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Abstract
An increasing progress on the role of Hedgehog (Hh) signaling for carcinogenesis has been
achieved since the link of Hh pathway to human cancer was firstly established. In particular, the
critical role of Hh signaling in the development of Basal cell carcinoma (BCC) has been
convincingly demonstrated by genetic mutation analyses, mouse models of BCCs, and successful
clinical trials of BCCs using Hh signaling inhibitors. In addition, the Hh pathway activity is also
reported to be involved in the pathogenesis of Squamous Cell Carcinoma (SCC), melanoma and
Merkel Cell Carcinoma. These findings have significant new paradigm on Hh signaling
transduction, its mechanisms in skin cancer and even therapeutic approaches for BCC. In this
review, we will summarize the major advances in the understanding of Hh signaling transduction,
the roles of Hh signaling in skin cancer development, and the current implications of “mechanism-
based” therapeutic strategies.
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1. Introduction
Major advances in understanding the Hedgehog (Hh) pathway have been achieved since the
Hh gene was identified in 1980 through genetic analyses of Drosophila segmentation by the
Nobel laureates Eric Wieschaus and Christiane Nüsslein-Volhard[1]. As an essential
signaling pathway in embryonic development, Hh pathway is critical for maintaining tissue
polarity both for invertebrate and vertebrate embryos. Since inactivation of this pathway was
linked to the hereditary developmental disorder holoprosencephaly in 1996[2,3], several
human syndromes have been linked to genetic alterations in Hh pathway genes[4]. The most
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significant achievement is the link between the Hh pathway signaling activation and human
cancer[5–8].

During the past fifteen years, studies revealed activation of Hh pathway in basal cell
carcinoma, medulloblastoma, leukemia, gastrointestinal, lung, ovarian, breast, liver,
pancreatic and prostate cancer[8–13]. The initial link between Hh signaling and human
cancers was made from the discovery that loss-of-function mutations of human PTCH1 on
human chromosome 9q22 are associated with a rare and hereditary form of BCC-basal cell
nevus syndrome(BCNS), also called Gorlin syndrome[14,15]. Gorlin syndrome is a rare
autosomal genetic disease with two distinct sets of phenotypes: predisposition to develop
cancer such as BCC and medulloblastoma, and developmental defects such as bifid ribs and
ectopic calcification. The tumor suppressor role of PTCH1 was demonstrated in knockout
mice, where Ptch1+/− mice develop tumors in addition to other features observed in patients
with Gorlin syndrome, such as spina bifida occulta[16–18].

More insights on the role of Hh pathway in human cancer was revealed from studies of basal
cell carcinoma and medulloblastoma[8,11,19–21]. Recent evidence indicate thatthat
activation of the Hh pathway plays an important role in other kinds of human skin cancer,
such as SCC[22,23], melanoma[24–26] and Merkel cell carcinoma[27]. Inhibitors and
modulators of Hh pathway are believed to be promising drugs in the clinical application of
human skin cancer treatment[20,28–30]. Delineation of this pathway may improve our
understanding of the role of Hh pathway in skin cancer and may lead to rational medical
therapy for skin cancer and possibly other tumors. We will first review recent advances in
our understanding of Hh signaling before we discuss the role of this pathway in human
cancer.

2. The Hedgehog signal transduction in vertebrates
The Hh pathway was found to be highly conserved from fruit fly to human[31]. However,
some significant differences between vertebrates and invertebrates in regard to Hh signaling
components and their interplays have been discovered. Figure 1 shows a simplified diagram
of the Hh signaling pathway in vertebrates.

Three hedgehog paralogous genes in vertebrates (one Hh in Drosophila) are Sonic Hh (Shh),
Indian Hh (Ihh), and Desert Hh (Dhh) respectively. The Hh protein is synthesized as a
precursor with 45 kDa in molecular weight, which undergoes auto-processing to generate
the amino-terminal fragment (HhN). The HhN fragment becomes active after two post-
translational modifications, covalent binding of a cholesterol moiety to their carboxyl
terminus and palmitoylation at the N-terminus by hedgehog acyltransferase Skinny [32–36].
These lipid modifications contribute critically to the proper movement and full signaling
potency of Hh proteins [37, 38]. After maturity, the Hh proteins are released from the
producing cell. The secretion is dependent on dispatched (Disp)[39, 40], a 12-
transmembrane transporter-like protein with structural homology to Hh receptor PTCH. In
addition to Disp, there are several other molecules involved in this process, including
metalloproteases[41], the heparan sulfate proteoglycans Dally-like (Dlp) and Dally[42, 43]
or their regulators[44], as well as enzymes such as Sulfateless and Tout velu[45–47]. Then
the Hh proteins can function either at short range to nearby cells or at long range to distant
cells.

The signaling cascade of this pathway is initiated by binding of a Hh ligand to its membrane
receptor PTCH[48]. In fact, there are two PTCH homolog genes in vertebrates, namely
PTCH-1 and PTCH-2 (12-transmembrane proteins). PTCH-1 is critical for embryonic
development, and is a human tumor suppressor gene. Smoothened (SMO), a 7-
transmembrane protein on the cell surface, is a positive regulator of the signaling.
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Data from a study in Drosophila showed direct evidence for SMO-coupling to G protein Gαi
in the regulation of Hh pathway activation[49]. The precise mechanism by which SMO
transduces the signaling cascade remains unclear. It is known, however, that a
conformational change in SMO[50] and SMO protein translocation to the primary cilium are
the two critical events for Hh signaling in vertebrates. In the absence of Hh, PTCH inhibits
SMO[51], which inactivates target gene expression. In the presence of Hh, the repression of
SMO by PTCH1 is however lifted, triggering activation of downstream Shh effectors, the
glioma-associated (Gli) family of transcription factors. The Gli transcription factors (Gli1,
Gli2, Gli3 in vertebrates and Ci in Drosophila) control the expression of Shh target genes
including PTCH1 and Gli1, which provide negative and positive feedback for Hh signaling,
respectively[52–56]. Several molecules are engaged in the reception of Hh ligands with
PTCH. The Hh-interacting protein (HIP) can compete with PTCH to bind Hh, resulting in
the negative regulation of Hh signaling[57]. On the other hand, CDO and BOC (its
invertebrate homologue Ihog), GAS1, and Glypican-3 serve as co-receptors of Hh[58–65].

It is not entirely clear how PTCH regulates SMO activity. It is believed that the primary
cilium, a cell organelle present on most mammalian cells, plays an important role in the Hh
signaling [66–71]. The current model for this regulatory mechanism involves trafficking of
the PTCH and SMO in and out of the cilium as a key event in regulating SMO activity, not a
physical interaction. In this model, PTCH1 is localized at the base of the primary cilium
where it inhibits the activation of SMO. One molecule of PTCH can inhibit several
molecules of SMO, suggesting that the inhibition of SMO by PTCH is in a catalytic
way[51]. No solid evidence has been provided to support direct suppression of SMO by
PTCH. The currently most favorite model is that PTC limits SMO signaling by transporting
small endogenous molecules specifically targeted to SMO. Candidates of these small
molecules include PI4P, lipoproteins, and pro-vitamin D3[20,72–75]. However, how these
molecules regulate SMO signaling is unknown, and further studies are needed to further
identify such small molecules

Upon binding of a Hh ligand, the receptor/ligand complex is translocated out of the primary
cilium and internalize in endosomal vesicles, which triggers mobilization of SMO into
cilium[20]. The level of SMO protein localized to the cilium is correlated with the Hh
pathway activation. The exact mechanism of SMO ciliary translocation in response to Hh
signaling remains unknown. Some evidence indicate that that β-arrestin 2 can regulate
ciliary localization of SMO[76]. Recent studies suggest that ciliary mobilization and
localization of SMO is not sufficient for SMO activation, and that its complete activation
requires a second separate event [77,78]. The observation that cyclopamine, a SMO
inhibitor, did not prevent the ciliary localization of SMO can be partly explained by the two-
step activation ratiocination. Since not all events of the Hh signaling occur in cilium[79, 80],
the role of cilium for Hh signaling downstream of SMO remains unclear.

It is not clear how SMO activation triggers a cascade of downstream events. Gli
transcription factors can directly bind to a consensus binding site (5’-TGGGTGGTC-3’) in
the promoter of target gene[82–85]. Regulation of Gli activity involves cytoplasmic-nuclear
shuttling, protein phosphorylation, ubiquitination, acetylation, and protein degradation of Gli
molecules. Protein kinase A can retain Gli1 protein in the cytoplasm via a PKA site in the
nuclear localization signal domain[86], whereas activated Ras signaling induces Gli nuclear
localization[26,87]. Protein kinase A (PKA), glycogen synthase kinase 3β (GSK3β), and
casein kinase 1 (CK1) can sequentially phosphorylate the C-terminus phosphorylation sites
of Gli3, targeting Gli3 to the proteasome for limited degradation. β-TrCP, cul3/BTB and
numb/Itch mediate Gli ubiquitination[88–95]. β-TrCP E3 ligase also can process Gli3 into a
transcriptional repressor[89]. Additionally, the protein kinases Cdc2l1, DYRK2, and
MAP3K10, were identified in genome-wide screens as affecting Gli activity [96, 97].
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Several molecules have been identified to be genetically downstream of SMO signaling in
Drosophila, including COS2 and Fused. How their vertebrate homologues function in Hh
signaling is yet established. Recent in vivo studies support that a COS2 homologue KIF7
functions in the Hh pathway, but no direct interaction between SMO and KIF7 is
detected[98,99]. The phenotype of vertebrate Fused knockout mice is not similar to that
observed in Shh null mice[100–102], and no changes of Hh signaling are observed in Fused
null mice, suggesting that Fused is not critical for Hh signaling during early embryonic
development of vertebrates. Suppressor of fused (Su(Fu)) is a negative regulator of
mammalian Gli transcriptional factors[103, 104]. Su(Fu) is originally identified genetically
in Drosophila, but itself is not required for pathway activity. In contrast, vertebrate Su(Fu)
has an important role in the regulation of Gli activity. Su(Fu) null mouse mutants fail to
repress the pathway, resulting in activation of Hh signaling [105, 106]. Su(Fu) can associate
with all three Gli molecules [107,108] and may control nuclear translocation[103, 104] and
degradation of these transcription factors[109]. Other evidence indicate that Su(Fu) may
interact with the SCL/ TAL1 interrupting locus (SIL), which interferes with Su(Fu)'s
repression on GLI1 [110]. Su(Fu) can also recruit SAP18 to occupy the Gli binding sites in
the nucleus[111, 112], or recruit GSK3 beta for Gli3 processing[113]or interacts with Rab23
to inhibit Gli transcriptional activity (our unpublished data).

Several novel cytoplasmic regulators of Hh signaling in mammalian cells have been
identified, for instance, Rab23[114] and tectonic[115] both are negative regulators
downstream of SMO. Our data suggest that Rab23 may inhibit Gli1 activity in a Su(Fu)-
dependent manner (our unpublished data), but the exact mechanism of action remains to be
elucidated. Unlike many other Rab family members, Rab23could be localized in the nucleus
and cytoplasm[116, our unpublished data], suggesting that Rab23 may have other
uncharacterized functions apart from membrane trafficking.

Interestingly, PTCH, HIP, GAS1, and Gli1 are components as well as transcriptional targets
of Hh pathway, suggesting that feedback regulatory loops are part of the mechanisms to
maintain the level of Hh signaling and modulate the response of Hh signaling[117–120].
PTCH and HIP provide negative feedback regulation, whereas Gli1 forms a positive
regulatory loop. On the other hand, GAS1 is down-regulated by the Hh pathway but it is a
positive regulator for Hh signaling.

3. Skin cancers linked to aberrant Hedgehog pathway activity
Skin cancer is the most frequent cancer worldwide, and its incidence increases every year,
leading to a huge health problem and financial burden in many countries. It is necessary,
therefore, to get further understanding of molecular mechanism underlying skin
carcinogenesis. In the past 15 years, convincing evidence indicate BCC etiology is highly
dependent on the aberrant activation of hedgehog signaling pathway[19–21], which also
plays an important role in SCC and MM[22–26] Other important alterations in SCC and
MM include p53 pathway and the p16/Rb pathway.

3.1 Basal cell carcinoma
The first link between the Hh pathway and BCC came from the discovery of loss-of-
function mutations of PTCH1 gene in Gorlin syndrome[14,15]. The individual patients with
Gorlin syndrome are strongly predisposed to the development of basal cell carcinomas
(BCCs) in the skin at early age as well as medulloblastomas. In addition, the incidence of
meningioma, ovarian and heart fibroma, fetal rhabdomyoma (RM), and possibly
rhabdomyosarcoma (RMS) is also higher in Gorlin Syndrome. Nevertheless, the majority of
BCCs arise sporadically on sun exposed areas of the skin. Inactivating mutations of PTCH1
have been found in in most exons of the PTCH1 gene [121,122] in sporadic BCC. In the
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tumor, while one copy of PTCH1 is mutated, the other copy is lost through chromosome loss
in the region where the PTCH gene resides. As a result of loss of PTCH1 function, SMO
signaling is without control, leading to constitutive activation of the pathway. About 70% of
BCCs contain genetic alterations in the PTCH1 gene.. Therefore, it is generally believed that
BCC development require activation of Hh signaling pathway.

The mutations in other components of the Hh signaling pathway are also detected in BCCs,
and may contribute to the formation of tumor. Shh has mitogenic effects in several tissues,
including pre-somitic mesoderm, retina, and cerebellum[123]. The overexpression of Shh in
mouse skin will develop many features of BCNS, including dysformation of the skeleton
and skin, with multiple BCC-like epidermal proliferations after the first few days of skin
development [124], indicating that Shh overproduction is sufficient to induce BCC in mice
and can mimic the loss of PTCH function seen in human BCCs[124, 125]. The gain-of-
function mutations of SMO could contribute to 6–21% of sporadic BCC development[126–
128], and abnormalities of Hh pathway transcription factors GLI1 [129]and GLI2 [130,
131]can lead to constitutive activation of the pathway. Mutations in Su(Fu), a negative
regulator of Hh pathway, have also been identified[132]. Recently, a truncating Su(Fu)
germline mutation was found as a probable cause in the members of a family with Gorlin
syndrome features, including MB and palmar/plantar pits, but not BCC. Notably, no PTCH1
mutations was detected in the affected family members[133].

Although genetic data are sufficient to support the Hh pathway as a ‘gatekeeper’ in BCC
development [134], establishing animal models using tissue-specific activation of Hh
signaling is still critical for further identifying and understanding Hh signaling in the
carcinogenesis of BCC. Currently, mouse models for BCC are well established and provide
a powerful tool for us to further our understanding of molecular Hh pathway-mediated
development of BCC.

Of note, wild-type mice never develop BCCs, even after treatment with carcinogen, UV or
ionizing radiation. However, Ptch1+/− mice are susceptible to BCC development following
UV irradiation or ionizing radiation[18]. The frequency of BCC development under the
conditional ablation of PTCH1 is from around 50% with 1 or 2 tumors per mouse to 100%
penetrance by the age of 16 weeks[135, 136]. However, the Ptch1+/− mice rarely develop
full-grown BCCs if kept under normal conditions. BCCs will occur after mice are exposed
to ultraviolet (UV), or ionizing radiation, which is similar to BCC development in NBCCS
patients, suggesting UV exposure is very important for BCC to develop. Due to the
embryonic lethality of Ptch1−/−, tissue-specific knockout of PTCH1 has been
generated[137]. By combining conditional gene knockout and the inducible activity of the
keratin 6a promoter, Krt6a-cre:Ptch1neo/neo mice develop BCC following stimulation with
retinoic acid[134]. The use of other skin-specific Cre-strains to drive PTCH1 ablation also
produced BCC lesions [138]. These mouse experimental models reflect well BCC
development observed in human with PTCH1 loss-of-function mutations, suggesting these
animal models are very helpful in further studying molecular pathogenesis of BCC.

In addition to the PTCH1 knockout mouse model, transgenic mice expressing SMO using
Krt5 or Krt14 promoter also develop BCC-like tumors that look very similar to benign
human basaloid follicular hamartomas [126,139]. However, these transgenic mice
eventually lose the expression of SMO by an unknown mechanism. Using conditional
knock-in technology, skin-specific SMOM2YFP (Krt14-creER: R26-SmoM2YFP or Krt14-
cre:R26-SMOM2YFP) knock-in mice develop multiple microscopic BCCs at a very early
age, providing an easy genetic assay for Hh signaling downstream of SMO[140]. Transgenic
mice expressing Shh also develop multiple BCC-like epidermal proliferations [124]. Several
transgenic mice have been developed using downstream transcriptional factors Gli1 and
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Gli2[129, 130]. The inducible expression of Gli2 in the skin results in BCCs after a few
weeks. However, Su(Fu)+/− mice develop skin lesions resembling skin hyperplasia but not
BCC-like tumors[105], even compound Ptch1+/−Su(Fu)+/− mice lack signs of obvious
BCC lesions.

The cellular origin of BCC has been debated for a long time. Animal models can help us to
dig it out. BCC are so named because the BCC cells histologically resemble to basal
keratinocytes of the hair follicle(HF), sebaceous glands, and interfollicular epidermis (IFE),
suggesting that BCCs may arise from the outer root sheet, or bulge of the HF, and the
original cell is possibly a multipotent stem/progenitor cell. Several lines of evidence support
this idea [124,141,142]. However, two recent studies gave different answers. Youssef et al.
[143] localized the murine cell of origin of cutaneous Hh-driven tumors to be in the IFE, not
in the hair follicle, by using cell-specific Cre to activate expression of a ROSA26-driven
transgenic mutant SMO. Using cell fate tracking of X-ray induced BCCs in Ptch1+/_ mice,
Wang et al. found that both cell fate mapping and enhancement of BCC carcinogenesis by
deletion of p53 demonstrate conclusively the cell-of-origin of the BCCs from the hair
follicle bulge stem cell (K15-expressing cells)[144]. The major difference between the two
mouse models is that one used transgenic mutant SMO, and the other used Ptch1+/− mice.
The underlying molecular mechanism remains unclear. Interestingly, conditional loss of p53
enhanced BCC carcinogenesis not only from the follicular bulge but also from the
interfollicular epidermis in Ptch1+/− mice[144], likely due to enhanced expression of SMO,
further suggesting that p53 may alter BCC carcinogenesis in part by affecting expression of
signaling components[145].

As mentioned before, accumulating evidence indicates that an important organelle in Hh
signal transduction in mammalian systems is primary cilia, projecting cylindrically from the
membrane of most vertebrate cell types and containing multiple concentrated components of
the Hh pathway, including Shh, PTCH1, SMO [51], Su(Fu) and Gli transcription factors[66–
71]. Not surprisingly, questions come out whether primary cilia are required for Hh
signaling-driven development of BCCs.

The function of primary cilium is regulated by protein complexes involved in intra-flagellar
transport (IFT), which functions in retrograde and anterograde movement of cargo within
the primary cilia[146]. Mice with mutation in IFT protein are shown to result in similar
phenotypes with Hh or Gli2 loss of function [147–,150]. Gli3 processing is the most
significantly affected event in IFT mutants[68,150,151]. In the mouse skin, disruption of
laminin-511, an extracellular protein that plays an important role in promoting primary cilia
formation and function, resulted in disturbance of mouse hair development [149,151]. It has
been shown that a SMO mutant lacking a ciliary translocation signal can not mediate Hh
signaling[67]. However, the translocation of SMO to cilium is not sufficient to activate Hh
signaling[77,152]. Using tissue-specific gene knockout, Wong and colleagues have recently
revealed that genetically disrupting cilia formation by conditional deletion of Kif3A or Ift88,
both required for ciliogenesis, decreased BCC-like tumor formation in Rosa26-SMOM2/
K14-cre mice, but increased tumor formation in Gli2 transgenic mice, suggesting a dual role
of cilia in Hh signaling-mediated carcinogenesis in mice[153]. Namely, the primary cilia
function can either promote or suppress BCC tumorigenesis. It is not difficult to understand
this seemingly paradoxical effect since primary cilia which contain both positive and
negative regulators for Hh signaling and are required for formation of both active and
repressor forms of Gli [66–71]. However, from a therapeutic point of view, it should be
cautious to consider their possible clinical implication as therapeutic targets in the treatment
of BCC, and a precisely further analysis of molecular functions will be needed.
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3.2 Squamous cell carcinoma (SCC)
Squamous cell carcinoma arises from squamous epithelium, frequently found in the lungs
and skin, and occurring also in the anus, cervix, larynx, nose, and bladder. The majority of
SCC from skin localizes in the head and neck, where the five-year survival rate after
diagnosis for this type of cancer remains approximately 50%[154]. Although understanding
of the molecular mechanism underlying SCC carcinogenesis was largely achieved in the
past decade. It is currently believed that linkage of SCC to aberrant activation of Hh
pathway is not as strong as that of BCC. Nevertheless, studies on several kinds of SCC show
a role of Hh pathway inSCC.

In oral squamous cell carcinoma, PTCH was found two missense mutations which affected
the conserved residue in the transmembrane domains of the gene product and in the
intracellular loop at the C-terminal residue implicated in regulating the smoothened
molecule, leading to ineffective Shh reception in SCC cells with PTCH mutations[155].
Moreover, transducing the wild-type PTCH1 gene back to human SCC cell lines, A431 and
KA, that express only mutant patched mRNA, caused the cell proliferation drastically
reduced. Furthermore, cyclopamine efficiently suppressed the growth of A431 and KA cells,
indicating that Hh signaling is involved in the tumorigenesis of oral SCCs[156]. Ping
provides further evidence that the PTCH gene is mutated in a subset of SCC from
individuals with a history of multiple BCC[157]. Danaee et al. also found a high prevalence
of a LOH at 9q22.3 in both BCC (75.5%) and SCC (60.8%)[158]. Wakabayashi showed
some evidence of in an animal model. A carboxy-terminal polymorphism, between C57BL/6
and FVB/N strains of mice, in the Ptch1 gene leads to FVB/N mice highly susceptible to
SCC. PTCH(FVB) overexpression in K5/Hras B6FVB F mice can promote SCC formation,
but not required for tumor maintenance, suggesting a role of PTCH at an early stage of
tumor development[159].

Most of studies on the relation of Hh pathway activation and SCC have been completed by
immunohistochemistry staining and/or in situ hybridization. Overexpression of Shh had
been observed in five cell lines among 14 human oral squamous cell carcinoma cell
lines[160] and human lung squamous carcinoma (LK-2 and EBC-1) cell lines[161], and
human squamous carcinoma tissues of lung[116,161,162], uterine cervix[163],
esophagus[164–166] and stomach[167]. In addition to Shh, Hh target genes and major
components, for instance, Ihh, PTCH, SMO, Gli-1, Gli-2 and Gli-3, were also highly
expressed in the tumor [163,164,167]. These cells are also sensitive to cyclopamine, a
specific Hh signaling inhibitor.

Recently, Schneider investigated the expression pattern of Hh pathway in squamous cell
carcinoma of the skin, and head and neck[168]. Compared with healthy control tissues, they
found significant overexpression of major components of the Hh pathway. Importantly, they
observed that high expression of Shh correlates significantly with poor overall survival in
patients with head and neck cancer, suggesting that activity of Hh pathway may serve as a
prognostic factor in patients with head and neck SCC cancer[168]. This hypothesis is further
supported by the fact that Gli1 nuclear expression is a strong and independent predictor of
early relapse and poor prognosis in esophageal squamous cell carcinoma after
chemoradiotherapy [169,170]. Additionally, SCC tumorgenesis is known to involve p53
pathway and WNT/catenin signaling, both of which have been shown to interact with the Hh
pathway[145,171].

Taken all data together, evidence of Hh pathway in SCC carcinogenesis is clear but animal
models for this mechanism have not been established yet.
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3.3 Melanoma and Merkel cell carcinoma
Melanoma is one of the most aggressive cancers, accounting for approximately 4% of
human skin cancers and yet 80% of deaths from cutaneous neoplasms[172]. Activating
mutations in the oncogenes B-RAF and N-RAS are present in 70% and 15% of melanomas
respectively[173–175]. However, Hh pathway activity in melanoma tumorigenesis was not
revealed until recently. First, no genetic alterations in Hh pathway genes have been found in
melanomas [176]. Second, no genetic mouse models for Hh signaling-mediated
development of melanoma have been established. Nevertheless, the K5-Gli2 transgenic mice
[130] can form hyperpigmented BCC-like tumors, and K5-SMO-M2 transgenic mice [139]
show focal or global skin pigmentation, which support that Hh pathway activity is required
for proliferation of normal human melanocytes[26].

Recently, several studies (11) suggested that the Hh pathway may play a role in melanoma
progression. It was [25] [26] discovered that cyclopamine treatment delayed tumor growth
of B16F0 melanoma cells in immunodeficient mice. Another study found that Gli1
expression was correlated with tumor progression and metastasis of human melanomas
[177]. In a transgenic mouse model of melanoma induced by oncogenic NRAS in which
Gli1 expression was elevated, melanoma tumor volume was drastically suppressed by
cyclopamine treatment[26]. The most important result so far is from the laboratory of Alain
Mauviel. Alexaki et al. demonstrated that the high expression of Gli2was associated with an
invasive and metastatic phenotype in vitro and in vivo[178]. Melanoma cells with high GLI2
expression metastasized to bone more readily than cells with low GLI2 expression.
Moreover, decreasing GLI2 expression can block bone metastasis of melanoma[178]. These
and other data (the K5-Gli2 transgenic mice [130] present hyperpigmention), indicate that
activation of GLI2 plays an important role in the cell invasion and metastasis of melanoma.
GLI2 is show to be a direct target of TGF-b signaling[179], and it is well known that over-
expression of TGF-b increases matrix protein secretion and promotes invasion of melanoma
cells[180]. Taken together, it suggests that TGF-b regulates invasion and migration through
Gli2, a Hh pathway component. Very recently, Johnson RW et al showed further evidence
that Gli2 is required for TGF-β to stimulate PTHrP expression[181], however, the
requirement is independent of canonical Hh signaling, suggesting that the molecular
mechanism underlying which the Hh pathway components mediate melanoma invasion and
metastasis still needs further investigations.

In contrast to BCC, Merkel cell carcinoma (MCC) is a rare but aggressive skin tumor. While
BCC is the most common type of skin cancer, with slow growth and almost without
metastasis, MCC is extremely rare and more aggressive and thus has a higher mortality rate.
Although Hh signaling pathway is important for human development and carcinogenesis in
various malignancies, the relationship between MCC and Hh pathway activity was recently
uncovered. The expression of Shh, Ihh, PTCH, SMO, Gli-1, Gli-2, and Gli-3 was detected
immunohistochemically on tissue microarray with samples from 25 MCC patients and found
frequently and intensely over-expressed[182]. It has also been found that high levels of
PTCH and Ihh were significantly associated with an increase in patients overall and
recurrence-free survival respectively, suggesting that the Hh pathway is strongly activated in
MCC and thus may play a role in its carcinogenesis.

4. Models of Hh pathway activity in cancer and implications for therapy
Three basic models have been proposed on aberrant Hh signaling in human cancer[10,13].
Type I cancers are ligand-independent. The growth of cancers is driven by pathway-
activating mutations in components of the Hh pathway, leading to over-proliferation, such as
basal cell carcinomas. (b) Type II cancers have ligand-dependent autocrine Hh signaling.
The cancer cells can secrete Hh ligand, and the ligand binds to the receptor on the same
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cells, leading to cell-autonomous pathway activation. (c) Type III cancers are ligand-
dependent paracrine. The cancer cells can secrete Hh, and the ligand binds to the receptor on
the stromal cells, leading to pathway activation in the stroma cells. Then the stroma cells
feed other growth signals (not Hh siganling) back to stimulate tumor cell growth. Type IIIb
cancers are ligand-dependent ‘reverse paracrine’. The cancer cells receive Hh ligand
secreted from stromal cells, leading to pathway activation in the tumor.

Animal models indicate that development of BCC is driven constitutive Hh signaling
activation, not by the presence of Hh ligands. However, autocrine and paracrine Hh
signaling cannot be excluded in BCC[183,184]. Recent data indicatet that the surrounding
PTCH1+/− stroma may affect BCC development in the NBCCS patients [185]. Therefore, it
is very important to understand the signaling mechanisms by which Hh signaling mediates
carcinogenesis.

5. Inhibitors and modulators of Hh pathway and their application in skin
cancers

Hh signaling plays a significant role in skin cancers, especially in BCC, suggesting that
certain types of skin cancer may be cured by targeted inhibition of the Hh pathway. At
present, more than 50 compounds have been identified to have inhibitory effects on Hh
signaling. Currently, there are 3 major targeting sites for Hh signaling inhibitors identified
so far: Hh molecules (Shh neutralizing antibodies, small molecule Robotnikinin), SMO
protein (cyclopamine and its derivatives IPI-926, Cyc-T, and synthetic compounds
GDC-0449, Cur61414, XL-139, and LDE-225), and Gli transcriptional factor (HPI-1,
HPI-2, GANT-56, and GANT-61)[12,20]. According their nature and derivation, all of these
inhibitors could be divided into three groups: natural products (cyclopamine and its
derivatives, and other natural products); synthetic small molecules; and Hh signaling
modulators[120]. Table 1 lists major current Hh signaling inhibitors.

5.1 Natural products (cyclopamine, its derivatives, and others)
Cyclopamine was the first SMO protein antagonist [186] discovered for treatment and
chemoprevention of BCCs. Cyclopamine is a naturally occurring sterol alkaloid, derived
from the Veratrum californicum (corn lily) plant. Identification of specific, small molecule
antagonists of SMO has revealed exciting new prospects for targeted therapy of human
cancers associated with Hh signaling.

In several mouse models, the in vivo effect of cyclopamine on tumor shrinkage has been
demonstrated. Chronic oral delivery of cyclopamine blocks the growth of UV-induced
BCCs in Ptch1+/− mice by with a 90% reduction in preexisting BCCs and a 50% reduction
in new tumors [135], and also prevents development of additional microscopic BCCs,
implying a cancer prevention potential of cyclopamine. Topical application of cyclopamine
also significant reduce the size of human BCCs[187]. Clinical improvement was observed
with 2 days’ topical use of cyclopamine in 4 patients with nevoid BCC syndrome.

However, the susceptibility to acid degradation and poor water solubility of cyclopamine
hinders its utility as an administrable drug. Efforts to improve those parameters with
additional modifications on cyclopamine have resulted in several derivatives with increasing
acid stability and aqueous solubility, such as KAAD-cyclopamine, IPI-609, IPI-926, and
Cyc-T[188–191]. IPI-926 is now at use in a Phase II clinical trial.
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5.2 Synthetic Hh signaling antagonists
Because of the limitations of nature products for Hh pathway inhibition, a major focus of
study has been to identify synthetic Hh antagonists with higher potency than cyclopamine,
with most compounds targeting SMO. CUR61414 is a synthetic aminoproline that
specifically inhibits SMO. CUR61414 decreased Gli1 levels, suppressed proliferation, and
induced apoptosis of basaloid nests in murine embryonic skin. CUR61414 also caused
regression of UV-induced tumors in Ptch1+/− knockout mice[192–195]. However, a Phase I
clinical trial in 2005 for patients with BCC was halted because of its low efficacy, possibly
due to poor penetration of the target tissue.

GDC-0449 is an orally active small molecule inhibitor of SMO[196] that has been studied in
metastatic and locally advanced BCC. Van Hoff et al treated 33 BCC patients with oral
GDC-0449[197]. Eighteen patients had a 50% objective response, suggesting that
GDC-0449 is the most promising molecule in the treatment of locally advanced or
metastatic basal-cell carcinoma[196]. Rapid tumor shrinkage was also observed in the
clinical trial of GDC-0449 in a medulloblastoma patient, however, drug resistance happened
very quickly after drug treatment due to a SMO mutation (disabling the binding of
GDC-0449 to SMO)[198], implying a need for novel alternative strategies for treatment of
cancers associated with Hh signaling. There are also several small molecules targeting at
Shh or Gli[199]. Due to the wide spread existence of non-conical regulation of Gli
transcription factors and the potential resistance to SMO inhibitors, antagonists of the Gli-
factors, downstream of the Hh pathway, constitute a valuable resource for developing
chemotherapeutic strategies against Hh pathway-related cancers.

5.3 Hh signaling modulators
Recent studies indicated that vitamin D3, whose secretion can be facilitated by PTCH1, can
inhibit SMO signaling through direct binding to SMO. In transfection assays with mouse
mesenchymal cells, addition of vitamin D3 inhibited GLI protein activity[75,200]. This
finding raises a possibility to treat BCCs with nutritional supplements. Tazarotene, a retinoid
with retinoic acid receptor (RAR) beta/gamma, was shown to be effective in a mouse model
of BCCs, and the effect could be sustained even after drug withdrawal[201]. Several natural
products, for instance genistein, EGCG and resveratrol, have been discovered to affect Hh
signaling in a mouse model of prostate cancer[202]. A commonly used antifungal agent
itraconazole, is shown to suppress Hh pathway activity and the growth of medulloblastoma
in a mouse allograft model, acting on SMO by a mechanism distinct from that of
cyclopamine and other known SMO antagonists[203]. Although the detailed molecular
mechanisms of action for these signaling modulators remain elusive, elucidating the
mechanisms of these modulators will open a new field for the treatment of Hh pathway-
associated cancers.

6. Conclusions
In summary, recent advances have linked Hh signaling activation to a variety of human
cancer, including skin cancers BCC, SCC, melanomas and MCC. The successful clinical
trials of BCCs using Hh signaling inhibitor GDC-0449 further indicate the clinical
implications of targeted inhibition of the Hh pathway. While a curative breakthrough for
BCCs may occur in the foreseeable future, further basic understanding of the molecular
mechanisms by which Hh signaling mediated cancer development is required for additional
development and clinical application of hedgehog inhibitors. In particular, animal models
for hedgehog signaling-mediated carcinogenesis for melanoma, SCC and MCC have not
been established yet. It is anticipated that the next five year will be a fruitful period of time
in the study of Hh signaling in skin cancers and the clinical implications.
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Figure 1. A simplified model for Hh signaling in mammalian cells
SMO is the key signal transducer of the Hh pathway. A, In the absence of Hh ligands, the
PTCH receptor at the base of the primary cilium suppresses the function of SMO by
preventing its entry into the cilium. Without SMO activation, Gli proteins are processed with
Su(Fu), GSK3β, PKA, and CKI into a repressor form (Gli-R), which disable the Hh
signaling pathway. B, In the presence of Hh, it binds to PTCH. The binding can be repressed
by HIP and supported by Cdo, Gas1 and Boc. Upon binding, the Hh/PTCH complex
becomes internalized in endosomes and later degraded. Without inhibition from PTCH,
SMO becomes activated and facilitated Gli activation n (GliA), which stimulates Hh target
gene expression.
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Table 1

Hedgehog signaling inhibitors and modulators

Compounds name Hh target 50% maximal
inhibition
(IC50)

In vitro/in vivo studies References

Robotnikinin Shh >10µM In vitro [204]

Cyclopamine SMO 300 nM In vivo & in vitro [205]

KAAD-cyclopamine SMO 20 nM In vitro cultured cells [206]

Jervine SMO 500 nM In vitro and cultured embryos [207]

Cyc-T SMO 20 nM In vitro & in vivo studies [191]

Cur-61414 SMO 200 nM Phase I clinical trial halted [208]

Sant-1,2,3,4 SMO 20–200 nM In vitro studies [209]

Compound 5 SMO <100 nM In vitro studies [210]

Compound Z SMO <1 nM In vitro studies [211]

IPI-926 SMO <20 nM Phase I clinical trial [212]

GDC-0449 SMO <20 nM Phase I/II/III clinical trials [197]

BMS-833923 (XL139) SMO <20 nM Phase II clinical trial NCI clinical trial database

LDE-225 SMO <20 nM Phase II clinical trial NCI clinical trial database

PF-04449913 SMO Phase I clinical trial NCI clinical trial database

Hhantag691/ Hhantag SMO In vitro studies [213]

Statin SMO In vitro studies [214]

Vitamin D3 SMO 100µM In vitro [75, 214]

Itraconazole SMO? <1.5 µM In vitro and xenograft [203]

Recombinant Hip Hip In vitro studies [215]

HPI-1, 2,3,4 Gli <10µ mol/L In vitro [199]

Gant-58,61 Gli 5µM In vitro & in vivo studies [216]
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