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Skórzewska, M. Novel Approaches in

Non-Melanoma Skin Cancers—A

Focus on Hedgehog Pathway in Basal

Cell Carcinoma (BCC). Cells 2022, 11,

3210. https://doi.org/10.3390/

cells11203210

Academic Editor: Natalia Riobo-Del

Galdo

Received: 22 September 2022

Accepted: 11 October 2022

Published: 13 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Review

Novel Approaches in Non-Melanoma Skin Cancers—A Focus
on Hedgehog Pathway in Basal Cell Carcinoma (BCC)
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Abstract: Basal cell carcinoma (BCC) is one of the most common neoplasms in the population.
A good prognosis and mainly non-aggressive development have made it underdiagnosed and ex-
cluded from the statistics. Due to the availability of efficient surgical therapy, BCC is sometimes
overlooked in the search for novel therapies. Most clinicians are unaware of its complicated patho-
genesis or the availability of effective targeted therapy based on Hedgehog inhibitors (HHI) used in
advanced or metastatic cases. Nevertheless, the concomitance and esthetic burden of this neoplasm
are severe. As with other cancers, its pathogenesis is multifactorial and complicated with a network of
dependencies. Although the tumour microenvironment (TME), genetic aberrations, and risk factors
seem crucial in all skin cancers, in BCC they all have become accessible as therapeutic or prevention
targets. The results of this review indicate that a central role in the development of BCC is played
by the Hedgehog (Hh) signalling pathway. Two signalling molecules have been identified as the
main culprits, namely Patched homologue 1 (PTCH1) and, less often, Smoothened homologue (SMO).
Considering effective immunotherapy for other neoplastic growths being introduced, implementing
immunotherapy in advanced BCC is pivotal and beneficial. Up to now, the US Food and Drug
Administration (FDA) has approved two inhibitors of SMO for the treatment of advanced BCC.
Sonidegib and vismodegib are registered based on their efficacy in clinical trials. However, despite
this success, limitations might occur during the therapy, as some patients show resistance to these
molecules. This review aims to summarize novel options of targeted therapies in BCC and debate the
mechanisms and clinical implications of tumor resistance.

Keywords: basal cell carcinoma; BCC; hedgehog inhibitors; HHI; patched homologue 1; PTCH1;
Smoothened homologue; SMO

1. Introduction

The complexity of the skin is reflected in the variety of its neoplasms, both benign
and malignant. The most popular division of skin cancers includes non-melanoma skin
cancers (NMSCs) and melanoma. While focusing on NMSCs, we can distinguish two
main types of cancer of epidermal origin; basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC) [1]. The incidence and mortality of NMSCs are not fully known due to
limited data from unreported cases. GLOBOCAN estimated the incidence of skin cancers in
2020 to be over a million new cases, excluding BCC as one of the most common oncological
pathologies. Mortality statistics included BCC, reaching 63,000 in 2020 [2].

BCC may cause a significant impairment of organ functions, deformation, lowering
the standard of living [3]. Due to its low metastatic potential, local surgical treatment is
the treatment of choice [3–5]. Some patients, especially the elderly with BCC localized on
the face, may benefit from radiotherapy because of the limited usage of surgical treatment
within the face [4]. An excellent prognosis is observed with this approach [6,7]. Moreover,
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in 2021 FDA approved cemiplimab, a monoclonal IgG anti-PD-1 antibody, for treating
patients with locally advanced and unresectable BCC [8].

Among many aberrations observed in BCC, dysregulation of the Hedgehog (Hh) sig-
nalling pathway is the most characteristic and typical. The Hh pathway mostly depends on
inactivating mutations in a negative regulator, PTCH1, or less often on activating mutations in
a positive regulator, SMO. Aberrations in PTCH1 as a classic tumour suppressor gene affect
SMO activating functions, which leads to activation of glioma-associated oncogene 1 and 2
(GLI1/2) [9,10]. Moreover, mutations in the SMO proto-oncogene may show the same effect
on cell functions [11]. Activating the Hh pathway in keratocytes initiates the decrease
of control over differentiation and proliferation, which is necessary to maintain cell pop-
ulations and regulate the development of sebaceous glands and hair follicles (10). FDA
approved systemic Hedgehog inhibitors (HHIs) in cases of locally advanced BCC (laBCC)
or metastatic BCC (mBCC) [12]. However, overcoming resistance to HHIs remains a crucial
research topic [13–16]. The aim of this review is to summarize the latest literature regarding
BCC, the concomitant dysregulation in the Hh signalling pathway, as well as to generate
discussions on paths toward the future study and treatment of BCC.

2. Non-Melanoma Skin Cancers—An Overview

Skin cancers are the most common malignancies worldwide, with the most prevalent
being BCC, SCC and melanoma [17]. The general classification highlights four disease
types: epidermal, benign, malignant and melanocytic benign, or malignant. BCC and
SCC fall into the malignant epidermal category [1]. It has recently been observed that the
incidence of skin cancers is increasing; however, the data is unclear and dependent on the
geological region [18,19]. BCC and SCC represent the majority of NMSCs [5]. In the USA,
the incidence rates of NMSCs were measured from 1990 to 2019. The incidence increased
from 402 to 787 per 100,000 persons, yet the mortality remained relatively stable with an
estimation of 0.8 [6].

The development of skin cancers is conditioned by multifactorial mechanisms, includ-
ing genetic mutations, phenotypical characteristics, and environmental factors [20]. With
the highest incidence in Caucasian people, one of the leading causes of NMSCs is exposure
to ultraviolet radiation [21,22]. UV light is proven to induce damage to cellular DNA and
RNA directly, causing the formation of covalent bonds between adjacent pyrimidines (UVB)
as well as producing reactive oxygen species (UVA) [23]. Sun exposure, sunbed use and
phototherapy pose risks associated with high UV radiation. Furthermore, fair skin type,
male sex, immunosuppression, transplant reception, radiotherapy, and arsenic exposure
are the risk factors of carcinogenesis (Figure 1) [24–26]. A common genetic mutation related
to an increased BCC prevalence regards nevoid BCC syndrome with germline mutations of
PTCH1, a tumour suppressor and Hh receptor. Consequently, this results in the decreased
suppression of intracellular signalling by the G-protein-coupled receptor, SMO, which leads
to the direct upregulation of target genes’ transcription [27]. Somatic PTCH1 mutations
often present in familial and sporadic BCC [28,29]. Another common dysregulation regards
TP53 tumour suppressor gene inactivation by UV radiation in many cases of BCC [30,31].
Genes also involved in NMSCs pathogenesis are melanocortin-1 receptor (MC1R), xero-
derma pigmentosum complementation group C (XPC), cytochrome P450 2D6 (CYP2D6),
cyclin dependent kinase inhibitor 2A (CDKN2A), glutathione S-transferase theta 1 gene
(GSTT1), and telomerase [20,23].

3. Basal Cell Carcinoma

BCC is a malignant neoplasm, representing about 80% of NMSCs, and typically occurs
without precursor lesions compared to SCC [32,33]. Many histological subtypes of BCC
can be distinguished, as they come with different clinical manifestations. Nodular BCC is
the most common one and accounts for almost 60% of BCCs. It develops as raised pink
pearly nodules with surface telangiectasia and ulceration [20]. Superficial BCC is less
frequently diagnosed and is mainly located on the trunk of sun-protected areas and limbs.
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Superficial BCC manifests as pink macules or thin plaques, and can be easily mistaken
for other dermatological diseases [20]. Moreover, we can distinguish morphoeic BCC,
generally located on the nose and appearing as scar-like plaques [20,34]. It can also cause
extensive local destruction [3]. However, they are both more aggressive than nodular
BCC [35,36]. Most BCCs occur in the head and neck area with the exclusion of superficial
BCC [36]. Accompanying symptoms that allow the diagnosis include crusting, bleeding,
tenderness, and itching [33]. Although metastasis is rarely observed, local growth tends
to be destructive [27]. Dermatoscopy examines and identifies arborising telangiectasia,
ulceration, and leaflike areas characteristic of BCC [37]. Skin biopsy enables the exact BCC
subtype identification, while computed tomography or magnetic resonance imaging can
play a pivotal role in the diagnosing of bony, vascular, or major nerve invasion [23].

BCC’s preferred therapeutic approach depends on low- or high-risk assessment. Sur-
gical excision remains the most common one, with a particular significance of Moh’s
micrographic surgery, which allows a better histological accuracy of complete tumour
resection with maximized tissue conservation [38]. This method is the most frequently
chosen and highly effective in the case of facial BCC [39]. Destructive techniques are highly
successful in BCC treatment, including radiotherapy, photodynamic therapy, topical im-
iquimod therapy, cryosurgery, curettage and cautery [24,40–43]. Moreover, immunotherapy
with programmed cell death PD-1 antibodies is currently undergoing investigation in
clinical trials and, as mentioned before, cemiplimab has been approved by the FDA for
treatment of advanced BCC [4,8] The main focus in search for efficient treatment is on
Hedgehog Pathway Inhibitors, as they have become a new target in therapy designated for
BCCs not qualified for surgery or radiotherapy [44]. Vismodegib and Sonidegib have also
proved to be effective in treating advanced and metastatic forms of BCC [13,14].

4. Hedgehog Pathway and Dysregulation in Malignancy
4.1. Hh Pathway Overview

The hedgehog pathway is also known as Hedgehog-Patched (Hh-Ptch), Hedgehog-Gli
(Hh-Gli), or Hedgehog-Patched-Smoothened (Hh-Ptch-Smo). It is vital in the early stages of
embryonic development during vertebrates and invertebrates shaping and renal develop-
ment [45,46]. In adult organisms, it is rarely activated, mainly during wound healing and
in pluripotential cells crucial for tissue repair [47–52]. The hedgehog signalling pathway is
the most characteristic for primary cilia (PC), a structure in charge of chemical, thermal and
mechanical signalling [53]. Studies indicate that Hh pathway physiological functions can
enhance the development of multiple malignancies by promoting metastasis and prolifera-
tion and dysregulating TME [54–56]. Currently, there are two known ways of activating the
Hh pathway—canonical with ligand or receptor interaction and non-canonical downstream
pathway, SMO independent [57]. Three proteins are crucial in signaling; Hh ligand, PTCH,
and SMO transducing the signal into activation of GLI transcription factors [58]. PTCH,
a receptor in the Hedgehog signalling pathway, is a 1500 amino acid protein that spans
the cell membranes 12 times with two extracellular loops binding the Hh ligand [59]. Both
the N- and C-terminal domains of PTCH are cytoplasmic [60]. As for now, two major
PTCH receptors are distinguished; PTCH1 and PTCH2, the first playing a vital role in most
pathologies [59]. The absence of the Hh ligand causes the PTCH derived arrest of SMO
translocation. The lack of this factor enables protein kinase A (PKA), glycogen synthase
kinase-3 (GSK3), and casein kinase 1 (CK1) to phosphorylate full-length glioma-associated
oncogene (GLIFL) and create a Gli repressor (GLIR) (Figure 1) [61,62]. GLIR is responsible
for repressing the expression of the Hh signalling pathway target genes [63,64]. Three genes
are found to be in charge of activating the Hedgehog pathway through their products;
the Sonic Hedgehog (SHH), Indian Hedgehog (IHH), and Desert Hedgehog (DHH) [65].
Their expression depends on the tissue type [65]. The signaling pathway starts with linking
any of the ligands (Hh) with PTCH protein, so the complex is internalized. The blocked
inhibition of SMO enables the signal to go through numerous cytoplasmic proteins; kinesin
protein (KIF7), suppressor of fused (SUFU), and GLIFL [66]. Eventually, the GLI activator
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(GLIA) is released and activates the transcription of specific genes through Gli transcription
factors [57,67]. GLI1, GLI2, and GLI3 are factors primarily discovered in glioblastoma and
members of the Kruppel family of zinc-finger transcription factors. However, each plays a
different role in pathway signaling [68,69]. GLI1 acts as a transcription activator, GLI2 has a
dualistic role, while GLI3 is correlated with repression of transcription [70–72]. In addition,
GLI factors can be controlled by the SUFU, when in the absence of SHH it binds directly
to GLI and represses its activation [73,74]. The Hh pathway focuses on multiple genes
involved in cell functioning as well as genes that regulate the Hh pathway such as PTCH1
and GLI1 (Table 1) [75,76]. Numerous studies have established a connection between
the Hh pathway and other crucial kinases often linked to carcinogenesis and targeted
in anti-tumour therapy. Kaesler et al. found that PKA can inhibit GLI1 transcriptional
activity, while Wang et al. showed that the arrest of GLI dependent on PKA regulation
can result in limb malformations [77,78]. Dual specificity Yak1-related kinase 1 (DYRK1)
could also control the transcriptional activity of GLI1 in a not fully understood way [79].
Riobo et al. identified that both protein kinase C-delta (PKC-δ) and mitogen-activated
protein/extracellular signal-regulated kinase-1 (MEK-1) are positive regulators of the Hh
pathway through GLI activity [80]. The same authors presented the crucial influence of
phosphoinositide 3-kinase (PI3-kinase)-dependent AKT on the Hh signaling pathway in
signal transmission. Stimulating PI3-kinase/Akt by insulin-like growth factor I (IGF-1)
provides GLI activation even with low levels of Hh [81]. Finally, the Hedgehog signalling
pathway has its own internal negative feedback system, which depends on GLI2 and
GLI3 activation [82–84]. If the Hh ligand is absent, SUFU phosphorylates many residues in
order to cleave GLI2 and GLI3 into smaller proteins with the repressor function, which al-
lows negative feedback to go through. However, out of these two proteins, GLI3R is known
to be more stable and translocate to the nucleus where it inhibits Hh-related responses, with
GLI2R marginal function in inhibition [85]. In GLI independent, the non-canonical pathway
signalling is divided into two mechanisms. The first one is dependent on PTCH1 and Hh
ligands without the use of SMO, and it can be mainly applied to cell proliferation. The
second type goes through SMO, affecting calcium ions, chemotaxis, and cell migration,
while promoting cell proliferation and survival depending on the Src kinase family [86].

Figure 1. Outlook on primary cilia and Hedgehog signalling pathway [87]. In the absence of a Hh
ligand, GLI is phosphorylated by PKA, GSK3β, and CK1, leading to GLI repressor formation and
arrest of the pathway. When Hh ligands are present, Smoothened is phosphorylated, SUFU inhibition
is removed, and the GLI activator induces targeted genes transcription.
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Table 1. Hh signalling pathway related and targeted genes, the most crucial in oncogenesis and signalling.

Gene Effect of the Gene Product in Carcinogenesis Reference

PTCH1 Regulator of SMO, negative feedback [76]
PTCH2 Regulation of SMO, negative pathway feedback [76,88]
SMO Signal transducer, activator of GLI transcriptional factors [89]
SUFU Negative regulator of Hh signalling pathway [90]
GLI1 Positive pathway feedback [76]

HHAT (Hedgehog
acyltransferase)

Catalyzation of the covalent attachment of palmitate,
activation of the downstream signalling [91]

HHIP (Hedgehog
interacting protein)

Controlling of Hh pathway with negative feedback,
growth, migration, and invasion of cancer cells [92,93]

GAS1 co-receptor, activation of PTCH2-dependent Hh signalling [94]

CCND2 Promotion of cellular growth, induction of
DNA replication [95]

CCNE1 Promotion of cellular growth, induction of
DNA replication [95]

BCL2 Regulation of apoptosis, inducing malignant phenotype [96]

MYCN Induction of Hh-induced proliferation, promotion of cell
cycle entry [97]

PAX6/7/9 Phenotypic transformation, proliferation, and migration
via Hh signalling pathway [98]

JAG1 Homeostasis of stem and progenitor cells, involved in
Wnt signalling pathway [99]

WNT2B Cancer progression, key factor in Wnt signalling pathway [100]

FOXM1
Regulating the expression of genes involved in cell

growth, proliferation, differentiation, longevity,
and transformation

[101]

4.2. Hedgehog Links with Other Crucial Pathways

The correlations of the Hh pathway with other well-known pathways of carcinogenesis
are also possible targets worth investigating. Interactions with other signalling components,
such as TGF-β, EGFR, KRAs, PKA, NOTCH, and Wnt/β-catenin, were spotted. Several of
these signals can be active in one malignancy [102]. Maeda et al. showed that beta-catenin
could be involved in Hh-signalling through the enhancement of the transcriptional activity
of GLI [103]. SUFU, on the contrary, can suppress the activity of beta-catenin and functions
as a negative regulator of T-cell factor (Tcf)-dependent transcription [104]. Studies carried
out on medulloblastoma with mutant SUFU showed that the aberrations of this protein can
stimulate both the Wnt and Hh pathways, however research on BCC is still needed [105].
The results of a few studies suggested that the EGFR oncogenic pathway has a synergistic
effect on cancer cell proliferation and survival, whereas simultaneous overexpression of
GLI1 and MEK1 induces tumour development in studies with BCC [106]. Götschel et al.
concluded that the EGFR signalling silences proteins acting as negative regulators of Hh
signalling, and conversely, Hh signalling keeps the strong and significant expression of
numerous canonical EGF-targets [107]. All that evidence encourages expanding the search
for therapeutic options with combined therapy targeting multiple oncogenic proteins at
once for better results in patients.

This complexity of Hh pathway signalling and the multitude of connections with
alternative ways of tumour development indicate both pathogenesis and possible treatment
aims in solid tumours, one of which is BCC. The relationship between the Hh pathway
and human skin pathology was discovered for the first time in a rare disease, namely,
the nevoid basal cell carcinoma syndrome (NBCCS). NBCCS, known as Gorlin syndrome,
is an autosomal dominant disorder characterised by multiple BCCs, basal cell nevus on
palms and soles, jaw keratocysts, and various other tumours [108,109]. The basis for the
development of this syndrome is a mutation in the PTCH1 gene located on chromosome
9q22.3. Moreover, the loss of the heterozygosity of this region is recognized as elementary
for the development of sporadic BCC [110,111]. Studies indicated that aberrations in Hh
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signalling are present in around 90% of these malignancies [10]. Most common aberrations
lead to the activation of the Hh pathway irrespective of the presence of the ligand, precisely
the activating mutations in the SMO or inactivating mutations in the PTCH1 or SUFU [29].
Many preclinical models and studies support this thesis, as approximately 85% of sporadic
BCCs have the inactivating mutation of PTCH1, and in UV-inducted in the PTCH1 mutant
mice population, BCC incidence was spotted [112,113]. However, sporadic BCC can also
occur in the overexpression of GLI2, regardless of upregulation mechanisms [114]. At the
same time, blocking the signalling pathway in genetically modified mice allowed for the
involution and reduction of the proliferation of BCC cancer cells [115]. With all clinical
and therapeutic implications, BCC remains one of the most closely correlated with Hh
signalling neoplasms.

4.3. Interactions between Hh and TME

Furthermore, a strict correlation between TME and the Hedgehog pathway was spot-
ted. The Hh pathway can transduce signals in autocrine, juxtacrine, and, moreover, a
paracrine manner; which influences various TME cells [116]. Studies highlight the impor-
tance of targeting TME in anti-tumour therapy as one of the main alterations promoting
tumour progression and development. Lack of immune control and overpopulation of
disrupted malignant cells leads to cancer development. Models have shown that the
Hedgehog pathway is downregulated in multiple inflammatory diseases, and pathway
activation can be linked with an anti-inflammatory effect [117,118]. Hh signalling can
be strictly involved in the immunological activity of cells in TME by remodeling the
microenvironment (104). Tolerance in the microenvironment can be disrupted by the ex-
pansion of CD4+CD25+FoxP3+ regulatory T-cells (Tregs) that are primarily dependent
on PD-L1 overexpression induced by the Hh pathway [119]. Furthermore, inflammatory
tumour-infiltrating monocytes (TAMs) stimulate the progression of pancreatic cancer by
expressing Hh pathway genes [120].

Hypoxia, a critical factor in the expression of multiple immune checkpoint proteins,
is accountable for the overexpression of PD-L1 and the activation of the Hedgehog path-
way. However, Hh inhibitors can reduce PD-L1 expression in cancer cells [121,122]. The
activation of hypoxia-inducible factor-1α (HIF-1α) by tumour hypoxia strongly activates
the secretion of the SHH ligand by cancer cells, which promotes proliferation and tumour
survival [123]. The anti-tumour response can be conducted with IL-4, IL-5, IL-6, IL-10,
and IL-13, which are higher in BCCs with an activated Hh pathway [124]. Additionally,
significant levels of PD-L1, PD-L2, TIGIT, TIM3, and CD226 were reported in BCC-like
skin tumours in which the TME is enriched in T-cell populations with Hh pathway activa-
tion [124]. Geng et al. showed that the activation of Hh caused increased angiogenesis in
the TME, whereas the vascular network was reduced using the SHH inhibitor [125]. Con-
sidering the growing resistance to SHH inhibitors, the strong correlation of this signalling
pathway with targetable immune checkpoints creates new perspectives for the combined
therapy of tumours such as BCC.

5. Hedgehog Inhibitors in Non-Melanoma Skin Cancers

The treatment goals include achieving the best clinical outcome with prevention of
function and long-lasting cosmetic effects. In advanced or metastatic disease, surgical
treatment does not provide radical excision, so its implementation is limited in these cases.
As indicated, targeting the Hedgehog pathway significantly affects BCC progression and
patient outcomes. Since many elements may interrelate in the Hh pathway, various small
molecules are a matter of research [60,126,127]. Depending on the targeting agent, they can
be divided into groups: SHH inhibitors, SMO antagonists, and GLI inhibitors. The two
most well-established are sonidegib and vismodegib, the only registered oral agents for
metastatic or advanced BCC.



Cells 2022, 11, 3210 7 of 18

5.1. SHH Inhibitors

So far, four agents have been described and are currently being investigated: robot-
nikinin, RS-U 43, the 5E1 monoclonal antibody, and 7_3d3. All of these studies are in the
pre-clinical stage and are providing promising results. Robotnikinin is a small molecule
targeting Sonic hedgehog through six amino acids and the Zn(II) ion present in the binding
groove of SHH [126]. It appears as an excellent therapeutic option for patients with elevated
SHH ligand expression [128,129]. RS-U43 is a dihydrothienopyridine derivative that blocks
SHH palmitoylation—a key factor in Hh signalling. This action effectively inhibits au-
tocrine and paracrine SHH signalling [130]. The 5E1 monoclonal antibody acts by blocking
the interaction of SHH with PTCH1, resulting in an error in pathway signalling [131]. Lastly,
7_3d3 is a derivative of pyrimidine, whose activity, when measured by IC50, showed that,
after modification, it is a molecule ten times stronger than robotnikinin, reaching 0.4 µM in
IC50 value. The ability of 7_3d3 to interact with Hh has been shown in vitro [132].

5.2. SMO Antagonists

The most widely studied group of compounds and the subject of the most intensive
clinical trials in BCC are SMO antagonists. They bind pockets within the extracellular or
transmembrane domain of SMO [133,134]. The first tested antagonist was cyclopamine, a
natural steroidal alkaloid derived from Veratrum californicum. Preclinical studies indicated
that the molecule inhibits tumour growth and can induce the death of cancer cells. Conse-
quently, the first clinical trials with this agent confirmed its safety and efficacy in recurrent
BCC after surgical excision [135,136]. However, in successful clinical trials, cyclopamine
was administrated topically, since when administered orally in animal trials, there were
significant side effects, including dehydration and death. It was also poorly absorbed after
oral administration [137]. All of these effects limit the clinical use of cyclopamine.

Vismodegib and sonidegib are the most known agents of this group. A study that
enabled vismodegib registration—ERIVANCE—was conducted on patients with pathologi-
cally confirmed, recurrent laBCC or mBCC. The results showed that the overall response
rate (ORR) was 30.3% in 33 patients with mBCC and 42.9 in 63 patients with laBCC; the
median response duration was 7.6 months. The most common AEs were muscle spasms,
alopecia, dysgeusia, weight loss, atrial fibrillation, hypocalcemia, and hyponatremia [127].
At the same time, the ERIVANCE study provided a comprehensive safety profile of vis-
modegib, which showed poor results, as 25% of patients had serious AEs and seven AE
correlated death was spotted [138]. Since then, multiple trials have begun, the two main
being STEVIE and MIKIE. The primary endpoints of the STEVIE trial were the occurrence
of AEs during oral therapy with 150 mg of vismodegib. 98% had ≥1 treatment-emergent
adverse event (TEAE), yet they were not severe enough to exclude patients from the trial.
The safety profile matched previous studies [139]. Because a majority of patients to whom
vismodegib was administered experienced AEs, the MIKIE study was carried out, with
different, intermittent treatment schedule of the molecule which allowed to lower a single
dose. The MIKIE study’s primary endpoint was a percentage reduction from baseline in the
number of clinically evident BCCs. Patients were divided into two groups which differed
in treatment schedule, and the reduction in group A totaled 62.7%; while in group B it
totaled 54.0% [140]. The first combined treatment was applied to patients with vismodegib
and pembrolizumab. The primary outcome was the ORR in both arms of the study, and
secondary outcome measures included the incidence and severity of AEs [141]. In 2015,
based on the BOLT trial, the FDA approved sonidegib for patients with laBCC and mBCC.
Patients were randomized into two groups to receive sonidegib at 200 mg or 800 mg daily.
The primary endpoint was ORR, and secondary endpoints were duration of response (DoR),
CR rate, time to tumour response (TTR), and progression-free survival (PFS). The ORR in
laBCC patients was 47.0% in the 200 mg group and 35.2% in the 800 mg group. Patients
with mBCC achieved 15.4% in the 200 mg group and 17.4% in the 800 mg group. Safety was
evaluated, and the most common AEs were muscle spasms, dysgeusia, weight decrease,
and nausea. Sonidegib showed efficacy and safety for advanced and metastatic BCC with
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a more favourable benefit-risk profile for 200 mg [142]. Follow-ups were performed after
30 and 42 months of the BOLT study, mainly demonstrating the long-term efficacy and
safety of the 200 mg dose. ORR was sustained and finally reached 56% in laBCC and 8% in
mBCC. Furthermore, sonidegib showed a better safety profile than vismodegib [14,143].
Several other Smo inhibitors such as glasdegib, SANT-1, CUR-61414, and ALLO1/2 are
currently in preliminary studies, with a need for further investigation [144–147].

Currently, novel agents are evaluated in clinical trials. TAK-441, an oral antagonist, was
tested in a phase 1 study with patients with advanced non-haematological malignancies,
with 21% of patients diagnosed with BCC. The observed inhibition of GLI and the lowering
of its levels depending on dose resulted in a partial response (PR) in one patient and stable
disease (SD) in seven patients [148]. XL139, currently in phase 1 study, is administrated
orally to patients with advanced BCC. The agent showed its activity towards inhibiting
Smo [149,150]. LEQ506 is another oral inhibitor in the dose-escalation study. The aim of the
novel phase 2 study on taladegib, currently awaiting recruitment, is to evaluate the efficacy
and safety in patients with loss of function of PTCH1 and advanced solid tumours based
on occurring adverse events (AEs) and Response Evaluation Criteria in Solid Tumours
(RECIST1.1) [151]. There are a few trials with Patidegib; a topical gel indicated for patients
with sporadic BCC and Gorlin syndrome. All these studies have proved that administering
patidegib topically guarantees the safety and efficacy of therapy with no systemic AEs [152].
At the same time, a decreased amount of GLI1 mRNA transcript was observed [152].

5.3. Gli Inhibitors

In light of growing resistance and indicating new activation methods of the Hh pathways,
targeting GLI1 and GLI2 as eventually executive units seems crucial. Lauth et al. proposed
two agents blocking GLI proteins from interfering with their DNA binding capacity. These
are GANT58, which is capable of inhibiting the activity of GLI1, and GANT61, inhibiting both
GLI1 and GLI2 [153]. ATO, another GLI inhibitor, is currently approved for the treatment
of acute leukemia [154]. It manipulates the action of GLI in multiple ways, such as by
increasing degradation and directly binding to GLI proteins [155,156]. Moreover, and which
will be described in further detail, combined therapy with ATO and itraconazole proved
to overcome acquired resistance to SMO antagonists in BCC [157]. Small molecule Hh
pathway inhibitors (HPI-1/2/3/4) showed the ability to block the pathway in numerous
ways, mainly by inhibiting GLI. The direct mechanisms of their activity remain unknown.
While HPI-1 can suppress Hh pathway activation induced by the loss of SUFU or GLI
overexpression, HPI-2 is mostly effective towards GLI2, and HPI-4 disrupts ciliogenesis.
The most essential features of HPIs are acting downstream to SMO and their ability to
interact with posttranslational modifications [158].

6. Resistance in Studies and Clinical Practice

Two resistance models are distinguishable during treatment with HHI. There are patients
with advanced BCC who did not respond to any HHI in the initial treatment (primary/intrinsic
resistance), and patients who relapsed after an initial response to HHI treatment (acquired
resistance). The first case of resistance occurred in 2009 when Rudin et al. described a
patient with medulloblastoma resistant to HHI [159]. After that, many cases of resistance
were reported. Even in clinical trials where FDA approval was granted, some patients
lacked response or developed resistance during treatment. In ERIVANCE follow-up after
39 months from 104 enrolled patients, 27.9% had progression of the disease [13]. At the same
time, disease progression was the most common reason for patient withdrawal from the
ERIVANCE trial [138]. Likewise, trials with sonidegib showed PD in some patients; 29.1%
of patients receiving sonidegib 200 mg and 9.9% of patients receiving sonidegib 800 mg
had PD [143]. Numerous cases pointed to primary resistance for HHIs in spontaneous
BCC and Gorlin syndrome [15,16,160]. After a complete response, acquired resistance
mechanisms occur, leading to the recurrence of malignant processes and metastases within
a few months [161]. An exploratory open-label study was conducted to evaluate the safety
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of sonidegib combined with buparlisib for BCCs that did not respond to prior treatment.
In fact, four of the seven enrolled patients had SD [162]. Cross-resistance was observed
between sonidegib and vismodegib [163]. That being said, a conclusion can be drawn that
targeting multiple pathways involved in BCC pathogenesis seems beneficial for patients
with resistance, as buparlisib is PI3K specific inhibitor. Moreover, Kong et al. described a
sensitizing effect of buparlisib in combination with chemotherapy [164].

Currently, several resistance mechanisms are described in the literature (Figure 2).
SMO mutations and a binding site for HHI are the most common causes of resistance
both in BCC and other Hh-dependent neoplasms, mainly medulloblastoma [165,166].
However, the mechanisms of resistance appear to be similar in tumours with upregulation
of the Hh pathway. In intrinsic and acquired resistance, most patients carry the SMO
mutation [167,168]. Mutations, namely p.G497W, p.D473Y, p.D473H and the most frequent
p.D473 and p.W535L, may result in the ongoing activity of the Hh pathway even in the
presence of various inhibitors, as shown in medulloblastoma [169]. Molecular screening of
tumour specimens showed that the p.D473Y mutation directly causes vismodegib binding
affinity, whereas p.G497W mutation is known to interfere with drug entry to the binding
site [168]. The P.D473Y mutation can be linked with resistance for both sonidegib and
vismodegib in medulloblastoma and can be used as a negative predictive marker in the
future [170]. Interestingly, a genomic analysis proved that most cases of recurrent BCC
harbored mutations in SMO, when only 15% of previously untreated neoplasms showed
these alterations [167]. Another less commonly used preparation, itraconazole, has been
tested in resistant BCC. An antifungal agent, itraconazole, has shown efficiency as a
potent Hh pathway inhibitor in medulloblastoma [171]. Simulations showed that it is
possible for itraconazole to bind different sites of SMO: the pocket in the C-terminal domain
instead of the N-terminal domain, and the binding does not interfere with vismodegib
binding, yet this evidence was not documented in experimental trials [172]. At the same
time, itraconazole effectively reduced lesions and inhibited disease progression in patients
with BCC [173]. Other resistance mechanisms concerning SMO mutations can block the
autoinhibitory impact of the SMO loop structure. Mutations such as p.W353L, p.V321M,
p.L412F, and p.F460L may cause constant activation of the Hh pathway [174]. Genetic
alterations outside of SMO were found in resistant BCCs, such as reduced of SUFU and
increased copy numbers of GLI2 [167]. The non-canonical way of activating GLI contributes
to resistance by upregulation of other oncogenic pathways. Due to the tumor’s heterogenic
character, canonical and non-canonical pathways may co-exist in a given cancer type [175].
Other less common resistance mechanisms involve the association of Hh with other cell
signalling pathways and switching between canonical and non-canonical activation. Indeed,
Whitson et al. described a noncanonical hedgehog activation pathway driven by the
transcription factor serum response factor (SRF) and its coactivator megakaryoblastic
leukaemia 1 (MKL1) [176]. Moreover, Biehs et al. suggest tumour cell identity switching
by activating the Wnt pathway, which allows the tumour to survive during vismodegib
treatment [177]. Furthermore, a study conducted by Sanchez-Danes et al. showed that in
BCC resistance to therapy may occur through a small population of cells with upregulated
Wnt signalling, which persist the standard therapy of vismodegib [178]. Dheeraj et al.
described a decreased level of phosphorylated EGFR and AKT in HHI resistant, previously
treated BCC [179]. In conclusion, numerous cases of resistance occurred; however, their
mechanisms are not fully understood and are often linked to medulloblastoma or different
neoplasms, which does not always correlate with BCC. Future, in depth research is needed
as overcoming resistance is crucial for efficient dosage, reduction of AEs, and toxicities
linked with molecular targeted treatments.
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Figure 2. The most common resistance mechanisms in Hedgehog inhibitors treatment involving
canonical and non-canonical ways of activating the Hh pathway.

7. Conclusions and Future Directions

The occurrence of BCC is primarily associated with the mutations that lead to the
upregulation of the Hedgehog signalling pathway. Thus, researchers continuously strive
to develop such inhibitors and targeted therapies that would specifically inhibit the car-
cinogenic effects of the disturbed Hedgehog pathway. Several drugs are already approved,
while other therapies are still undergoing investigation. The major concern occurring in
clinical trials and pre-clinical studies is the limited usage of novel compounds. Many of
the discussed molecules have been investigated only in models, pre-clinical studies and on
limited groups of patients. Considering current interventions, the usage of SMO inhibitors
seems to be beneficial. Nevertheless, possibilities and multitudes of new targets and drugs
should be effectively used and investigated. However, a significant potential side effect in
the form of the induction of SCC should also be considered. Drugs such as GLI antagonists,
which aim to inhibit the bromo and extraterminal (BET) domain family, also present good
clinical outcomes regarding BCC treatment. Despite high clinical efficacy, severe adverse
effects of specific Hedgehog pathway-targeted therapies should be considered. Another
issue constitutes the molecular characterisation of a patient’s BCC to introduce the most
effective therapeutic approach. Furthermore, some tumours might develop drug resistance
during therapy, significantly decreasing the overall clinical outcome with the necessity of
implementing other treatment strategies. For this reason, there is a need for other drugs to
be developed and investigated in clinical trials. Combined therapies are proposed for the
patients to minimise potential side effects and effectively manage the neoplastic growth
of BCC. Additional modalities include immunotherapy or photodynamic therapy. A sig-
nificant aspect of novel BCC-focused therapies is the search for other mutations beyond
those related to the Hedgehog signalling pathway. The breakthrough would allow the
development of therapies that could inhibit the major carcinogenic pathway and facilitate
BCC growth progression. Combined treatment modalities targeting various signaling
pathways of BCC (and not only the Hedgehog pathway) could constitute an opportunity to
treat advanced, metastatic, and recurrent BCC that is resistant to treatment. In conclusion,
the approval and common usage of the drugs that target the Hedgehog pathway constitutes
an important treatment modality for treating BCC patients. However, alternative drugs,
particularly resistant tumours, should be investigated.
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Hankiewicz, A.; Ułańska, M.; et al. The incidence and clinical analysis of non-melanoma skin cancer. Sci. Rep. 2021, 11, 4337.
[CrossRef]

33. Gordon, R. Skin Cancer: An Overview of Epidemiology and Risk Factors. Semin. Oncol. Nurs. 2013, 29, 160–169. [CrossRef]
[PubMed]

34. Scrivener, Y.; Grosshans, E.; Cribier, B. Variations of basal cell carcinomas according to gender, age, location and histopathological
subtype. Br. J. Dermatol. 2002, 147, 41–47. [CrossRef] [PubMed]

35. Arits, A.; Schlangen, M.; Nelemans, P.; Kelleners-Smeets, N. Trends in the incidence of basal cell carcinoma by histopathological
subtype. J. Eur. Acad. Dermatol. Venereol. 2011, 25, 565–569. [CrossRef]

36. McCormack, C.J.; Kelly, J.W.; Dorevitch, A.P. Differences in age and body site distribution of the histological subtypes of basal cell
carcinoma. A possible indicator of differing causes. Arch. Dermatol. 1997, 133, 593–596. [CrossRef]

37. Altamura, D.; Menzies, S.W.; Argenziano, G.; Zalaudek, I.; Soyer, H.P.; Sera, F.; Avramidis, M.; DeAmbrosis, K.; Fargnoli, M.C.;
Peris, K. Dermatoscopy of basal cell carcinoma: Morphologic variability of global and local features and accuracy of diagnosis.
J. Am. Acad. Dermatol. 2010, 62, 67–75. [CrossRef]

38. Smeets, N.W.; Krekels, G.A.; Ostertag, J.U.; Essers, B.A.; Dirksen, C.D.; Nieman, F.H.; Neumann, H.M. Surgical excision vs Mohs’
micrographic surgery for basal-cell carcinoma of the face: Randomised controlled trial. Lancet 2004, 364, 1766–1772. [CrossRef]

39. Smeets, N.W.J.; Kuijpers, D.I.M.; Nelemans, P.; Ostertag, J.U.; Verhaegh, M.E.J.M.; Krekels, G.A.M.; Neumann, H.A.M. Mohs’
micrographic surgery for treatment of basal cell carcinoma of the face–results of a retrospective study and review of the literature.
Br. J. Dermatol. 2004, 151, 141–147. [CrossRef]

40. Cheraghi, N.; Cognetta, A.; Goldberg, D. Radiation Therapy in Dermatology: Non-Melanoma Skin Cancer. J. Drugs Dermatol.
2017, 16, 464–469.

41. Tillman, D.K.; Carroll, M.T. Topical imiquimod therapy for basal and squamous cell carcinomas: A clinical experience. Cutis 2007,
79, 241–248. [PubMed]

42. Sheridan, A.T.; Dawber, R.P. Curettage, electrosurgery and skin cancer. Australas. J. Dermatol. 2000, 41, 19–30. [CrossRef]
[PubMed]

43. Kuflik, E.G. Cryosurgery for Skin Cancer: 30-Year Experience and Cure Rates. Dermatol. Surg. 2004, 30, 297–300. [CrossRef]
[PubMed]

44. Fania, L.; Samela, T.; Moretta, G.; Ricci, F.; Dellambra, E.; Mancini, M.; Sampogna, F.; Panebianco, A.; Abeni, D. Attitudes among
dermatologists regarding non-melanoma skin cancer treatment options. Discov. Oncol. 2021, 12, 31. [CrossRef] [PubMed]

45. Cain, J.E.; Rosenblum, N.D. Control of mammalian kidney development by the Hedgehog signaling pathway. Pediatr. Nephrol.
2011, 26, 1365–1371. [CrossRef]

46. Varjosalo, M.; Taipale, J. Hedgehog: Functions and mechanisms. Genes Dev. 2008, 22, 2454–2472. [CrossRef]
47. Le, H.; Kleinerman, R.; Lerman, O.Z.; Brown, D.; Galiano, R.; Gurtner, G.C.; Warren, S.M.; Levine, J.P.; Saadeh, P.B. Hedgehog

signaling is essential for normal wound healing. Wound Repair Regen. 2008, 16, 768–773. [CrossRef]
48. Lowry, W.E.; Richter, L.; Yachechko, R.; Pyle, A.D.; Tchieu, J.; Sridharan, R.; Clark, A.T.; Plath, K. Generation of human induced

pluripotent stem cells from dermal fibroblasts. Proc. Natl. Acad. Sci. 2008, 105, 2883–2888. [CrossRef]

http://doi.org/10.1111/j.1524-4725.2004.30089.x
http://doi.org/10.3390/ijerph17072321
http://doi.org/10.1155/2011/328615
http://doi.org/10.1111/j.1365-2133.2008.08666.x
http://www.ncbi.nlm.nih.gov/pubmed/18593385
http://doi.org/10.1016/j.clon.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31500949
http://doi.org/10.36849/JDD.2020.4781
http://doi.org/10.1016/S0140-6736(09)61196-X
http://doi.org/10.1038/sj.bjc.6603303
http://doi.org/10.1111/j.1365-2133.2005.06353.x
http://www.ncbi.nlm.nih.gov/pubmed/15656799
http://doi.org/10.1016/j.taap.2006.12.006
http://www.ncbi.nlm.nih.gov/pubmed/17270229
http://doi.org/10.1111/j.1365-2133.2006.07230.x
http://www.ncbi.nlm.nih.gov/pubmed/16712710
http://doi.org/10.1038/s41598-021-83502-8
http://doi.org/10.1016/j.soncn.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23958214
http://doi.org/10.1046/j.1365-2133.2002.04804.x
http://www.ncbi.nlm.nih.gov/pubmed/12100183
http://doi.org/10.1111/j.1468-3083.2010.03839.x
http://doi.org/10.1001/archderm.1997.03890410049006
http://doi.org/10.1016/j.jaad.2009.05.035
http://doi.org/10.1016/S0140-6736(04)17399-6
http://doi.org/10.1111/j.1365-2133.2004.06047.x
http://www.ncbi.nlm.nih.gov/pubmed/17674590
http://doi.org/10.1046/j.1440-0960.2000.00383.x
http://www.ncbi.nlm.nih.gov/pubmed/10715896
http://doi.org/10.1097/00042728-200402002-00011
http://www.ncbi.nlm.nih.gov/pubmed/14871224
http://doi.org/10.1007/s12672-021-00421-w
http://www.ncbi.nlm.nih.gov/pubmed/35201447
http://doi.org/10.1007/s00467-010-1704-x
http://doi.org/10.1101/gad.1693608
http://doi.org/10.1111/j.1524-475X.2008.00430.x
http://doi.org/10.1073/pnas.0711983105


Cells 2022, 11, 3210 13 of 18

49. Zhou, J.; Jia, L.; Liu, W.; Miao, C.; Liu, S.; Cao, Y.; Duan, E. Role of sonic hedgehog in maintaining a pool of proliferating stem
cells in the human fetal epidermis. Hum. Reprod. 2006, 21, 1698–1704. [CrossRef]

50. Stecca, B.; Mas, C.; Clement, V.; Zbinden, M.; Correa, R.; Piguet, V.; Beermann, F.; Ruiz i Altaba, A. Melanomas require
HEDGEHOG-GLI signaling regulated by interactions between GLI1 and the RAS-MEK/AKT pathways. Proc. Natl. Acad. Sci.
2007, 104, 5895–5900. [CrossRef]

51. Beachy, P.A.; Karhadkar, S.S.; Berman, D.M. Tissue repair and stem cell renewal in carcinogenesis. Nature 2004, 432, 324–331.
[CrossRef] [PubMed]

52. Fendrich, V.; Esni, F.; Garay, M.V.R.; Feldmann, G.; Habbe, N.; Jensen, J.N.; Dor, Y.; Stoffers, D.; Jensen, J.; Leach, S.D.; et al.
Hedgehog Signaling Is Required for Effective Regeneration of Exocrine Pancreas. Gastroenterology 2008, 135, 621–631. [CrossRef]
[PubMed]

53. Plotnikova, O.V.; Golemis, E.A.; Pugacheva, E.N. Cell Cycle–Dependent Ciliogenesis and Cancer: Figure 1. Cancer Res. 2008, 68,
2058–2061. [CrossRef] [PubMed]

54. Hui, M.; Cazet, A.; Nair, R.; Watkins, D.N.; O’Toole, S.A.; Swarbrick, A. The Hedgehog signalling pathway in breast development,
carcinogenesis and cancer therapy. Breast Cancer Res. 2013, 15, 203. [CrossRef]

55. O’Toole, S.A.; Swarbrick, A.; Sutherland, R.L. The Hedgehog signalling pathway as a therapeutic target in early breast cancer
development. Expert Opin. Ther. Targets 2009, 13, 1095–1103. [CrossRef]

56. Liao, X.; Siu, M.K.Y.; Au, C.W.H.; Wong, E.S.Y.; Chan, H.Y.; Ip, P.P.C.; Ngan, H.Y.S.; Cheung, A.N.Y. Aberrant activation of
hedgehog signaling pathway in ovarian cancers: Effect on prognosis, cell invasion and differentiation. Carcinogenesis 2009, 30,
131–140. [CrossRef]

57. Blotta, S.; Jakubikova, J.; Calimeri, T.; Roccaro, A.M.; Amodio, N.; Azab, A.K.; Foresta, U.; Mitsiades, C.S.; Rossi, M.; Todoerti, K.; et al.
Canonical and noncanonical Hedgehog pathway in the pathogenesis of multiple myeloma. Blood 2012, 120, 5002–5013. [CrossRef]

58. Montagnani, V.; Stecca, B. Role of Protein Kinases in Hedgehog Pathway Control and Implications for Cancer Therapy. Cancers
2019, 11, 449. [CrossRef]

59. Cohen, M.M., Jr. Hedgehog signaling update. Am. J. Med. Genet. Part A 2010, 152A, 1875–1914. [CrossRef]
60. Beachy, P.A.; Hymowitz, S.G.; Lazarus, R.A.; Leahy, D.J.; Siebold, C. Interactions between Hedgehog proteins and their binding

partners come into view. Genes Dev. 2010, 24, 2001–2012. [CrossRef]
61. Denef, N.; Neubüser, D.; Perez, L.; Cohen, S.M. Hedgehog Induces Opposite Changes in Turnover and Subcellular Localization of

Patched and Smoothened. Cell 2000, 102, 521–531. [CrossRef]
62. Stark, D.R. Hedgehog Signalling: Pulling Apart Patched and Smoothened. Curr. Biol. 2002, 12, R437–R439. [CrossRef]
63. Cross, S.S.; Bury, J.P. The Hedgehog signalling pathways in human pathology. Curr. Diagn. Pathol. 2004, 10, 157–168. [CrossRef]
64. Goetz, R.; Mohammadi, M. Exploring mechanisms of FGF signalling through the lens of structural biology. Nat. Rev. Mol. Cell

Biol. 2013, 14, 166–180. [CrossRef]
65. Pathi, S.; Pagan-Westphal, S.; Baker, D.P.; Garber, E.A.; Rayhorn, P.; Bumcrot, D.; Tabin, C.J.; Blake Pepinsky, R.; Williams, K.P.

Comparative biological responses to human Sonic, Indian, and Desert hedgehog. Mech. Dev. 2001, 106, 107–117. [CrossRef]
66. Wu, F.; Zhang, Y.; Sun, B.; McMahon, A.P.; Wang, Y. Hedgehog Signaling: From Basic Biology to Cancer Therapy. Cell Chem. Biol.

2017, 24, 252–280. [CrossRef]
67. Goetz, S.C.; Anderson, K.V. The primary cilium: A signalling centre during vertebrate development. Nat. Rev. Genet. 2010, 11,

331–344. [CrossRef]
68. Stecca, B.; Ruiz i Altaba, A. Context-dependent Regulation of the GLI Code in Cancer by HEDGEHOG and Non-HEDGEHOG

Signals. J. Mol. Cell Biol. 2010, 2, 84–95. [CrossRef]
69. Kinzler, K.W.; Bigner, S.H.; Bigner, D.D.; Trent, J.M.; Law, M.L.; O’Brien, S.J.; Wong, A.J.; Vogelstein, B. Identification of an

Amplified, Highly Expressed Gene in a Human Glioma. Science 1987, 236, 70–73. [CrossRef]
70. Hui, C.-C.; Slusarski, D.; Platt, K.A.; Holmgren, R.; Joyner, A.L. Expression of Three Mouse Homologs of the Drosophila Segment

Polarity Gene cubitus interruptus, Gli, Gli-2, and Gli-3, in Ectoderm- and Mesoderm-Derived Tissues Suggests Multiple Roles
during Postimplantation Development. Dev. Biol. 1994, 162, 402–413. [CrossRef]

71. Hynes, M.; Stone, D.M.; Dowd, M.; Pitts-Meek, S.; Goddard, A.; Gurney, A.; Rosenthal, A. Control of Cell Pattern in the Neural
Tube by the Zinc Finger Transcription Factor and Oncogene Gli-1. Neuron 1997, 19, 15–26. [CrossRef]

72. Persson, M.; Stamataki, D.; te Welscher, P.; Andersson, E.; Böse, J.; Rüther, U.; Ericson, J.; Briscoe, J. Dorsal-ventral patterning of
the spinal cord requires Gli3 transcriptional repressor activity. Genes Dev. 2002, 16, 2865–2878. [CrossRef] [PubMed]

73. Gonnissen, A.; Isebaert, S.; Haustermans, K. Targeting the Hedgehog signaling pathway in cancer: Beyond Smoothened.
Oncotarget 2015, 6, 13899–13913. [CrossRef] [PubMed]

74. Kogerman, P.; Grimm, T.; Kogerman, L.; Krause, D.; Undén, A.B.; Sandstedt, B.; Toftgård, R.; Zaphiropoulos, P.G. Mammalian
Suppressor-of-Fused modulates nuclear–cytoplasmic shuttling of GLI-1. Nat. Cell Biol. 1999, 1, 312–319. [CrossRef]

75. Dai, P.; Akimaru, H.; Tanaka, Y.; Maekawa, T.; Nakafuku, M.; Ishii, S. Sonic Hedgehog-induced Activation of the Gli1Promoter Is
Mediated by GLI3. J. Biol. Chem. 1999, 274, 8143–8152. [CrossRef]

76. Bonifas, J.M.; Epstein, E.H.; Pennypacker, S.; Chuang, P.-T.; McMahon, A.P.; Williams, M.; Rosenthal, A.; de Sauvage, F.J.
Activation of Expression of Hedgehog Target Genes in Basal Cell Carcinomas. J. Invest. Dermatol. 2001, 116, 739–742. [CrossRef]

77. Kaesler, S.; Lüscher, B.; Rüther, U. Transcriptional Activity of GLI1 Is Negatively Regulated by Protein Kinase A. Biol. Chem. 2000,
381, 545–551. [CrossRef]

http://doi.org/10.1093/humrep/del086
http://doi.org/10.1073/pnas.0700776104
http://doi.org/10.1038/nature03100
http://www.ncbi.nlm.nih.gov/pubmed/15549094
http://doi.org/10.1053/j.gastro.2008.04.011
http://www.ncbi.nlm.nih.gov/pubmed/18515092
http://doi.org/10.1158/0008-5472.CAN-07-5838
http://www.ncbi.nlm.nih.gov/pubmed/18381407
http://doi.org/10.1186/bcr3401
http://doi.org/10.1517/14728220903130612
http://doi.org/10.1093/carcin/bgn230
http://doi.org/10.1182/blood-2011-07-368142
http://doi.org/10.3390/cancers11040449
http://doi.org/10.1002/ajmg.a.32909
http://doi.org/10.1101/gad.1951710
http://doi.org/10.1016/S0092-8674(00)00056-8
http://doi.org/10.1016/S0960-9822(02)00920-X
http://doi.org/10.1016/j.cdip.2003.11.005
http://doi.org/10.1038/nrm3528
http://doi.org/10.1016/S0925-4773(01)00427-0
http://doi.org/10.1016/j.chembiol.2017.02.010
http://doi.org/10.1038/nrg2774
http://doi.org/10.1093/jmcb/mjp052
http://doi.org/10.1126/science.3563490
http://doi.org/10.1006/dbio.1994.1097
http://doi.org/10.1016/S0896-6273(00)80344-X
http://doi.org/10.1101/gad.243402
http://www.ncbi.nlm.nih.gov/pubmed/12435629
http://doi.org/10.18632/oncotarget.4224
http://www.ncbi.nlm.nih.gov/pubmed/26053182
http://doi.org/10.1038/13031
http://doi.org/10.1074/jbc.274.12.8143
http://doi.org/10.1046/j.1523-1747.2001.01315.x
http://doi.org/10.1515/BC.2000.070


Cells 2022, 11, 3210 14 of 18

78. Wang, B.; Fallon, J.F.; Beachy, P.A. Hedgehog-Regulated Processing of Gli3 Produces an Anterior/Posterior Repressor Gradient in
the Developing Vertebrate Limb. Cell 2000, 100, 423–434. [CrossRef]

79. Mao, J.; Maye, P.; Kogerman, P.; Tejedor, F.J.; Toftgard, R.; Xie, W.; Wu, G.; Wu, D. Regulation of Gli1 Transcriptional Activity in
the Nucleus by Dyrk1. J. Biol. Chem. 2002, 277, 35156–35161. [CrossRef]

80. Riobo, N.A.; Haines, G.M.; Emerson, C.P. Protein Kinase C-δ and Mitogen-Activated Protein/Extracellular Signal–Regulated
Kinase-1 Control GLI Activation in Hedgehog Signaling. Cancer Res. 2006, 66, 839–845. [CrossRef]

81. Riobó, N.A.; Lu, K.; Ai, X.; Haines, G.M.; Emerson, C.P. Phosphoinositide 3-kinase and Akt are essential for Sonic Hedgehog
signaling. Proc. Natl. Acad. Sci. 2006, 103, 4505–4510. [CrossRef] [PubMed]

82. Kim, J.; Kato, M.; Beachy, P.A. Gli2 trafficking links Hedgehog-dependent activation of Smoothened in the primary cilium to
transcriptional activation in the nucleus. Proc. Natl. Acad. Sci. 2009, 106, 21666–21671. [CrossRef] [PubMed]

83. Pan, Y.; Bai, C.B.; Joyner, A.L.; Wang, B. Sonic hedgehog Signaling Regulates Gli2 Transcriptional Activity by Suppressing Its
Processing and Degradation. Mol. Cell. Biol. 2006, 26, 3365–3377. [CrossRef] [PubMed]

84. Canettieri, G.; Di Marcotullio, L.; Greco, A.; Coni, S.; Antonucci, L.; Infante, P.; Pietrosanti, L.; De Smaele, E.; Ferretti, E.; Miele,
E.; et al. Histone deacetylase and Cullin3–RENKCTD11 ubiquitin ligase interplay regulates Hedgehog signalling through Gli
acetylation. Nat. Cell Biol. 2010, 12, 132–142. [CrossRef]

85. Zeng, H.; Jia, J.; Liu, A. Coordinated Translocation of Mammalian Gli Proteins and Suppressor of Fused to the Primary Cilium.
PLoS ONE 2010, 5, e15900. [CrossRef]

86. Yam, P.T.; Langlois, S.D.; Morin, S.; Charron, F. Sonic Hedgehog Guides Axons through a Noncanonical, Src-Family-Kinase-
Dependent Signaling Pathway. Neuron 2009, 62, 349–362. [CrossRef] [PubMed]

87. Picon-Galindo, E.; Latz, E.; Wachten, D. Primary cilia and their effects on immune cell functions and metabolism: A model. Trends
Immunol. 2022, 43, 366–378. [CrossRef]

88. Zhulyn, O.; Nieuwenhuis, E.; Liu, Y.C.; Angers, S.; Hui, C. Ptch2 shares overlapping functions with Ptch1 in Smo regulation and
limb development. Dev. Biol. 2015, 397, 191–202. [CrossRef]

89. Katoh, M. Genomic testing, tumor microenvironment and targeted therapy of Hedgehog-related human cancers. Clin. Sci. 2019,
133, 953–970. [CrossRef]

90. Huq, A.J.; Walsh, M.; Rajagopalan, B.; Finlay, M.; Trainer, A.H.; Bonnet, F.; Sevenet, N.; Winship, I.M. Mutations in SUFU and
PTCH1 genes may cause different cutaneous cancer predisposition syndromes: Similar, but not the same. Fam. Cancer 2018, 17,
601–606. [CrossRef]

91. Resh, M.D. Palmitoylation of Hedgehog proteins by Hedgehog acyltransferase: Roles in signalling and disease. Open Biol. 2021,
11, rsob200414. [CrossRef] [PubMed]

92. Chuang, P.-T.; McMahon, A.P. Vertebrate Hedgehog signalling modulated by induction of a Hedgehog-binding protein. Nature
1999, 397, 617–621. [CrossRef] [PubMed]

93. Wang, X.; Ma, W.; Yin, J.; Chen, M.; Jin, H. Retraction Note to: HHIP gene overexpression inhibits the growth, migration and
invasion of human liver cancer cells. J. BUON. 2021, 26, 1693. [PubMed]

94. Kim, Y.; Lee, J.; Seppala, M.; Cobourne, M.T.; Kim, S.-H. Ptch2/Gas1 and Ptch1/Boc differentially regulate Hedgehog signalling
in murine primordial germ cell migration. Nat. Commun. 2020, 11, 1994. [CrossRef]

95. Duman-Scheel, M.; Weng, L.; Xin, S.; Du, W. Hedgehog regulates cell growth and proliferation by inducing Cyclin D and Cyclin
E. Nature 2002, 417, 299–304. [CrossRef] [PubMed]

96. Bigelow, R.L.H.; Chari, N.S.; Undén, A.B.; Spurgers, K.B.; Lee, S.; Roop, D.R.; Toftgård, R.; McDonnell, T.J. Transcriptional
Regulation of bcl-2 Mediated by the Sonic Hedgehog Signaling Pathway through gli-1. J. Biol. Chem. 2004, 279, 1197–1205.
[CrossRef]

97. Oliver, T.G.; Grasfeder, L.L.; Carroll, A.L.; Kaiser, C.; Gillingham, C.L.; Lin, S.M.; Wickramasinghe, R.; Scott, M.P.; Wechsler-Reya,
R.J. Transcriptional profiling of the Sonic hedgehog response: A critical role for N-myc in proliferation of neuronal precursors.
Proc. Natl. Acad. Sci. 2003, 100, 7331–7336. [CrossRef]

98. Xu, J.; Zhang, Y.; You, S.; Guo, Y.; Chen, S.; Chang, Y.; Zhang, N.; Sun, Y. Paired box 9 regulates VSMC phenotypic transformation,
proliferation, and migration via sonic hedgehog. Life Sci. 2020, 257, 118053. [CrossRef]

99. Katoh, M.; Katoh, M. Notch ligand, JAG1, is evolutionarily conserved target of canonical WNT signaling pathway in progenitor
cells. Int. J. Mol. Med. 2006, 17, 681–685. [CrossRef]

100. Katoh, M. WNT2B: Comparative integromics and clinical applications (Review). Int. J. Mol. Med. 2005, 16, 1103–1108. [CrossRef]
[PubMed]

101. Teh, M.-T.; Wong, S.-T.; Neill, G.W.; Ghali, L.R.; Philpott, M.P.; Quinn, A.G. FOXM1 is a downstream target of Gli1 in basal cell
carcinomas. Cancer Res. 2002, 62, 4773–4780. [PubMed]

102. Santoni, M.; Burattini, L.; Nabissi, M.; Beatrice Morelli, M.; Berardi, R.; Santoni, G.; Cascinu, S. Essential Role of Gli Proteins in
Glioblastoma Multiforme. Curr. Protein Pept. Sci. 2013, 14, 133–140. [CrossRef]

103. Maeda, O.; Kondo, M.; Fujita, T.; Usami, N.; Fukui, T.; Shimokata, K.; Ando, T.; Goto, H.; Sekido, Y. Enhancement of GLI1-
transcriptional activity by beta-catenin in human cancer cells. Oncol. Rep. 2006, 16, 91–96. [PubMed]

104. Meng, X.; Poon, R.; Zhang, X.; Cheah, A.; Ding, Q.; Hui, C.; Alman, B. Suppressor of Fused Negatively Regulates β-Catenin
Signaling. J. Biol. Chem. 2001, 276, 40113–40119. [CrossRef] [PubMed]

http://doi.org/10.1016/S0092-8674(00)80678-9
http://doi.org/10.1074/jbc.M206743200
http://doi.org/10.1158/0008-5472.CAN-05-2539
http://doi.org/10.1073/pnas.0504337103
http://www.ncbi.nlm.nih.gov/pubmed/16537363
http://doi.org/10.1073/pnas.0912180106
http://www.ncbi.nlm.nih.gov/pubmed/19996169
http://doi.org/10.1128/MCB.26.9.3365-3377.2006
http://www.ncbi.nlm.nih.gov/pubmed/16611981
http://doi.org/10.1038/ncb2013
http://doi.org/10.1371/journal.pone.0015900
http://doi.org/10.1016/j.neuron.2009.03.022
http://www.ncbi.nlm.nih.gov/pubmed/19447091
http://doi.org/10.1016/j.it.2022.03.001
http://doi.org/10.1016/j.ydbio.2014.10.023
http://doi.org/10.1042/CS20180845
http://doi.org/10.1007/s10689-018-0073-7
http://doi.org/10.1098/rsob.200414
http://www.ncbi.nlm.nih.gov/pubmed/33653085
http://doi.org/10.1038/17611
http://www.ncbi.nlm.nih.gov/pubmed/10050855
http://www.ncbi.nlm.nih.gov/pubmed/34565049
http://doi.org/10.1038/s41467-020-15897-3
http://doi.org/10.1038/417299a
http://www.ncbi.nlm.nih.gov/pubmed/12015606
http://doi.org/10.1074/jbc.M310589200
http://doi.org/10.1073/pnas.0832317100
http://doi.org/10.1016/j.lfs.2020.118053
http://doi.org/10.3892/ijmm.17.4.681
http://doi.org/10.3892/ijmm.16.6.1103
http://www.ncbi.nlm.nih.gov/pubmed/16273293
http://www.ncbi.nlm.nih.gov/pubmed/12183437
http://doi.org/10.2174/1389203711314020005
http://www.ncbi.nlm.nih.gov/pubmed/16786128
http://doi.org/10.1074/jbc.M105317200
http://www.ncbi.nlm.nih.gov/pubmed/11477086


Cells 2022, 11, 3210 15 of 18

105. Taylor, M.D.; Zhang, X.; Liu, L.; Hui, C.-C.; Mainprize, T.G.; Scherer, S.W.; Wainwright, B.; Hogg, D.; Rutka, J.T. Failure of a
medulloblastoma-derived mutant of SUFU to suppress WNT signaling. Oncogene 2004, 23, 4577–4583. [CrossRef] [PubMed]

106. Schnidar, H.; Eberl, M.; Klingler, S.; Mangelberger, D.; Kasper, M.; Hauser-Kronberger, C.; Regl, G.; Kroismayr, R.; Moriggl, R.;
Sibilia, M.; et al. Epidermal Growth Factor Receptor Signaling Synergizes with Hedgehog/GLI in Oncogenic Transformation via
Activation of the MEK/ERK/JUN Pathway. Cancer Res. 2009, 69, 1284–1292. [CrossRef]

107. Götschel, F.; Berg, D.; Gruber, W.; Bender, C.; Eberl, M.; Friedel, M.; Sonntag, J.; Rüngeler, E.; Hache, H.; Wierling, C.; et al.
Synergism between Hedgehog-GLI and EGFR Signaling in Hedgehog-Responsive Human Medulloblastoma Cells Induces
Downregulation of Canonical Hedgehog-Target Genes and Stabilized Expression of GLI1. PLoS ONE 2013, 8, e65403. [CrossRef]

108. Gorlin, R.J.; Goltz, R.W. Multiple Nevoid Basal-Cell Epithelioma, Jaw Cysts and Bifid Rib. N. Engl. J. Med. 1960, 262, 908–912.
[CrossRef] [PubMed]

109. Gailani, M.R.; Bale, S.J.; Leffell, D.J.; DiGiovanna, J.J.; Peck, G.L.; Poliak, S.; Drum, M.A.; Pastakia, B.; McBride, O.W.; Kase, R.; et al.
Developmental defects in gorlin syndrome related to a putative tumor suppressor gene on chromosome 9. Cell 1992, 69, 111–117.
[CrossRef]

110. Hahn, H.; Wicking, C.; Zaphiropoulos, P.G.; Gailani, M.R.; Shanley, S.; Chidambaram, A.; Vorechovsky, I.; Holmberg, E.; Unden,
A.B.; Gillies, S.; et al. Mutations of the Human Homolog of Drosophila patched in the Nevoid Basal Cell Carcinoma Syndrome.
Cell 1996, 85, 841–851. [CrossRef]

111. Gailani, M.R.; Leffell, D.J.; Ziegler, A.; Gross, E.G.; Brash, D.E.; Bale, A.E. Relationship Between Sunlight Exposure and a Key
Genetic Alteration in Basal Cell Carcinoma. JNCI J. Natl. Cancer Inst. 1996, 88, 349–354. [CrossRef] [PubMed]

112. Johnson, R.L.; Rothman, A.L.; Xie, J.; Goodrich, L.V.; Bare, J.W.; Bonifas, J.M.; Quinn, A.G.; Myers, R.M.; Cox, D.R.; Epstein, E.H.; et al.
Human Homolog of patched, a Candidate Gene for the Basal Cell Nevus Syndrome. Science 1996, 272, 1668–1671. [CrossRef]
[PubMed]

113. Aszterbaum, M.; Epstein, J.; Oro, A.; Douglas, V.; LeBoit, P.E.; Scott, M.P.; Epstein, E.H. Ultraviolet and ionizing radiation enhance
the growth of BCCs and trichoblastomas in patched heterozygous knockout mice. Nat. Med. 1999, 5, 1285–1291. [CrossRef]

114. Grachtchouk, M.; Mo, R.; Yu, S.; Zhang, X.; Sasaki, H.; Hui, C.; Dlugosz, A.A. Basal cell carcinomas in mice overexpressing Gli2 in
skin. Nat. Genet. 2000, 24, 216–217. [CrossRef] [PubMed]

115. Hutchin, M.E.; Kariapper, M.S.T.; Grachtchouk, M.; Wang, A.; Wei, L.; Cummings, D.; Liu, J.; Michael, L.E.; Glick, A.; Dlugosz, A.A.
Sustained Hedgehog signaling is required for basal cell carcinoma proliferation and survival: Conditional skin tumorigenesis
recapitulates the hair growth cycle. Genes Dev. 2005, 19, 214–223. [CrossRef] [PubMed]

116. Bailey, J.M.; Mohr, A.M.; Hollingsworth, M.A. Sonic hedgehog paracrine signaling regulates metastasis and lymphangiogenesis
in pancreatic cancer. Oncogene 2009, 28, 3513–3525. [CrossRef] [PubMed]

117. Razumilava, N.; Gumucio, D.L.; Samuelson, L.C.; Shah, Y.M.; Nusrat, A.; Merchant, J.L. Indian Hedgehog Suppresses Intestinal
Inflammation. Cell. Mol. Gastroenterol. Hepatol. 2018, 5, 63–64. [CrossRef] [PubMed]

118. Zacharias, W.J.; Li, X.; Madison, B.B.; Kretovich, K.; Kao, J.Y.; Merchant, J.L.; Gumucio, D.L. Hedgehog Is an Anti-Inflammatory
Epithelial Signal for the Intestinal Lamina Propria. Gastroenterology 2010, 138, 2368–2377. [CrossRef] [PubMed]

119. Holla, S.; Stephen-Victor, E.; Prakhar, P.; Sharma, M.; Saha, C.; Udupa, V.; Kaveri, S.V.; Bayry, J.; Balaji, K.N. Mycobacteria-
responsive sonic hedgehog signaling mediates programmed death-ligand 1- and prostaglandin E2-induced regulatory T cell
expansion. Sci. Rep. 2016, 6, 24193. [CrossRef] [PubMed]

120. Yamasaki, A.; Kameda, C.; Xu, R.; Tanaka, H.; Tasaka, T.; Chikazawa, N.; Suzuki, H.; Morisaki, T.; Kubo, M.; Onishi, H.; et al.
Nuclear factor kappaB-activated monocytes contribute to pancreatic cancer progression through the production of Shh. Cancer
Immunol. Immunother. 2010, 59, 675–686. [CrossRef]

121. Onishi, H.; Fujimura, A.; Oyama, Y.; Yamasaki, A.; Imaizumi, A.; Kawamoto, M.; Katano, M.; Umebayashi, M.; Morisaki, T.
Hedgehog signaling regulates PDL-1 expression in cancer cells to induce anti-tumor activity by activated lymphocytes. Cell.
Immunol. 2016, 310, 199–204. [CrossRef] [PubMed]

122. Chakrabarti, J.; Holokai, L.; Syu, L.; Steele, N.G.; Chang, J.; Wang, J.; Ahmed, S.; Dlugosz, A.; Zavros, Y. Hedgehog signaling
induces PD-L1 expression and tumor cell proliferation in gastric cancer. Oncotarget 2018, 9, 37439–37457. [CrossRef] [PubMed]

123. Spivak-Kroizman, T.R.; Hostetter, G.; Posner, R.; Aziz, M.; Hu, C.; Demeure, M.J.; Von Hoff, D.; Hingorani, S.R.; Palculict, T.B.;
Izzo, J.; et al. Hypoxia Triggers Hedgehog-Mediated Tumor–Stromal Interactions in Pancreatic Cancer. Cancer Res. 2013, 73,
3235–3247. [CrossRef]

124. Grund-Gröschke, S.; Ortner, D.; Szenes-Nagy, A.B.; Zaborsky, N.; Weiss, R.; Neureiter, D.; Wipplinger, M.; Risch, A.; Hammerl, P.;
Greil, R.; et al. Epidermal activation of Hedgehog signaling establishes an immunosuppressive microenvironment in basal cell
carcinoma by modulating skin immunity. Mol. Oncol. 2020, 14, 1930–1946. [CrossRef] [PubMed]

125. Geng, L.; Cuneo, K.C.; Cooper, M.K.; Wang, H.; Sekhar, K.; Fu, A.; Hallahan, D.E. Hedgehog signaling in the murine melanoma
microenvironment. Angiogenesis 2007, 10, 259–267. [CrossRef] [PubMed]

126. Hitzenberger, M.; Schuster, D.; Hofer, T.S. The Binding Mode of the Sonic Hedgehog Inhibitor Robotnikinin, a Combined Docking
and QM/MM MD Study. Front. Chem. 2017, 5, 126. [CrossRef] [PubMed]

127. Axelson, M.; Liu, K.; Jiang, X.; He, K.; Wang, J.; Zhao, H.; Kufrin, D.; Palmby, T.; Dong, Z.; Russell, A.M.; et al. U.S. Food and
Drug Administration Approval: Vismodegib for Recurrent, Locally Advanced, or Metastatic Basal Cell Carcinoma. Clin. Cancer
Res. 2013, 19, 2289–2293. [CrossRef]

http://doi.org/10.1038/sj.onc.1207605
http://www.ncbi.nlm.nih.gov/pubmed/15077159
http://doi.org/10.1158/0008-5472.CAN-08-2331
http://doi.org/10.1371/journal.pone.0065403
http://doi.org/10.1056/NEJM196005052621803
http://www.ncbi.nlm.nih.gov/pubmed/13851319
http://doi.org/10.1016/0092-8674(92)90122-S
http://doi.org/10.1016/S0092-8674(00)81268-4
http://doi.org/10.1093/jnci/88.6.349
http://www.ncbi.nlm.nih.gov/pubmed/8609643
http://doi.org/10.1126/science.272.5268.1668
http://www.ncbi.nlm.nih.gov/pubmed/8658145
http://doi.org/10.1038/15242
http://doi.org/10.1038/73417
http://www.ncbi.nlm.nih.gov/pubmed/10700170
http://doi.org/10.1101/gad.1258705
http://www.ncbi.nlm.nih.gov/pubmed/15625189
http://doi.org/10.1038/onc.2009.220
http://www.ncbi.nlm.nih.gov/pubmed/19633682
http://doi.org/10.1016/j.jcmgh.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29276751
http://doi.org/10.1053/j.gastro.2010.02.057
http://www.ncbi.nlm.nih.gov/pubmed/20206176
http://doi.org/10.1038/srep24193
http://www.ncbi.nlm.nih.gov/pubmed/27080341
http://doi.org/10.1007/s00262-009-0783-7
http://doi.org/10.1016/j.cellimm.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27522179
http://doi.org/10.18632/oncotarget.26473
http://www.ncbi.nlm.nih.gov/pubmed/30647844
http://doi.org/10.1158/0008-5472.CAN-11-1433
http://doi.org/10.1002/1878-0261.12758
http://www.ncbi.nlm.nih.gov/pubmed/32615027
http://doi.org/10.1007/s10456-007-9078-9
http://www.ncbi.nlm.nih.gov/pubmed/17762973
http://doi.org/10.3389/fchem.2017.00076
http://www.ncbi.nlm.nih.gov/pubmed/29109946
http://doi.org/10.1158/1078-0432.CCR-12-1956


Cells 2022, 11, 3210 16 of 18

128. Hassounah, N.B.; Bunch, T.A.; McDermott, K.M. Molecular Pathways: The Role of Primary Cilia in Cancer Progression and
Therapeutics with a Focus on Hedgehog Signaling. Clin. Cancer Res. 2012, 18, 2429–2435. [CrossRef]

129. Stanton, B.Z.; Peng, L.F.; Maloof, N.; Nakai, K.; Wang, X.; Duffner, J.L.; Taveras, K.M.; Hyman, J.M.; Lee, S.W.; Koehler, A.N.; et al.
A small molecule that binds Hedgehog and blocks its signaling in human cells. Nat. Chem. Biol. 2009, 5, 154–156. [CrossRef]

130. Petrova, E.; Rios-Esteves, J.; Ouerfelli, O.; Glickman, J.F.; Resh, M.D. Inhibitors of Hedgehog acyltransferase block Sonic Hedgehog
signaling. Nat. Chem. Biol. 2013, 9, 247–249. [CrossRef]

131. Mahindroo, N.; Punchihewa, C.; Fujii, N. Hedgehog-Gli Signaling Pathway Inhibitors as Anticancer Agents. J. Med. Chem. 2009,
52, 3829–3845. [CrossRef] [PubMed]

132. Yun, T.; Wang, J.; Yang, J.; Huang, W.; Lai, L.; Tan, W.; Liu, Y. Discovery of Small Molecule Inhibitors Targeting the Sonic
Hedgehog. Front. Chem. 2020, 8, 498. [CrossRef] [PubMed]

133. Lauressergues, E.; Heusler, P.; Lestienne, F.; Troulier, D.; Rauly-Lestienne, I.; Tourette, A.; Ailhaud, M.; Cathala, C.; Tardif, S.;
Denais-Laliève, D.; et al. Pharmacological evaluation of a series of smoothened antagonists in signaling pathways and after
topical application in a depilated mouse model. Pharmacol. Res. Perspect. 2016, 4, e00214. [CrossRef] [PubMed]

134. Espinosa-Bustos, C.; Mella, J.; Soto-Delgado, J.; Salas, C.O. State of the art of Smo antagonists for cancer therapy: Advances in the
target receptor and new ligand structures. Future Med. Chem. 2019, 11, 617–638. [CrossRef]
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