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Abstract
Importance of the field—In the United States, the annual incidence of basal cell carcinoma
(BCC) is close to 1 million. Ultraviolet radiation exposure is the main risk factor; however, the
availability of ever more potent sunscreens and education have not prevented the rise in BCC
incidence. Therefore, concerted effects to identify novel preventive and therapeutic strategies are
necessary.

Areas covered in this review—This article summarizes our current understanding of the
etiology and molecular mechanisms of BCC tumorigenesis and discusses the preclinical and
clinical studies to identify agents with anti-BCC efficacy.

What the reader will gain—The discovery that hyperactive Hh pathway signaling causes
several cancers, including BCC, has spawned the development of many pharmacologic inhibitors
of Hh signaling. Early clinical testing of the most advanced, GDC-0449, demonstrated impressive
efficacy in patients with advanced BCC. Other promising anti-BCC chemopreventive strategies
include drugs that are already FDA-approved for treating other diseases.

Take home message—Preclinical and clinical trials with pre-existing FDA-approved drugs
suggest novel uses for BCC chemoprevention and treatment. Also, new chemical entities that
inhibit the Hh pathway show promise, and in combination with other drugs may provide a
nonsurgical cure for this most common cancer.
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1. Introduction
Basal cell carcinoma (BCC) is the most common cancer in light-skinned populations, with at
least 800,000 new cases diagnosed in the United States each year. It comprises 80% of all
skin cancers, which include squamous cell carcinoma (SCC; ~ 16%) and melanoma (~ 4%);
collectively, they have attendant yearly management costs exceeding $500 million [1,2].
Although the main etiological factor that causes skin cancer is over-exposure to solar
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ultraviolet radiation (UVR) [2], topical sunscreens have had a limited effect against BCCs
although they have been effective at preventing SCCs [3,4]. This discrepancy may reflect
different patterns of sun exposure, since SCCs occur more frequently in people who are
chronically exposed to UVR for a substantial amount of time (i.e., outdoor workers), while
BCCs are more frequent in people who have intermittent UVR exposure (i.e., from
recreational activities) and consequently are more likely to develop severe sunburns.
Patients who develop a BCC are at an increased risk of developing more BCCs [5]. With the
limited effect of sunscreens on BCC prevention, it is not surprising then to observe that the
annual incidence for skin cancer is increasing, which also is likely due to an ever-increasing
elderly population and the trend of younger generations towards tanning by natural and
artificial means [6]. Given these trends, the development of novel preventive and therapeutic
strategies that reduce BCC may become crucial in the coming years to curb the alarming
increase in skin cancer incidence.

2. Disease mechanisms for BCC carcinogenesis
BCC is a relatively slow-growing epithelial cancer that histologically resembles and perhaps
arises from the basal cells in the epidermis and/or hair follicle. Metastasis of BCC is
extremely rare; however, the tumors are locally aggressive and if left untreated or
inadequately treated, they cause significant tissue destruction resulting in considerable
morbidity, particularly in the head and neck regions where BCCs most commonly arise [7].
There are various types of BCCs. Nodular and superficial BCC tend to be well-defined, less
aggressive tumors and therefore more straightforward to treat, while morpheaform and
infiltrative BCCs have less well-defined borders and can be very difficult to remove
completely with minimal tissue damage.

In the general population, BCCs arise from the fifth decade of life and in small numbers
(i.e., 1 – 2 tumors). However, approximately 1 in 60,000 Americans have an autosomal
dominant genetic condition, basal cell nevus syndrome (BCNS), also known as nevoid basal
cell carcinoma syndrome (NBCCS) or Gorlin syndrome (OMIM #109400). These
individuals are predisposed to develop tens to hundreds of BCCs from puberty and
throughout their lifetime [8,9]. The discovery that these patients carry a germline mutation
in the PATCHED1 (PTCH1) gene, rendering them constitutively heterozygous (+/−) for
PTCH1, pointed to the Hedgehog (Hh) signaling pathway as the pivotal cause of BCC
[10,11].

The Hh pathway is an important developmental pathway that is essential for embryogenesis.
In adults, the pathway is generally dormant except in hair follicle cycling and in
maintenance of some stem cell populations [12]. PTCH1 protein, a 12-transmembrane
receptor, is a negative regulator of the Hh pathway (Figure 1). In the absence of Hh protein,
PTCH1 inhibits the function of another transmembrane protein, Smoothened (Smo), a key,
positive regulator of HH signaling. Hh binding to PTCH1 alleviates repression of Smo to
allow the latter to activate the Hh pathway via protein kinases, culminating in the
transcriptional activation by Gli transcription factors of Hh pathway target genes, such as
Bcl2, FoxM1, Ptch1, and Gli1. There are three Gli proteins: Gli1, Gli2, and Gli3. Gli1 acts
primarily as a positive regulator (Gli-A) of Hh signaling, while Gli2 and Gli3 can activate or
repress the pathway depending on how these proteins are cytoplasmically processed.
However, Gli2 is thought to function mainly as a transcriptional activator (Gli-A) and Gli3
as a transcriptional repressor (Gli-R) [13]. Recently, the importance of primary cilia in Hh
signaling and BCC tumorigenesis was demonstrated [14]. Primary cilia are immobile
organelles that require interflagellar transport (IFT) proteins, such as Kif3a and IFT88, for
their structure and function. These proteins are necessary for anteroretrograde transport of
Hh pathway components such as Smo and Gli for Hh signal transduction. In experimental
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models, genetic deletion of Kif3a or IFT88 caused the loss of Hh signaling and the
inhibition of BCC carcinogenesis induced by an activated Smo transgene [14], indicating
that cilia are necessary for Hh signaling and BCC carcinogenesis, at least in mice.

In BCNS patients, BCCs commonly develop after somatic inactivation of the remaining
PTCH1 allele. Therefore PTCH1 acts as a classical tumor suppressor that inhibits Hh
signaling and thereby prevents BCC carcinogenesis. Many studies confirm the pivotal role
of aberrant Hh signaling in BCC carcinogenesis: all human and murine, sporadic and
germline BCCs analyzed have abnormal activation of Hh signaling, commonly due to
PTCH1-inactivating mutations and Smo-activating mutations (~ 90 and 10%, respectively)
[15–17]. In addition, murine transgenic models that overexpress Sonic hedgehog (Shh) [18];
Gli1 [19] or Gli2 [20]; express constitutively activated Smo [21]; ‘knockout’ Ptch1 [11,22]
or Suppressor of Fused (SuFu), a negative Hh pathway regulator [23,24], result in BCC
carcinogenesis, indicating that hyperactivation of Hh signaling initiates BCC development.
In mice in which Gli2 expression was conditionally activated in basal keratinocytes using
the tetracycline-inducible (‘tet-off’) system, mice developed many BCCs. When Gli2 was
‘switched off’ by doxycycline administration, the tumors regressed almost completely
except for a residual population of non-proliferating cells, which could reinitiate the BCCs
once Gli2 was reactivated [20]. Therefore, Hh signaling is required for the initiation and
progression of BCC. In addition to hyperactivated Hh signaling, similar to other cancers,
human sporadic and familial BCCs have p53 mutations [15,25]. However, it is not clear how
these mutations contribute to BCC tumorigenesis.

Understanding the etiology and molecular pathogenesis of this cancer and testing potentially
viable drugs in preclinical systems are important approaches to the identification of novel
therapeutic and preventive treatments for patients with BCC. For example, the irradiated
Ptch1+/− mouse provides an accurate, practical model for studying human BCC since it
phenocopies both the familial (BCNS) and somatic disease [26]. Thus, it provides an
invaluable preclinical ‘tool’ for the identification and implementation of novel, effective
chemopreventive and therapeutic strategies for treating human BCC. Furthermore, studies
using irradiated Ptch1+/− mice have helped to gain mechanistic insights into the multistep
process of BCC tumorigenesis and its chronological progression [27]. In non-irradiated
Ptch1+/− mice, Ptch1 haploinsufficiency (and subsequent deregulation of Hh signaling) is
sufficient to cause basaloid hyperproliferations (BCC precursor lesions) during the active
hair cycling phase (anagen) when the Hh pathway is normally active. However, it is not
sufficient to drive full BCC carcinogenesis, requiring additional genetic damage caused by
radiation, in genes such as p53. Loss of p53 function is thought to cause genomic instability
leading to the complete loss of PTCH1 function, resulting in the progression of BCC
precursor lesions to clinically relevant nodular and infiltrative BCC tumors [27].

3. Current treatments for BCC
Current treatments for clinically relevant BCCs are generally invasive; not preventive of
new tumor growths [28]; and in some cases, skin reconstruction is also necessary after initial
treatment, thus requiring further surgery. ‘Invasive’ treatments include electrodesiccation
and curettage; surgical excision; freezing (cryosurgery); Moh’s micrographic surgery (in
which the BCC is removed layer by layer, examining each layer under the microscope until
no abnormal cells remain); and laser surgery (which vaporizes superficial BCCs). Radiation
therapy utilizing high-energy X-rays to destroy cancer cells is also used. Pharmacological
therapies include the use of topical creams, including imiquimod, which induces an immune
response [29], and 5-fluorouracil – an ablative agent that inhibits DNA synthesis, prevents
cell proliferation, and causes tumor necrosis [30]. Both of these creams are used to treat
mainly superficial BCCs and their cure rates are in the order of 80 – 95% – less than surgical
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excision. Photodynamic therapy (PDT) is another treatment and uses a photosensitizing
agent such as 5-aminolevulinic acid (5-ALA), which accumulates in cancer cells, and is
converted to porphyrins that are activated by strong light to kill the tumor cells with minimal
damage to surrounding tissue. Although PDT is effective, the cure rates can vary
substantially (70 – 90%).

4. Chemoprevention and therapeutic strategies with ‘established’ drugs
Although the current standard treatments for treating sporadic cases of BCCs are generally
effective, patients can endure significant discomfort, scarring and/or disfigurement from
these treatments. This is particularly true for those patients at high risk of developing many
BCCs (i.e., BCNS patients) where surgical treatments can leave them severely scarred.
Therefore, there is a real need to develop therapies that prevent BCC carcinogenesis.
Currently, no FDA-approved chemoprevention strategies exist for BCC. Data from pre-
clinical and clinical trials with drugs that are FDA-approved for the treatment of other
diseases suggest novel uses for chemoprevention for early treatment of BCC.

4.1 Tazarotene
Retinoids are old players in skin cancer treatment. Pan-retinoic acid receptor (RAR) agonists
that mimic the endogenous ligand all-trans retinoic acid (ATRA; tretinoin), such as 13-cis
RA (isotretinoin), etretinate, or acitretin, given systemically at high doses to patients with
BCNS, xeroderma pigmentosum (XP), or organ transplants, have shown some prophylactic
effect with regards to the development of new BCCs [31–34]. However, significant systemic
toxicities were associated with their long-term use (due to nonspecific activation of RARα,
β, γ, and possibly retinoid X receptor (RXR)- α, -β, and -γ through isomerization of ATRA
to their ligand 9-cis RA, in many organs), and preclude their widespread chemoprevention
use [35]. Therefore, retinoids that are more ‘specific’ may have greater anti-BCC efficacy
with reduced toxicity.

One such retinoid is tazarotene (Allergan, Irvine, CA), an FDA-approved drug for treating
photoaging, psoriasis and acne [36]. Tazarotene is a third-generation synthetic acetylenic
retinoid whose active metabolite, tazarotenic acid, activates only a subset of retinoid
receptors, RARβ and RARγ, in contrast to ATRA (Figure 2) and 13-cis RA [37]. Also, both
tazarotene and tazarotenic acid have very short half-lives, thus reducing accumulation of the
drug in tissues. Only RARα and RARγ are expressed in the basal epidermis and hair follicle,
and RARγ is suggested to mediate the tumor suppressor function of retinoids in the skin
[38]. Therefore, a topically applied retinoid that would specifically activate RARγ in the
normal skin and in BCCs may reduce the side effects associated with using systemic pan-
retinoids.

In preclinical chemoprevention studies, UVR- or ionizing radiation-exposed Ptch1+/− mice
treated topically with applications of tazarotene had significantly fewer and smaller
microscopic BCCs than with vehicle-treated mice [39] and when the drug was withdrawn,
there was no increase in BCC burden [40]. This in contrast to human chemoprevention trials
with 13-cis RA [41,42]. Tazarotene also had greater efficacy than ATRA in these mice,
suggesting that the difference is due to the specific activation of RARγ. This
chemopreventive efficacy of tazarotene was also observed in irradiated Ptch1+/− mice with
an engineered deletion of p53 in the basal epidermis (So P-L, Tang JY, Epstein EH,
unpublished observations), suggesting that tazarotene’s anti-BCC effect is independent of
p53 function.

These data suggest that (topically applied) tazarotene is an effective chemoprevention
strategy for Hh-pathway-driven BCCs that may have additional p53 loss-of-function
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mutations, which are common in many cancers. However, tazarotene’s associated skin
irritation, although transient and mild, and it may be reduced by a more gradual institution of
treatment [43], is likely to deter some patients from its optimal use for chemoprevention. In
addition, in the Ptch1+/− model of BCC, approximately 40 – 50% of untreated visible murine
BCCs retain RARγ [40], suggesting that roughly half of clinically relevant BCCs (that retain
RARγ expression) will respond effectively to tazarotene. This is supported by human
clinical studies in which only 30 – 50% of sporadic clinically relevant BCCs treated
topically with tazarotene completely regressed [44,45]. These studies suggest that
‘responding’ BCCs may be completely eradicated suggesting a curative effect of tazarotene.

Thus, tazarotene chemoprevention and therapy may a viable option for patients who develop
a substantial number of BCCs (e.g., BCNS patients) for whom surgery is no longer an
option and who are willing to tolerate the skin irritation that may accompany its use. It will
be interesting to see whether the ongoing Phase II clinical trial for chemoprevention with
tazarotene in BCNS patients (ClinicalTrials.gov: NCT00783965) will yield significant
results.

4.2 NSAIDs
NSAIDS are small molecules that inhibit the function of COX1 and/or COX2 and are
traditionally used to treat inflammatory disease. These enzymes normally metabolize
arachidonic acid to important biological mediators called prostanoids, such as prostaglandins
that generate inflammation. COX1 normally functions in the intestine, where it mediates
normal physiological processes, while COX2 is inducible and is activated in macrophages
and at sites of inflammation. Epidemiological studies have found that NSAID use is
associated with a reduced risk for colon cancer, and thus they have been tested for
chemopreventive efficacy in familial and sporadic colorectal cancer [46]. COX2 is
overexpressed in many cancers, and evidence from clinical and preclinical studies indicates
that COX2-derived prostaglandins participate in carcinogenesis by promoting inflammation,
immune response suppression, apoptosis inhibition, angiogenesis, tumor cell invasion and
metastasis [47].

In murine skin, UVR exposure induces COX2 expression, and COX2 activity has been
associated with UVR-induced SCC [48]. In BCCs, COX2 protein is localized to cells that
surround the tumor cells, and COX2 activity has been suggested to be antiapoptotic and pro-
angiogenic in BCC [49]. In addition, COX2 gene polymorphisms are thought to modify
BCC risk [50]. Collectively, these data suggest a positive role for COX2 in BCC
carcinogenesis. This is further supported by murine studies in which transgenic
overexpression of COX2 in basal keratinocytes of Ptch1+/− mice resulted in a twofold
increase in microscopic BCC burden, while germline COX2 deletion resulted in a 75%
reduction. Furthermore, the COX2-specific inhibitor celecoxib reduced BCC burden in
Ptch1+/− mice, although the efficacy was mainly against tumor growth rather than tumor
initiation [51].

Observational studies of NSAID chemoprevention clinical trials suggest that NSAIDs have a
weak and inconsistent anti-BCC chemopreventive effect [52,53]. In a Phase II clinical trial
in BCNS patients, celecoxib (a COX2-specific inhibitor) was effective as a chemopreventive
agent in BCNS patients with less severe disease (< 15 BCCs at baseline), decreasing the
development of new BCCs by 50% [51]. Therefore, NSAIDS may have anti-BCC
chemopreventive efficacy, particularly in patients at lower risk. However, potential
cardiovascular risks associated with celecoxib [54] may preclude its use as a common
chemoprevention strategy in patients with BCC.
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4.3 DNA repair enhancers
As previously mentioned, the main risk factor for developing BCCs and other skin cancers is
over-exposure to UVR, which causes DNA damage triggering a rapid DNA damage repair
response [55]. One of the ways in which the latter is activated is by the recognition of DNA
damage at telomere ends, which generates 3′ overhangs [56]. T-oligos are 2- to 20-base
thymidine oligonucleotides that are homologous to the 3′ telomere overhangs, and can also
induce this DNA damage response without telomeric disruption [57]. Treatment with
thymidine dinucleotide (pTT) has DNA-protective effects and reduces the development of
SCC in UVR-irradiated mice [58]. For BCC, the preventive effect of this therapy was
recently demonstrated in Ptch1+/− mice. Topical ‘t-oligo’ applications to the skin of
chronically UVR-irradiated mice resulted in a significant reduction in the number and size
of microscopic BCC growths [59]. This reduction was associated with an increase in
apoptosis, a decrease in proliferation, and an 80% reduction of COX2 protein in the tumor-
free epidermis of pTT-treated mice. Therefore, these data suggest that agents such as pTT
that stimulate DNA repair mechanisms may be another viable chemoprevention strategy
against BCC tumorigenesis.

4.4 α-Difluoromethylornithine (DMFO)
DMFO is an inhibitor of ornithine decarboxylase (ODC), a key enzyme in the polyamine
biosynthetic pathway that converts L-ornithine to putrescine [60]. High polyamine content is
associated with BCC [61], and in experimental studies in which ODC was overexpressed in
Ptch1+/− mice there was a significant increase in microscopic BCC burden [62], suggesting
that polyamine synthesis contributes to BCC carcinogenesis. In a 5-year, randomized,
double-blind, placebo-controlled Phase III trial for non-melanoma skin cancer (NMSC),
DMFO given as a chemopreventive agent did not change the overall NMSC incidence.
However, when SCC and BCC incidence was assessed individually, DMFO was found to
significantly reduce BCC incidence by 30%, but had no significant effect on SCC [63]. The
chemopreventive dose given was well tolerated with only mild, reversible side effects
(ototoxicity). DMFO may therefore be a promising chemoprevention strategy against a
subset of BCCs.

5. Investigative chemoprevention strategies with chemicals found in
natural products

There are numerous studies that have investigated the efficacy of ‘natural’ chemicals against
skin cancer [64,65]. These include epigallocatechin-3-gallata (EGCG) (see below), the
major polyphenol found in green tea; curcumin (turmeric) [66]; silibinin (a natural
flavonoid) [67]; α-santalol (a phytochemical found in sandalwood oil) [68–71];
sarcophinediol (a fish toxin) [72,73]; and honokiol (plant lignan isolated from bark and seed
cones of Magnolia officinalis) [74]. So far, with the exception of curcumin, these agents
have demonstrated anticancer effects against cutaneous SCC. Preclinical in vivo models of
SCC carcinogenesis suggest a preventive effect for EGCG/green tea [75], which is
supported by human studies in which tea-drinking was associated with reduced risk of
developing SCC [76]. However, for BCC the same study found no statistically significant
association between reduced BCC risk and tea consumption. This observation correlates
with preclinical studies in UVR-irradiated Ptch1+/− mice which showed no significant
prevention of BCCs with oral doses of green and black tea preparations that had previously
been shown to inhibit SCC carcinogenesis [77]. For curcumin, in vitro studies in a human
BCC cell line (BCC1) suggest that curcumin can induce apoptosis [78,79]. Further studies
are required to test the efficacy of curcumin in vivo against BCC and to investigate whether
other ‘natural’ agents that inhibit SCC can also prevent BCC.
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6. Mechanism-based therapy: Hedgehog pathway inhibitors
6.1 Smo antagonists

Perhaps the most exciting development in anti-BCC drugs is the emergence of novel,
molecularly targeted drugs that inhibit the Hh pathway. The identification of cyclopamine (a
naturally occurring alkaloid that causes teratogenesis in newborn lambs) as a specific Smo
antagonist, which potently inhibits Hh pathway signaling [80] suggested that Hh-driven
cancers like BCC potentially could be treated with molecularly targeted therapies such as
small molecule Smo inhibitors. Initial experiments demonstrated that in cancer cell lines and
xenograft models cyclopamine could inhibit proliferation, increase apoptosis, and reduce
metastasis [81–83]. In a murine model of BCC and in BCC cell lines, cyclopamine was
effective at inhibiting BCC carcinogenesis [84,85]. Furthermore, cyclopamine applied in a
cream formulation to BCCs on a single patient induced rapid regression of all four BCCs
with a decrease in proliferation, induction of differentiation and apoptosis, and with no
adverse effects [86].

However, despite the attractive pharmacological profile of cyclopamine against a number of
cancer xenografts and observations that cyclopamine can inhibit murine and human BCCs in
vivo, evaluation of unmodified cyclopamine has been hampered by its poor aqueous
solubility and acid lability [87], making it therapeutically nonviable. Therefore, concerted
efforts have been made to identify novel natural or synthetic small-molecule Smo inhibitors
[88]. Of the many Smo antagonists currently being investigated, some resemble
cyclopamine in structure [89], and others bear no structural similarity to cyclopamine but
inhibit Smo by other mechanisms. In addition, these antagonists may each have different
cellular actions from each other: for example, cyclopamine still induces translocation of
Smo to the primary cilium (similar to Hh agonists), while other Smo antagonists (e.g.,
SANT-2) prevent the Hh-dependent translocation of Smo to the primary cilium [90] (see
below).

An early synthetic Smo antagonist Curis 61414, developed by Curis and Genentech,
resembles cyclopamine and in skin explants containing murine BCC showed good efficacy
[91]. However, this efficacy did not translate well in the subsequent Phase I clinical trial in
patients with sporadic BCC, and the study was terminated early [92]. The reason for its
clinical failure was suggested to be insufficient skin penetration of Curis 61414 in its topical
formulation. Another synthetic Smo antagonist developed by Curis and Genentech is
GDC-0449, which is currently the most promising and advanced Hh pathway inhibitor in
clinical development. In a Phase I clinical trial to test initially its efficacy against tumor
growth and toxicity in vivo, patients with advanced multiple-lesion or metastatic BCC were
given systemic doses of GDC-0449 [93]. Of the 33 patients with advanced or metastatic
BCC, 18 responded to the drug; 11 had stable disease up to 10.8 months; and 4 had disease
progression. Analysis of BCC biopsies showed that the BCCs had significantly elevated
mRNA levels of Hh target gene Gli1.

These early clinical data confirm that direct Hh pathway inhibition may be an effective
therapy for those tumors driven by Hh pathway activation. Because of this initial success,
GDC-0449 has now entered Phase II testing in patients with advanced BCC and BCNS
(NCT00833417 and NCT00957229, respectively), as well as for metastatic colorectal and
ovarian cancer (NCT00959647) (Table 1). Other Smo antagonists currently being developed
for clinical application and that have entered Phase I clinical trials for treating solid tumors
include IPI-926 (Infinity), a derivative of cyclopamine with significantly improved potency,
solubility and metabolic stability [94]; XL139 (Exelixis/Bristol Myers Squibb), which is
currently being tested in a Phase I clinical trial to determine toxicity levels and effective
dose in patients with advanced or metastatic solid tumors, or in patients with uncontrolled
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basal cell nevoid syndrome or sporadic BCC; and LDE225 (Novartis), which is also in
Phase I clinical trials for both systemic and topical use (Table 1).

Other novel Smo inhibitors that are undergoing preclinical testing include SANT1-4 [95,96],
Hh Antag [97,98]; and IPI-269609 [99,100]. In addition, naturally occurring molecules such
as vitamin D3 [101,102] (see below) and drugs currently used to treat other diseases – such
as itraconazole, a commonly used antifungal drug [103] (see below) – have been suggested
to be Smo antagonists.

6.2 Vitamin D3 (cholecalciferol)
Vitamin D is a fat-soluble vitamin that is essential for bone development and the immune
system. Vitamin D is mainly derived from the action of sunlight on the skin, converting 7-
dehydrocholesterol to vitamin D3 (cholecalciferol) (Figure 3). Vitamin D3 from the skin and
dietary vitamin D3 is further metabolized in the liver to 25-hydroxyvitamin D (25(OH)D3),
the clinical indicator of vitamin D status, which is subsequently hydroxylated in the kidney
and peripheral tissues to the ‘biologically active’ form of vitamin D, 1,25-dihydroxyvitamin
D (1,25(OH)2D3), or calcitriol. The latter binds vitamin D receptor (VDR) transcriptional
complexes to activate vitamin D target gene transcription.

VDR transcriptional signaling is important for inhibiting proliferation and promoting
differentiation and apoptosis in cancers such as breast- and colon cancer [104]. Recently,
vitamin D was found to inhibit the Hh pathway by targeting Smo, and was more potent than
cyclopamine in vitro [102]. Vitamin D is relatively safe even in high doses, and is effective
as a Hh pathway inhibitor, at least in vitro [102]. Thus it could be a novel preventive and
therapeutic approach for the prevention and of treatment of BCC and other Hh-driven
cancers, since it is likely to be well-tolerated. However, some caution is necessary, since
vitamin D is a precursor for 25(OH)D and 1,25(OH)D, which do not inhibit Hh signaling in
vitro [102], and higher prediagnostic serum 25(OH)D levels have been associated with an
increased risk of developing subsequent BCC [105]. However, further experimental studies
are warranted to establish the efficacy of vitamin D in the treatment of Hh-driven cancers
such as BCC.

6.3 Itraconazole
This antifungal drug was identified as a potent inhibitor of Gli reporter activity in a screen of
a library of ~ 2400 FDA-approved/post-Phase I drugs using the Shh-Light2 cell line, which
contains a stably integrated Gli-Luciferase reporter that responds to the active form of Shh,
ShhN [103]. Itraconazole normally inhibits the enzyme 14-α-lanosterol demethylase
(14LDM), which is essential for the biosynthesis of ergosterol in fungi and cholesterol in
mammals [106]. However, its inhibition of Hh signaling was not due to an effect on cellular
cholesterol biosynthesis but rather as a direct inhibitor of Smo protein function in a manner
that was distinct from cyclopamine: itraconazole bound to a different site to cyclopamine on
Smo and prevents Smo accumulation at the primary cilium [103], in contrast to
cyclopamine, which induces Smo accumulation at the primary cilium [90,107]. Furthermore,
systemic itraconazole dosing dramatically retarded BCC carcinogenesis in the Ptch1+/−,
basal keratinocyte p53 deleted murine model, albeit with higher serum concentrations than
those reached in humans at regular therapeutic doses. However, from human patient reports,
these higher serum concentrations are associated with only occasional toxicities that are
generally manageable.

With extensive knowledge of the safety profile and its identification as a potent Smo
antagonist, itraconazole has the potential to be useful for human BCC therapy. Since
itraconazole is FDA-approved and has been used for 20 years, at least its side effects are
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relatively well known compared with the new chemical entities that inhibit Smo (described
above). Phase II clinical trials to evaluate the efficacy of itraconazole in patients with BCC
and prostate cancer are currently underway (NCT01108094 and NCT00887458,
respectively).

6.4 Non-Smo Hh pathway inhibitors
In addition to Smo antagonists, attempts have been made to discover novel drugs that target
other Hh pathway components, such as Gli. Targeting Gli and other downstream molecules
of Smo would be required to treat those cancers with Smo gain-of-function mutations, for
example, which would render the tumor resistant to some Smo antagonists. Using Gli
reporter assays in conjunction with the overexpression of Gli transcription factors, two
molecules, GANT58 and GANT61, were found to inhibit Gli-dependent transcription
downstream of Smo and SuFu [108]. In another screen for small molecules that could inhibit
Hh signaling downstream of SuFu, four Hh pathway inhibitors, HPI1 – 4, were found to
inhibit Hh signaling by modulating Gli processing, activation, and/or trafficking. These
HPIs could also partially block Smo translocation to the cilium, reducing the extent of
ciliary Smo accumulation in response to Hh ligand [109]. One of these molecules inhibited
Hh signaling by blocking ciliogenesis.

Another agent that has been identified as a Hh pathway inhibitor is a imidazopyridine
derivative JK184, which is thought to inhibit Hh pathway signaling by disrupting
microtubules [110]. However, by the nature of its action of microtubules, JK184 also
inhibits mitosis. Therefore this drug may have limited clinical potential as a specific Hh
pathway inhibitor.

6.5 FOXM1 inhibitors
FOXM1 is a transcription factor belonging to the Forkhead family, the members of which
are characterized by a conserved Forkhead/winged-helix DNA-binding domain that binds to
consensus sequences in the promoters of target genes. FoxM1 proteins play an important
role in regulating the expression of genes that are crucial for G1-S and G2-M cell cycle
phase progression and mitotic spindle integrity to regulate cell growth, proliferation,
differentiation, longevity, and transformation [111]. It is also one of the most overexpressed
genes in many human solid tumors, including BCC (but not in SCC), and the protein is
strongly localized in both nucleus and cytoplasm throughout BCC tumor islands.

FoxM1 and FoxE1 have been suggested to be a direct downstream transcriptional targets of
Hh signaling [112,113], and therefore may be alternative targets for Hh pathway inhibition
in BCC. Small-molecule screening of NCI libraries using cell-based assays identified the
thiazole antibiotics siomycin A [114] and structurally related thiostrepton [115,116] as
inhibitors of FoxM1 transcriptional activity. These drugs were also identified as proteosome
inhibitors (PIs), which led to the identification of bona fide PIs MG115, MG132 and
bortezomib as FoxM1 inhibitors [117]. PIs stabilize the majority of cellular proteins: it is
therefore suggested that they would stabilize a negative regulator of FoxM1, NRFM, and
reduce FoxM1 transcriptional activity and its expression (FoxM1 is also a target of its own
activity) [118], thus reducing carcinogenesis in FoxM1-expressing cancers. Further
experiments are required to test the anticancer efficacy of PIs, as well as their effects on Hh
signaling in BCC.

6.6 Statins
Statins are small-molecule inhibitors of HMG-CoA reductase, the rate-limiting enzyme in
the synthesis of mevalonate, the fatty acid intermediate required for cholesterol and vitamin
D biosynthesis [119,120]. Currently FDA-approved to treat and prevent heart disease by
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lowering blood cholesterol, this group of relatively safe, well-tolerated drugs have been
suggested to be a possible anticancer therapy for colorectal cancer and skin cancer [120].
Cholesterol and other oxysterols have been suggested to be positive regulators of Hh
signaling. Firstly, sonic hedgehog (Shh) ligand requires extracellular sterol modification to
become active and secondly, in Hh-driven medulloblastoma cells, cholesterol and specific
oxysterols are required for Hh pathway signal transduction [121]. In these cells, statins
reduced Hh target gene transcription and blocked Hh pathway-dependent proliferation; these
effects were reversed by the addition of exogenous cholesterol or specific oxysterols, which
activated Hh target gene transcription via Smo [121].

These data suggest that sterols may be critical regulators of Smo-dependent Hh pathway
activation. Thus, statins may offer a novel approach to the treatment of Hh pathway driven
cancers such as BCC. However, recent clinical observational studies in a relatively large
cohort of patients with sporadic BCC suggests that there is no significant association
between statin therapy and risk for developing new BCCs [122,123]. Perhaps a reason why
the clinical data for statins on BCC are not so impressive may be because of a putative effect
on vitamin D synthesis. There is a close relationship between statins, cholesterol and vitamin
D. Statins inhibit HMG-CoA reductase and thereby inhibit the synthesis of 7-
dehydrocholesterol, the precursor for cholesterol and vitamin D, which may have positive
and negative effects, respectively, on Hh signaling (Figure 3; see above). Statins would then
counteract the result of reducing cholesterol, a possible positive regulator of Hh signaling,
by decreasing vitamin D levels. However, this reduction has not been reported clinically and
hence remains theoretical [119].

6.7 Therapeutic use of Hh pathway antagonists
It remains to be seen whether Hh pathway antagonists like GDC-0449 can completely
eradicate BCCs in patients. In experimental studies in which the Hh pathway was
inactivated in visible BCCs, despite the dramatic shrinkage of the tumors, a residual
population of non-proliferative cells remained, which reinitiated BCC growth when the Hh
pathway (Gli2 overexpression) was reactivated [20]. This would suggest that Hh pathway
antagonists are likely to be ‘growth suppressors’, and that drug withdrawal would result in
the reappearance of BCC. Thus, it is likely that other agents may be required in combination
with Hh pathway antagonists for the complete eradication of BCC.

GDC-0449 is currently being tested in Phase II trials in combination with erlotinib (a
specific inhibitor of EGFR/ErbB1) for the treatment of metastatic pancreatic cancer (Table
1). As observed for other cancers, it is possible that in some patients with BCC, resistance to
a single agent such as GDC-0449 may occur. This was observed in a patient with metastatic
medulloblastoma who was treated with GDC-0449. Although the patient had a remarkable
initial response to the drug (i.e., the metastatic growths diminished substantially in 2
months), unfortunately the cancer returned in a more aggressive form and the patient died
shortly after [124]. Analysis of the nonresponsive growths showed a point mutation in the
Smo gene that rendered the protein resistant to GDC-0449. Therefore, it is likely that other
Smo inhibitors that differ in their functional abilities may also be necessary to overcome
drug resistance.

7. Expert opinion
Despite significant progress in the understanding of the biology of BCC, the annual rate of
BCC incidence is still increasing, and advanced BCC remains an incurable disease. There is
a wealth of preclinical and clinical data to support several novel chemopreventive strategies
for BCC treatment. Firstly, preclinical and clinical trials with drugs already FDA-approved
for treating other nonrelated diseases have suggested novel uses of these drugs for chemo-
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prevention or early treatment of clinically relevant BCCs. It is likely that if clinical trials for
BCC prevention indicate some ‘success’, these drugs will be approved relatively quickly by
the FDA for BCC chemoprevention and therapy.

As with all non-FDA-approved investigative drugs, the optimal clinical use of the
molecularly targeted novel Hh pathway inhibitors is likely to take some time to establish.
However, the clinical trials that have evaluated the Smo antagonist GDC-0449 in patients
with advanced BCC and medulloblastoma suggest promising prospects for the clinical use
of this drug for prevention and treatment of less severe BCC. Already, clinical trials are
underway to evaluate whether this drug will be a success as a chemopreventive agent against
BCC in BCNS patients. However, preclinical studies suggest serious side effects for the use
of Hh pathway inhibitors in children. In juvenile mice, transient inhibition of Hh signaling
with a Smo inhibitor resulted in a loss of chondrocytes and premature fusion of bone growth
plates leading to severe malformations [125], thus perhaps prohibiting the use of Hh
inhibitors in younger BCNS or XP patients who develop skin cancers at a young age.

The clinical development of Smo inhibitors that target and inhibit Smo in different ways, or
the use of another anti-cancer drug in combination, may overcome the drug resistance that is
so commonly seen in cancer therapy. In addition, it is likely that a combination of Hh
pathway antagonists and non Hh-pathway inhibitors will be required to eradicate BCC. It is
hoped that several ongoing preclinical and clinical studies evaluating novel targeted
approaches for treatment of BCC will lead to further improvement in the management of
BCC.
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Article highlights

• Aberrant hyperactivation of Hedgehog (Hh) signaling drives many cancers,
including basal cell carcinoma (BCC), for which it is the pivotal pathway that
causes the disease. Therefore, at least in BCC, the Hh pathway is an attractive
target for the development of new therapeutics. The development of Ptch1+/−

and Ptch1+/− epidermally deleted p53 murine models of BCC, which accurately
phenocopy the human disease, allow for more rapid assessment of novel drugs
for BCC chemoprevention and therapy.

• In preclinical BCC studies, the ‘established’ FDA-approved drugs tazarotene
and itraconazole, which are currently used to treat other diseases, show good
chemopreventive and therapeutic efficacy, respectively, against murine BCC;
their anti-BCC efficacy is currently being investigated in Phase II clinical trials.
If successful in these trials, these drugs are likely to be approved relatively
quickly by the FDA for BCC chemoprevention and therapy. Also, NSAIDs such
as celecoxib may have anti-BCC efficacy in patients at lower risk and may
provide another viable therapeutic option.

• Mechanism-based therapies that directly target the Hh pathway are arguably the
most exciting development for BCC prevention and management. The discovery
of cyclopamine as a natural occurring inhibitor of Smoothened (Smo), a major
Hh pathway effector, has shown that Smo inhibition by small molecules is a
viable therapeutic option. This has spawned numerous efforts to design or
identify viable therapeutic Smo antagonists. The most advanced Smo inhibitor
currently being investigated in clinical trials is GDC-0449. In Phase I clinical
trials of metastatic BCC and medulloblastoma, GDC-0449 dramatically reduced
tumor growth; it has now entered Phase II testing.

• The identification of Hh pathway inhibitors that are distinct from GDC-0449
and their combined use may provide enhanced efficacy against BCC
tumorigenesis, and provide alternative therapies that overcome tumor resistance
to a single agent.

This box summarizes key points contained in the article.
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Figure 1. The Hedgehog (Hh) signaling pathway
A. In the absence of Hh ligand, Ptch1 in the primary cilium represses Smo function,
resulting in the proteolytic processing of Gli-activator (Gli1-A) (bound to SuFu, a negative
regulator of Hh signaling) to Gli-repressor (Gli-R). The latter then binds to the promoters of
Hh target genes to repress transcription. B. In the presence of Hh, Ptch1 translocates out of
the cilium and is degraded, allowing Smo to enter the cilium and activate the Hh pathway by
preventing cleavage of Gli proteins to its repressor form. Gli-A enters the nucleus and
activates Hh-target gene (e.g., Gli1, Ptch1, Bcl2, FoxM1) transcription.
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Figure 2. Pan-retinoids such as all-trans retinoic acid (ATRA) activate potentially all RARs and
RXRs while the acid form of tazarotene activates only RARβ and RARγ, and therefore gives
greater specificity, resulting in reduced systemic toxicities
NR: Nuclear receptor; RAR: Retinoic acid receptor; RXR: Retinoid X receptor.
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Figure 3. The relationship between statins, cholesterol and vitamin D synthesis
Statins inhibit the conversion of HMG-CoA to mevalonate, which results in the reduction of
7-dehydrocholesterol, the major precursor for cholesterol and vitamin D synthesis.
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Table 1

Current clinical trials for Hh pathway inhibitors (see ClinicalTrials.gov for more information).

Drug Sponsor Collaborator ClinicalTrials.gov ID Study

GDC-0449 Genentech Children’s
Hospital & Research
Center, Oakland Genentech

Genentech
Genentech
Genentech

NCT00833417
NCT00957229
NCT00959647

A study evaluating the efficacy and safety
of GDC-0449 (Hedgehog pathway
inhibitor) in patients with advanced basal
cell carcinoma Study to determine the
efficacy and safety of a systemic
Hedgehog pathway antagonist
(GDC-0449) in patients with basal cell
nevus syndrome (BCNS) (Phase II)
A study of GDC-0449 (Hedgehog pathway
inhibitor) in patients treated with
GDC-0449 in a previous Genentech-
sponsored Phase I or II cancer study
(Phase II for metastatic colorectal cancer,
ovarian cancer and BCC)

IPI-926 Infinity Pharmaceuticals NCT00761696 A Phase I study of IPI-926 in patients with
advanced and/or metastatic solid tumor
malignancies

BMS-833923 (XL139) Bristol-Myers Squibb Exelixis NCT00670189 A Phase I study of BMS-833923 (XL139)
in subjects with advanced or metastatic
cancer

LDE225 Novartis Pharmaceuticals NCT00880308 Dose finding and safety of oral LDE225 in
patients with advanced solid tumors (Phase
I)
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