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Abstract. The Hedgehog (Hh) pathway is an evolutionarily 
conserved signaling mechanism that controls many aspects of 
cell differentiation and the development of tissues and organs 
during embryogenesis. Early investigations have focused on the 
effects of Hh activity on the development of organs including 
skin, gut, the nervous system and bone. However, in addition 
to normal developmental processes, these investigations also 
found that Hh signaling is involved in aberrant proliferation 
and malignant transformation. Consequently, the role of Hh in 
cancer pathology, and its modulation by environmental factors 
is the subject of many investigations. Numerous environmental 
toxins, alcohol, and hepatitis viruses can cause hepatocellular 
carcinoma (HCC), which is the most common form of liver 
cancer. Significant hyperactivation of Hh signaling has been 
observed in liver injury and cirrhosis which often leads to the 
development of HCC lesions. Moreover, Hh activity plays an 
important role in the progression of HCC. Here, we review 
findings relevant to our understanding of the role of Hh 
signaling in HCC pathogenesis.
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1. Introduction

Hepatocellular carcinoma (HCC) is a global health problem. 
HCC is one of the most common forms of cancer and the third 
leading reason for cancer-related death  (1). Unfortunately, 
there are no typical clinical manifestations of early-stage 
HCC. Therefore, most patients are identified at later stages 
of the disease, and are often treated by therapies including 
radical liver resection and liver transplantation. The long-term 
outcome of current palliative treatments for HCC such as 
transcatheter arterial chemoembolization (TACE) and radio-
frequency ablation (RFA) is not satisfactory (2,3). Thereby, 
there is an urgent need to investigate the underlying molecular 
pathogenesis in order to develop novel therapies for HCC.

Hedgehog (Hh) signaling pathways are objects of intense 
investigation in HCC studies. Hh signaling contributes to cell 
differentiation, organ formation, carcinogenesis and cancer 
metastasis. Studies indicate that Hh signaling is aberrantly 
activated to promote proliferation, viability, migration and 
invasion of HCC cells (4-6). In this review, we summarize 
basic components of the Hh pathway and its role in HCC 
pathogenesis.

2. Characterization of Hh signaling

Hh signaling was first identified by the Nobel laureates 
Wieschaus and Nusslein-Volhard by mutagenesis screening 
assays in Drosophila (7). They found that Hh mutations lead 
to abnormal hedgehog-like denticle formation in flies. This 
signaling pathway is conserved from flies to vertebrates, 
and includes 7 main components: Hedgehog (Hh), Patched 
(PTCH), Smoothened (Smo), GLIs, kinesin-like protein 
Costal 2 (Cos 2), fused (Fu) and suppressor of fused (SuFu).
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There are 3  types of Hh protein found in mammalians 
including Sonic hedgehog (Shh), Indian hedgehog (Ihh) 
and Desert hedgehog (Dhh) (8). The Hh protein precursor 
consists of a C-terminal protease domain and an N-terminal 
signaling unit. After undergoing a series of modifications, the 
N-terminus of the Hh protein is modified with palmitates (9), 
and its C-terminus is bound to a cholesterol moiety (10), which 
facilitates Hh protein to be secreted from cells.

Hg targets the PTCH receptor, which is a 12-span trans-
membrane protein. PTCH acts as a negative regulator of the 
Hh pathway by inhibiting the G protein-coupled receptor Smo 
in the absence of Hh protein. After binding with Hh protein, 
PTCH allows Smo to release GLIs from a multiple protein 
complex. These GLIs then enter the cell nucleus to regulate 
transcription of target genes. There are three GLI proteins 
found in humans including GLI1, GLI2 and GLI3. The GLI1 
gene was initially identified as being amplified in human 
glioma (11-13).

GLI1, GLI2 and GLI3 share a highly similar protein struc-
ture consisting of 5 conserved tandem zinc fingers, a relative 
conserved N-terminal domain, several possible PKA sites 
and other small conserved domains in the C-terminus. They 
also have a common DNA-binding domain which can target 
the DNA sequence GACCACCCA (14). As shown in Fig. 1, 
several GLI target genes have been identified which affect 
cell proliferation [MYCN (15), CCND1 (16), CCND2 (17), 
FOXM1 (18)], stem regeneration [JAG2 (16), FST (19)], cell 
survival [BCL2 (16), CFLAR (20)], and EMT [FOXC2 (21), 
SNAI1 (4), TWIST2 (22)].

GLI proteins associate with Cos 2, Fu and SuFu to join the 
GLI-Cos 2-Fu-SuFu complex in the cytoplasm in the absence 
of Hh (23). While associated with the cytoplasmic complex 
GLI proteins are sequestered from the nucleus and target 
genes are not activated. In addition, protein kinases including 
PKA, GSK3 and CK1 can promote phosphorylation of GLIs to 
suppress there transcriptional activity. These phosphorylated 
GLIs enter the cell nucleus to inhibit the regulatory effect of 

Hh signaling on target genes by SIN3-HDAC or SKI-HDAC 
dependent mechanisms (24).

When Hh protein binds with PTCH, Smo is activated and 
translocates to primary cilia. Consequently, GLI proteins are 
cleaved into activated forms, released from the cytoplasmic 
GLI-Cos 2-Fu-SuFu complex, and bind to promoter regions 
to regulate the transcription of downstream genes. However, 
recent studies indicate that GLI activation can also be 
controlled by Hh-independent mechanisms. For example, 
the RAS-MEK/AKT pathway can modify the Hh pathway in 
cancer cells (25). Other studies suggest that TGFβ1 can induce 
GLI1 upregulation in HCC (4).

3. Aberrant activation of Hh signaling in cancers

Components of the Hh pathway are frequently mutated in 
cancer. There have been three main events by which the Hh 
pathway is aberrantly activated in cancer (Fig. 2). Type I events 
underlie a ligand-independent constitutive activation of Hh 
signaling due to mutations that inactivate negative regulators 
including PTCH or SuFu, and/or hyperactivation of Smo and 
GLI1, which are found in basal cell carcinoma (BCC) (26) and 
medulloblastoma (27). Type II events lead to ligand‑dependent 
autocrine signaling in which cancer cells produce and secrete 
Hh ligands, which have been found in lung cancer  (28), 
gastrointestinal cancer (29) and prostate cancer (30). Type IIIa 
events cause ligand-dependent paracrine affects by activating 
Hh signaling in stromal cells as a result of Hh ligands excreted 
by cancer cells, mostly in pancreatic cancer (31). Type IIIb 
events arise as a ligand-dependent reverse paracrine response 
in which the Hh pathway of cancer cells is activated by Hh 
ligands excreted by stromal cells, which are found in malig-
nant lymphoma and plasmacytoma (32).

Hh signaling contributes to the pathogenesis of various 
cancers. For example, GLI1 was found to be highly amplified 
in human glioblastoma tissues and derived cell lines and is 
attributed to gliomagenesis (33). Aberration of Hh signaling 

Figure 1. The GLI target genes.
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was also found in medulloblastoma which is the leading 
malignant pediatric brain tumor worldwide.

Experiments demonstrate that aberrant activation of Hh 
signaling promotes brain tumor growth via upregulation of 
cell proliferation (34). It has become clear that a majority of 
basal cell carcinoma (BCC) patients have aberrant activation 
of the Hh pathway (35). Consistently, there is often constitutive 
activation of downstream targets of the Hh pathway in BCC. 
For example, Watkins et al (36) found that Shh factors are 
overexpressed in small-cell lung cancer (SCLC). Furthermore, 
the Hh pathway in lung cancer can be activated in a Type IIIa 
manner by an Hh ligand-dependent paracrine mechanism.

Lauth et al (37) report that Hh signaling of stromal cells in 
lung cancer can be activated by Shh secreted by cancer cells, 
and that activated stromal cells secrete numerous cytokines 
to promote the malignant phenotype of lung cancer cells. In 
addition, constitutive Hh signaling has also been identified as 
a critical mechanism leading to breast cancer (38). Various 
mutations of Hh signaling, including inactivating mutations 
of PTCH, activating missense mutations of Smo, and loss of 
function mutations of SuFu are found in breast cancer and are 
implicated in mammary carcinoma development (39,40).

In addition to mutations, epigenetic regulatory mechanisms 
can lead to activation of Hh signaling. These include hyper-
methylation of the promoters of hedgehog interacting protein 
(Hip) and PTCH, and hypomethylation of Shh promoters (41). 
Aberrant Hh signaling has been found in colon cancer, and 
appears to promote the progression of colon cancer from 
local adenoma in colon epithelium to advanced adenoma 
with distant metastasis (42). Multiple mechanisms mediated 
by ligand-dependent and ligand-independent signaling cause 
hyperactivation of Hh signaling in colon cancer. For example, 
overexpression of Shh has been found in colon cancer 
tissues (42), while both loss-of-function PTCH mutations and 

gain-of-function Smo mutations are frequently found in colon 
cancers (43). Indeed, aberrant activation of Hh signaling has 
been shown to promote proliferation, migration, and invasion 
of colon cancer cells (44,45).

4. The role of Hh signaling in HCC

As mentioned above, the Hh pathway is altered and contributes 
to the development and progression of many types of cancer. 
These include liver cancer, prostate cancer, neuroblastoma and 
ovarian cancer. The role of Hh in HCC is particularly compel-
ling.

Many groups have found aberrant activation of Hh 
signaling in HCC (4,6,46). However, the underlying mecha-
nisms of Hh activation in HCC are complex. Lu et al  (46) 
reported that Shh treatment at a concentration of 0.5 µg/ml 
increased GLI1 expression and promoted HCC cell invasion 
and migration. These results indicate that Hh signaling in 
HCC can be activated by a ligand-dependent manner. Others 
have also found that Shh treatment can stimulate Hh signaling 
in HCC cells (47).

Interestingly, Sicklick et al (48) found overexpression of 
Smo and an increase in the stoichiometric ratio of Smo to 
PTCH mRNA levels in HCC, and that this effect is related with 
tumor size and may be a prognostic marker of liver cancer. 
Sicklick et al (48) also found mutant Smo expression in Hep3B 
cells and that cyclopamine (an inhibitor against wild-type Smo) 
did not affect Hh signaling activation and growth of these cells. 
However, after treatment with KAAD‑cyclopamine, which is 
a blocker of mutant Smo, Hh signaling activity in Hep3B was 
repressed by ~50% and the growth rate was decreased by 94%.

Tada et al (49) found hypermethylation of Hip promoters 
and loss of heterozygosity (LOH) at the Hip locus, which was 
attributed to downregulation of Hip in HCC tissues. Recent 

Figure 2. A model of various types of aberrant activation of the Hh pathway in cancer. Hh, Hedgehog.
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experiments also found that HCC cells secrete Shh to induce 
glycolysis of neighboring MFs, which consequently leads to 
the production of myofibroblast-derived lactate that HCC cells 
use as an energy source (50). These results indicate that Hh 
ligand‑dependent paracrine manner (Type IIIa) may play an 
important role in the pathogenesis of HCC.

As shown in Fig. 3, several studies revealed the key effects 
of Hh signaling on HCC. Previous studies have found that GLI1 
expression is positively correlated with the EMT phenotype 
and with intrahepatic metastasis and portal venous invasion 
of human HCCs (6). In addition, gene expression microarray 
analysis found that GLI1 mRNA overexpression in HCC 
tissues was associated with rapid recurrence of HCC tumors 
after surgery (4). Other studies used immunohistochemistry 
to find that GLI1 expression in HCC tissues is associated 
with disease-free survival and overall survival. In contrast, 
in vitro experiments indicated that forced expression of GLI1 
promotes proliferation, viability, colony formation, migration 
and invasion of Huh7 cells, while silencing GLI1 expression in 
SNU398 cells produced opposite results.

To elucidate the mechanisms that may underlie the 
effects of GLI1 on HCC growth and motility, we searched 
the sequence of the SNAI1 promoter to find potential GLI1 
protein binding sites. Through chromatin immunoprecipita-
tion (ChIP) assays, GLI1 was found to bind to a region in 
the SNAI1 promoter located -1,417/-1,214 bp upstream of the 
transcriptional start site. Additionally, overexpression of GLI1 
induced upregulation of SNAI1 in Huh7 cells and knockdown 
of GLI1 in SNU398 cells decreased the expression of SNAI1. 
Consistently, the EMT phenotype of Huh7 cells was induced 
by upregulation of GLI1, and knockdown of GLI1 reversed 
EMT to MET in SNU398 cells. These results strongly indicate 
that GLI1 overexpression is essential for HCC cells to obtain 
and maintain their EMT phenotype. On the other hand, we 
also found that TGFβ1 treatment leads to upregulation of GLI1, 
which is necessary for TGFβ1-driven EMT in Huh7 cells. 
During investigation of the anti-HCC function of sulfatase 2 
inhibitor OKN-007, we found that activity of Hh signaling was 
modulated by sulfatase 2 in HCC cells (3).

Hepatitis B virus encoded X protein (HBx) can also 
contribute to the pathogenesis of HCC. Arzumanyan et al (51) 
found a positive relationship between HBx and Hh signaling 
components in HCC cell lines, samples of HCC secondary to 
HBV infection and relevant mouse specimens. Inhibiting Hh 
signaling eliminated the ability of HBx to promote cell migra-
tion, anchorage-independent growth, and tumor development 
of HCC. Hence, it seems that activation of Hh signaling is 
necessary for HBx to accelerate hepatocarcinogenesis.

Pereira et al (52) found increased hepatic expression of 
Hh ligands in all patients with chronic hepatitis during liver 
cirrhosis and HCC. In addition, inhibiting Hh signaling in 
these Hh-responsive cells blocked fibrosis. Based on these 
findings, it seems that hepatitis infection can increase the 
production of Hh ligands in hepatocytes and liver accumula-
tion of Hh-responsive cells, which aggravates liver cirrhosis 
and hepatocarcinogenesis.

Autophagy plays a central role in controlling apoptosis 
of HCC cells. Wang et al (47) found that activating the Hh 
pathway through treatment of Shh and its agonists (SAG 
and purmorphamine) blocked the induction of autophagy in 

several HCC cell lines. In addition, inhibition of Hh signaling 
by GANT61, which is a small-molecule inhibitor of GLI1, 
induced autophagy. These results demonstrate that Hh 
signaling is involved in aberrant autophagy of HCC cells.

Activation of Hh signaling was also found to promote the 
invasion and metastasis of HCC via mediating the ERK-driven 
overexpression of MMP-9 (46). EMT is believed to be the 
critical event to promote migration and invasion of cancer 
cells. Our preliminary clinical data indicate that activation of 
Hh signaling is correlated positively with the mesenchymal 
marker S100a4 and clinicopathological characteristics 
indicative of an enhanced metastatic potential of HCC (6), 
and negatively correlated with expression of epithelial marker 
E-cadherin. In addition, forced expression of GLI1 was found 
to trigger HCC EMT in vitro. Experiments utilizing Mdr2 
knockout mice provide convincing evidence of an important 
role of Hh signaling in the development of HCC from liver 
cirrhosis (53). These experiments found that Hh signaling was 
activated aberrantly in Mdr2 knockout mice compared with 
wild-type mice. Chen et al (54) reported that well-differen-
tiated CD133(+)/ALDH(high) or CD133(+)/EpCAM(+) HCC 
cells (Huh7 and Hep3B cells) displayed features similar to 
HCC stem cells. These cancer stem-like cells were found to 
have enhanced Hh signaling activity which was responsible for 
their chemoresistance and tumor invasion.

5. Hh target therapies for cancer

The first Hh signaling inhibitor, cyclopamine, was found by 
Cooper et al (55) in 1998. Since then, other small-molecule 
Hh signaling inhibitors have been designed for in vitro and 
in  vivo studies of cancer treatment (briefly summarized 
in Fig. 4). These inhibitors target different components of Hh 
signaling including Smo, Shh and GLI1 (56). Some of these 
compounds have been tested in clinical trials; for example, 
vismodegib/GDC-0449, LED225 and GANT61.

Vismodegib, also named GDC-0449, is a small molecule 
designed by Curis Genentech to target Smo. The antitumor 
effect of vismodegib was first identified in a medulloblastoma 
allograft mouse model, in which vismodegib treatment at 
doses of 12.5 mg/kg BID repressed the growth of medul-
loblastoma completely  (57). Preclinical studies also found 
similar antitumor effects of vismodegib on colon cancer, 
pancreatic cancer, lung cancer, esophageal cancer and gastric 
cancer  (58-60). These experiments found that GDC-0449 
represses cell growth and promotes the apoptosis of pancreatic 
cancer cells by activating TRAIL-R/DR signaling, caspase-3 
signaling, and inducing PARP cleavage (61).

Most clinical trials of vismodegib have been carried out in 
BCCs and ovarian cancers. In a phase I clinical trial of BCCs, 
vismodegib showed a 55% response rate in 33  advanced 
BCC patients and was well tolerated (62). The most common 
side‑effects included muscle spasms, altered taste, weight loss 
and hyponatremia.

Phase II clinical trials of vismodegib were performed in 
advanced ovarian cancer and BCCs. These clinical trials on 
advanced ovarian cancer conducted by Genentech found that 
the average time for the disease to progress was 7.5 months 
in the vismodegib group compared with 5.8 months in the 
placebo group (63). Phase II clinical trials of vismodegib on 
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BCCs found an objective response rate in metastatic basal cell 
carcinoma that reached up to 30.3%, and an objective response 
rate in locally advanced basal cell carcinoma of 42.9% (64). 
On the basis of these clinical trials (65), the US Food and Drug 
Administration approved the use of Erivedge™ (vismodegib) 
capsules for the treatment of patients with recurrent, locally 
advanced or metastatic BCC in January 30, 2012.

LDE225 is another inhibitor of Smo designed by Novartis. 
Preclinical experiments found that it suppresses the develop-
ment of BCC. Novartis conducted 2 clinical trials of LDE225 

for cancer therapy using different methods of administra-
tion. An LDE225 cream was used to treat nevoid basal cell 
carcinoma syndrome (NBCCS) in one phase I clinical trial 
which found a 92.3% (12/13) clinical response rate and a mean 
volume reduction of 49.8% in the LDE225 group compared to 
9.1% in the placebo group (66). Interestingly, Hh signaling in 
NBCCS tissues was also inhibited by this treatment.

Another phase I clinical trial was carried out to test an oral 
dosing regimen of LDE225 in patients with advanced solid 
tumors. As expected, GLI1 mRNA was reduced when the 

Figure 3. The different molecular mechanisms by which constitutively active Hh signaling induce hepatocarcinogenesis and promote the malignant phenotypes 
of HCC. Hh, Hedgehog; HCC, hepatocellular carcinoma.

Figure 4. The small molecules against Hh signaling. Hh, Hedgehog.
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dose of LDE225 was increased. Side-effects included fatigue, 
nausea, vomiting, anorexia, muscle cramps and dysgeusia (67). 
Unfortunately, apparent drug-resistance was observed in these 
clinical trials, which thwarted its clinical development. This 
drug-resistance was considered to be associated with overex-
pression of Gli2 and point mutations in Smo, which maintained 
constitutive activation of Hh signaling in solid tumors.

GANT61 is a hexahydropyrimidine derivative designed as 
a small molecular inhibitor that targets GLI1. Lauth et al (68) 
first identified its ability to reduce GLI1-mediated transcrip-
tion and named it GANT61 (for Gli-ANTagonist). Although 
it has not yet been tested in clinical trials, GANT61 has 
displayed promising antitumor effects in several preclinical 
studies. GANT-61 was found to inhibit cell viability, spheroid 
formation, and GLI-DNA binding and transcriptional activi-
ties in pancreatic cancer stem cells (69). Moreover, GANT61 
was found to induce autophagy, apoptosis and cytotoxicity 
in HCC cells in vitro and can inhibit tumor growth in SCID 
mice (47). Because of its favorable antitumor effect in a variety 
of cancers, this compound may serve as a potential targeting 
therapy against Hh signaling.

6. Conclusions

In normal adult liver tissues, Hh signaling is inactivated. 
However, constitutive activation of Hh signaling is found 
in lesions from chronic liver injuries and cirrhosis to HCC. 
Evidence demonstrates that alterations of Hh signaling promote 
HCC development and progression via different mechanisms. 
There are several small-molecule drugs specifically designed 
to target Hh signaling that are undergoing clinical trials. Some 
of these have been approved to treat BCC in the clinic. It is 
likely that targeting Hh signaling will develop into an impor-
tant part of a comprehensive strategy to combat advanced 
HCCs and bring a brighter future to liver cancer patients.
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