysis of ECM [28, 29].

Among the MMPs, MMP-2 and MMP-9 are especially

important for tumor invasion and metastasis [27–29]. Our

previous studies have revealed that MMP-2 and MMP-9

play important roles in HCC invasion and metastasis [8, 21,

22]. In this study, we found down-regulation of Gli-1 by

siRNA could significantly suppress the expressions and

activities of MMP-2 and MMP-9, suggesting that Gli-1 is

involved in HCC migration and invasion through regulat-

ing expressions and activations of both MMP-2 and MMP-

9.

Epithelial-mesenchymal transition (EMT) is a process

by which epithelial cells lose fundamental epithelial char-

acteristics and acquire a mesenchymal phenotype. EMT

endows epithelial cells with enhanced migratory and

invasive potential [30]. EMT is critical for normal devel-

opment, tissue repair and tumor invasion, and metastasis

[24, 30, 31]. Studies have suggested that EMT plays a

pivotal role HCC invasion and metastasis [23, 24].

A hallmark of EMT is loss of E-cadherin expression [30,

32]. E-cadherin is a calcium-dependent cell adhesion

molecule that participates in cell–cell adhesion. The loss of

E-cadherin expression is associated with invasion and

metastasis of tumor including HCC [33]. Several mecha-

nisms are responsible for loss of E-cadherin in cancer,

including transcriptional repression by EMT-inducing

factors. Among the EMT-inducing factors, zinc-finger

transcription factor Snail is the most prominent one [34–

36]. Snail can bind to E-cadherin promoter and repress its

transcription, which has been implicated in the triggering

of EMT [34, 35]. Snail has been found to be correlated with

invasion, metastasis, and poor prognosis in several tumors

including HCC [36, 37]. Vimentin is a marker for EMT

because Vimentin is characteristically up-regulated in cells

undergoing EMT [38, 39]. Vimentin is overexpressed in a

variety of epithelial cancers and its overexpression is cor-

related with tumor growth, invasion, and poor prognosis

[39]. Therefore, we studied whether down-regulation of

Gli-1 inhibited EMT by detecting the alteration in

expressions of E-cadherin, Snail, and Vimentin. Our results

demonstrated that down-regulation of Gli-1 significantly

increased E-cadherin expression and concomitantly

decreased Snail and Vimentin expressions in hepatoma

cells, indicating that down-regulation of Gli-1 might be an

effective approach for blocking EMT and that down-reg-

ulation of Gli-1 suppresses HCC cell migration and inva-

sion partly through blocking EMT.

In summary, our results show that Gli-1 plays a critical

role in HCC cell migration and invasion. Furthermore,

down-regulation of Gli-1 significantly inhibits HCC cell

migration and invasion through down-regulating MMP-2, 9

and blocking EMT. These data not only suggest that down-

regulation of Gli-1 expression may provide a useful

Fig. 5 Knock-down of Gli-1

up-regulated E-cadherin

expression and down- regulated

Snail and Vimentin expressions.

SMMC-7721 and SK-Hep1

cells were transfected with

control siRNA or 100 nM Gli-1

siRNA for 20 h. a Real-time

PCR analysis of E-cadherin,

Snail, and Vimentin mRNA

expressions in transfected cells.

*P \ 0.001, compared with

controls. b Western blot

analysis of E-cadherin, Snail,

and Vimentin protein

expressions in transfected cells
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therapeutic option for HCC invasion and metastasis, but

also provide new insights into the molecular mechanisms

of HCC invasion and metastasis. However, the roles for

Gli-1 in invasion of HCC cells in vitro merit further

investigation in vivo. Further researches on other molecular

mechanisms underlying Gli-1-mediated HCC invasion and

metastasis are also warranted.
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