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Vismodegib hedgehog signaling inhibition treatment has potential for reducing the burden of multiple skin basal cell carcinomas
and jaw keratocystic odontogenic tumors. They are major criteria for the diagnosis of Gorlin syndrome, also called nevoid basal
cell carcinoma syndrome. Clinical features of Gorlin syndrome are reported, and the relevance of hedgehog signaling pathway
inhibition by oral vismodegib for maxillofacial surgeons is highlighted. In summary, progressed basal cell carcinoma lesions are
virtually inoperable. Keratocystic odontogenic tumors have an aggressive behavior including rapid growth and extension into
adjacent tissues. Interestingly, nearly complete regression of multiple Gorlin syndrome-associated keratocystic odontogenic
tumors following treatment with vismodegib. Due to radio-hypersensitivity in Gorlin syndrome, avoidance of treatment by
radiotherapy is strongly recommended for all affected individuals. Vismodegib can help in those instances where radiation
is contra-indicated, or the lesions are inoperable. The effect of vismodegib on basal cell carcinomas was associated with a
significant decrease in hedgehog-signaling and tumor proliferation. Vismodegib, a new and approved drug for the treatment
of advanced basal cell carcinoma, is a specific oncogene inhibitor. It also seems to be effective for treatment of keratocystic
odontogenic tumors and basal cell carcinomas in Gorlin syndrome, rendering the surgical resections less challenging.
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INTRODUCTION

The Gorlin syndrome (GS) (Online Mendelian Inheritance in Man
Number 109400), also known as nevoid basal cell carcinoma (BCC)
syndrome, is a multi-system genetic disorder, and the cardinal
features are multiple skin BCCs and jaw keratocystic odontogenic
tumors (KOTs). In 1960, Gorlin and Goltz first defined this syndrome.™

So far, treatment is mainly by technically challenging surgical
procedures. Other local procedures, like laser ablation,
photodynamic therapy and topical chemotherapy, can be used
to manage small and superficial BCCs for GS. Lesions progressed
to a locally advanced state, and metastatic BCCs are virtually
inoperable. These KOTs have an aggressive behavior.
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Hedgehog (HH)-signaling plays an important role in guiding
developmental processes. In an unaffected adult individual, the
HH-signaling pathway is quiescent. The GS is a genetic disorder,
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which is mainly caused by loss-of-function mutations in the tumor
suppressor patched-1 homolog gene. This causes the release of
inhibition of the smoothened (SMO) oncogene and subsequent
re-activation of the HH-signaling pathway and potentially, GS.

Interestingly, nearly complete regression of multiple GS-associated
KOTs following treatment with vismodegib, a specific
oncogene-inhibitor and an approved drug for the treatment of
advanced BCC (aBCC), was reported in 2011.2 This study refers
to a case report with a single patient and thus should be taken
with care.

In this mini-review of the literature, using the search engine
PubMed with the following keywords alone or in combination
was conducted. Key words: GS, basal cell nevus syndrome,
multiple skin BCCs, jaw KOTs, vismodegib, and HH-signaling
inhibition. The potential of vismodegib HH-signaling inhibition
treatment for reducing the burden of KOTs associated with GS
is further discussed.

CLINICAL FEATURES

The diagnosis of GS is made in the presence of two major criteria
and one minor criterion or one major criterion and three minor
criteria.** Major criteria are multiple BCCs of the skin, jaw KOTs,
pits of the palm and sole, progressive intracranial calcification,
or a first-degree relative with GS [Table 1]. Minor criteria
are macrocephaly, congenital malformations, other skeletal
abnormalities, radiological abnormalities, (ovarian) fibromas, or
medulloblastomas [Table 1].5!

The large number of BCCs represents a substantial physical and
psychological burden for patients with GS. The quality of life for
patients with GS is further severely diminished by the need for
frequent, repetitive, and scarring surgical procedures.®! Although
most BCCs are surgically treated with complete resection, some of
these lesions might progress to a locally advanced state (i.e., the
tumor has infiltrated the connective tissues, bone and/or cartilage),
and then might spread to distant sites (i.e., metastatic).

KOTs mostly occur in the jaws [Figure 1], with potential for
substantial (facial) disfigurement and speech impediment. The
current treatment option is complete surgical resection, however,
the procedures are often technically challenging, because of
the location of the cyst to inaccessible sites — due to complex
anatomical structures of the head and neck region. Therefore,
complete resection is not always achievable, and subsequently,
there are high recurrence rates. More than 65% of patients with
GS have KOTs. The KOTs that are related to GS grow to sizes
larger than any other.” These KOTs have an aggressive behavior
including rapid growth and extension into adjacent tissues.”!
Obviously, this is of importance for the maxillofacial surgeons.

EPIDEMIOLOGY

GS is an autosomal-dominant inherited disorder, characterized
by a predisposition to multiple neoplasms and a wide range of
developmental abnormalities.®® The syndrome has an estimated
prevalence of 1in 31,000-1/256,000.°"3 All affected individuals
have certain key features [Table 1], but there is significant
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Table 1: Diagnostic criteria for Gorlin syndrome

Major criteria
Multiple (>2) BCCs or one under 20 years
Odontogenic keratocysts of the jaws proven by histopathology
Palmar or plantar pits (3 or more)
Bilamellar calcification of the falx cerebri
Bifid, fused or markedly splayed ribs
First degree relative with Gorlin syndrome

Minor criteria
Macrocephaly determined after adjustment for height
Congenital malformation: Cleft lip or palate, frontal bossing, “coarse face”,
moderate or severe hypertelorism
Other skeletal abnormalities: Sprengel deformity, marked pectus deformity,
marked syndactyly of the digits
Radiological abnormalities: Bridging of the sella turcica, vertebral anomalies
such as hemivertebrae, fusion or elongation of the vertebral bodies, modeling
defects of the hands and feet, or flame-shaped lucencies of the hand or feet
Ovarian fibroma
Medulloblastoma

BCCs=Basal cell carcinomas

Figure 1:1mages of a patient with Gorlin-Goltz syndrome: (a) Calcification
of the falx cerebri (<). (b) Lesions (=) of the mandible. (c) Mandibular
cystic lucencies (=). (d) Considerable loss of bone (=) in the mandible.
(e and f) Mandibular odontogenic keratocysts (=)

phenotypic variability within and among kindreds with respect
to malformations.!'

ETIOLOGY

Mutations in the tumor suppressor patched homolog (PTCH)
genes!™ and the suppressor of fused gene are shown in Table 2.
These genes are components of the HH-signaling pathway. Some
of the associated developmental defects may also arise through
a two-hit mechanism.!"® Modifying genes and germline variants
may play an important role in determining the phenotype.l'”!

In an unaffected adult individual, the HH-signaling pathway is
quiescent and under inhibition. The pathway gets activated upon
binding of HH ligands to the transmembrane receptor PTCHT,
thus allowing the transmembrane protein SMO to transfer signals
through various proteins like glioma-associated oncogene (GLI)
transcription factors. Vismodegib is a small molecule inhibitor of
SMO. PTCH1 normally inhibits the signaling activity of SMO. HH
ligands release PTCH1 protein’s suppression on SMO-mediated
signal transduction. In GS, the “functional-loss” mutated PTCH1
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Table 2: Mutations identified in Gorlin syndrome patients

PTCH1 (9q22.3) Note Reference PTCH1 (9¢22.3) Note Reference PTCH1 (9g22.3) Note Reference
€.269insT Insertion [37] c.del804-840 37 bp [15] ¢.3015C>A, PTC [21]
deletion p.Y1009X
c.277AA>C PTC [37] c.G1148A PTC [15] ¢.244delCT, Deletion [21]
frameshift
¢.853insC Insertion [37] ¢.2583delC 1 bp deletion [15] c.271insA Insertion [21]
c.1081C>T, p.Q365X PTC [37,15] €.3394T7>C, p.S1132P [39] c.464insAC Insertion [21]
¢.1513G, p.G509R Missense [37] ¢.220delA, p.A75RfsX5 PTC [40] ¢.804del37 Deletion [21]
c.1514G>T, p.G509V  Missense [37] ¢.250C>T, p.084X PTC [40] €.929delC Deletion [21]
€.2000insC 1 bp insertion [37,15] ¢.305T>A, p.L102X PTC [40] ¢.1370del76 Deletion [21]
¢.2047insCT 2 bp insertion [37,15] c.688A>C, p.T230P de novo [40] ¢.1497dup8 Duplication [21]
c.2434del3, AQ815 [37] c.945+1G>C Splicing [40] €.2183delTC Deletion [21]
aberration;
PTC
€.2875+1G>C Disrupted [37] ¢.1027_1028dupGT, [40] ¢.2320insA Insertion [21]
splice site p.G344WfsX24
c.3383C>A, [37] c.1504-13_1504-2del12 Splicing [40] €.2392delA Deletion [21]
p.S1132Y aberration
¢.T886 del Frameshift [38] c.1515_1518delTCTCins [40] ¢.2574del4 Deletion [21]
GAGA, p.F505
L506delinsLR
€.747-759 del Frameshift [38] c.1615delG, p.E5339SfsX3 PTC [40] c.2583delC Deletion [21]
¢.T950 del Frameshift [38] €.2287delG, p.V763SfsX3 [40] ¢.2596complex [21]
c.G1144 ins Frameshift [38] ¢.2576_2583delTTGACAG, [40] ¢.2748insC Insertion [21]
p.F859 D860delLfsX42
c.1127T>C, [38] ¢.3168+5G>A Splicing [40] ¢.2749dup7 Duplication [21]
p.phe>pro aberration
¢.1208, 5 bp deletion  Frameshift [38] ¢.3375delC, p.V1126SfsX13 [40] ¢.3352del AT Deletion [21]
ATGTG
c.G>C exon 10, Disrupted [38] ¢.1525G>T, p.D513Y Missense [21] ¢.A1055-2C, 3’ Splicing [21]
Intron/exon border splice site splice site
¢.T2132 del Frameshift [38] ¢.3193G>C, p.G1069R Missense [21] ¢.1493-8ins21, [21]
putative splice
variant
¢.C2798 del Deletion [38] ¢.391C>T, p.R135X Nonsense [21]
c.G2778A Premature stop [38] c.1148G>A, p.W387X PTC [21] PTCH2 (1p34.1)  Note Reference
¢.3104T ins Frameshift [38] ¢.1368G>A, p.W460X PTC [21] c.2175G>A, Chinese [41]
p.R7190Q
¢.GTG 3246 ins Val insertion [38] ¢.2050C>T, p.Q688X PTC [21] SUFU (10g24.32) Note Reference
€.3364 10 bp del Frameshift [38] ¢.2068C>T, p.Q694X PTC [21] c.1022+1G>A,  Splicing [42]
exon 8 skipping  mutation
PTCH=Patched homolog, PTC=Premature termination codon
protein cannot inhibit SMO, allowing unregulated signal o
transduction and constitutive activation of target genes and their © HHligands Yismodeeib
products. Vismodegib specifically binds and inactivates SMO and l
18] Cell membrane
suppresses BCC growth. % smo ;;.;ixﬂg.’.m,)\,':l,l,l,man(m
s 'lelx}g,;é:.,
MOLECULAR PATHOGENESIS
Unlike in digestive tract tumors, where pathway activity and
cell growth are driven by endogenous expression of HH
ligands, GS-associated tumors are mostly due to mutations in GLI1, PTCHI,
the PTCH1 gene on chromosome 9g22.3. Patients with GS P ——— fact0rs| oG
inherit one defective allele of the PTCH1 gene and through “l””iilil““
a “second hit” (from external factors like ultraviolet (UV) \\/
radiation exposure) functional loss of the second allele -
effectively eliminates PTCH1 as the “gatekeeper” that upon - S

HH binding, normally suppresses the activation of SMO. An
activated SMO would promote the transcription of HH target
genes (e.g., transcription factor GLIT gene). It also induces

Figure 2: Schematic of the hedgehog-signaling pathway: Hedgehog
ligands bind to patched homolog 1, causing release of the suppression
of smoothened by patched homolog 1. Smoothened interacts with

PTCH1 transcription, which creates a negative feedback loop.
This PTCH1 is a primary component of the HH-signaling
pathway [Figure 2]. It is located in the cell membrane and
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suppressor of fused, which promotes glioma-associated oncogene
transcription factors. Constitutive activation of smoothened plays a role
in carcinogenesis. Vismodegib inhibits smoothened
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constitutes an HH (secreted protein/ligand) receptor; A pivotal
genetic and molecular contributor in the oncogenesis of BCCs
and KOTs.

There are different manifestations of the BCCs depending on
whether they are associated to the GS or not.l'® Essentially,
all BCCs have enhanced HH-signaling.!"? BCC is the most
common cancer in the Western world. Sporadic (i.e., not
associated to the GS) BCCs are usually caused by UV radiation
exposure leading to depression of the local immune system
and DNA damage. These sporadic BCCs most commonly
develop in the head- and neck-region. An additional risk
factor for the sporadic BCC is fair skin. The number of BCCs,
when not associated with GS, is only one. These sporadic
BCCs are more frequent in men. In GS, the number of BCCs
is 50-100. These GS-BCCs have an equal frequency in both
sexes, independent of skin color. The GS-BCCs are not mainly
located on the head and neck, but also on the back, thorax,
abdomen, and upper part of the body.'"¥ A high rate (about
40%) of GS cases represents a de novo mutation.?? They
are distributed throughout the entire PTCH1 gene and it was
predicted that most would cause protein truncation, resenting
a null allele, and subsequent functional inactivation of the
PTCH1 protein, which allows the uninhibited up-regulation
of the HH-signaling — unfortunately, the mutation type cannot
be used to predict disease burden.

GENOTYPE/PHENOTYPE CORRELATION

Phenotypic variability in GS is a complex genetic event. No
genotype-phenotype correlation between the position of
the (truncation; high rate of about 86% is predicted to cause
protein truncation) mutations and major clinical features is evident.
The developmental defects associated with GS are likely due to
haploinsufficiency.?"" Reduction in the expression of the PTCH1
gene can cause the GS.I'" Modifying genes and germline variants
may play an important role in further determining the phenotype.'”!

TREATMENT

Until recently, there was no approved therapy for aBCC.
Vismodegib (trade name Erivedge®) is a first-in-class drug for the
treatment of aBCC. US Food and Drug Administration (FDA)-
approval for vismodegib was obtained in January 2012. Meanwhile,
approval for use in the European Union has been obtained.

In 2011, Goldberg et al. reported the nearly complete regression
of multiple GS-associated KOTs following nonsurgical 270 mg/d
(phase | study) treatment with vismodegib.”” A pivotal phase Il
trial earned vismodegib (2-chloro-N-[4-chloro-3-(2-pyridininyl)
phenyl]-4-[methylsulfonyl] benzamide) US FDA-approval for the
treatment of locally advanced and metastatic BCCs.1?” The current
literature seems to indicate that inhibition of the HH pathway
is relatively safe in adults; appropriate toxicology studies have
been performed.?? Vismodegib is a pregnancy category D drug
teratogenic.? Vismodegib is embryonic-lethal in rats.? The toxic
effects appear to be related to inhibition of the drug target, as LDE
225 — same class; SMO inhibition did also cause taste loss and
muscle cramps.?>2% The most common side effects of vismodegib
are muscle cramps/spasms, hair loss (alopecia), “distortion of
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the sense of taste” (dysgeusia), weight loss, and fatigue. The side
effects of vismodegib have resulted in occasional discontinuation
of the drug in trials.

Vismodegib, also known as GDC-0449, inhibits HH-signaling
through binding and inhibiting SMO receptor and subsequent
downstream HH target genes/proteins (e.g., transforming growth
factor-beta [TGF-f], BCL2, BMP2, and MMP2) responsible for cell
proliferation, differentiation, and tissue maintenance, via the GLI
family of transcription factors.

Although radiotherapy is used for sporadic BCCs, patients
with GS should avoid radiation therapy for BCCs. Due to
radio-hypersensitivity in GS, avoidance of treatment by radiotherapy
is strongly recommended for all affected individuals.?” Treatment
of medulloblastomas in patients with GS, radiation therapy can
induce invasive BCCs in the fields of therapy.?® Exposure to X-ray
and UV radiation in GS patients induces expression of multiple
BCCs. Increased skin pigmentation may be protective against UV,
but not ionizing radiation (e.g., radiotherapy).?”! Patched (Ptch)
heterozygous knockout mice, models of GS, demonstrated that
Ptch inactivation causes radiation hypersensitivity and is essential
for tumorigenesis and developmental defects associated with the
GS.2930% Vismodegib can help in those instances where radiation
therapy is contra-indicated, or the lesions are inoperable (mainly
due to the topology; the head-and neck region being extremely
complex and does not allow for “RO-resections”) for example, in
the case of GS-BCCs and KOTs.

In a phase | trial, including 68 patients with aBCC, it was shown
that vismodegib has an acceptable safety profile and encouraging
anti-tumor activity.®" In another phase | clinical trial, the safety
and pharmacokinetics of vismodegib were assessed in 33 patients
with locally advanced or metastatic BCC. Vismodegib appeared
to have antitumor activity in these carcinomas.??

Vismodegib reduces BCC tumor burden and blocks the growth
of new BCC in patients with GS.I" The low incidence of serious
adverse effects, along with the efficacy of the drug against BCC,
suggested that vismodegib might be suitable for patients with GS.
However, the common terminology criteria grade 1-2 for adverse
events (e.g., muscle cramps, hair loss, weight loss, and fatigue)
associated with treatment led to discontinuation for over half of
treated patients with GS. An individual was described with GS,
who demonstrated “rapid BCCs rebound” with the cessation of
vismodegib.?*' However, Ally et al. commented on this that they
feel like these conclusions are unsubstantiated.*¥ Recurrence
of some tumors is a known phenomenon with vismodegib
cessation, rather than a “rapid BCCs rebound.”'22 There
have been no reports of treatment resistance in BCCs, unlike
medulloblastomas.®”

The effect of vismodegib on BCC was associated with a
significant decrease in HH-signaling, as shown by a 90%
decrease (P < 0.001) in GLIT messenger RNA in biopsy
specimens from BCCs in patients treated for 1-month. One
month of vismodegib treatment also significantly reduced tumor
proliferation, as assessed by the Ki-67 expression. Vismodegib
significantly reduced the rate of appearance of new surgically
eligible BCCs among patients with GS.!!
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CLINICAL TRIALS

Fifty-three clinical studies were found for vismodegib using the
ClinicalTrial.gov search engine. The completed ones with results
studied vismodegib in BCC, metastatic colorectal cancer, or
ovarian cancer.

Two studies of vismodegib in GS are not recruiting and active.

In the first trial (phase Il, estimated enrollment 24-focus on
adverse events and efficacy), the effects of intermittent vismodegib
versus photodynamic therapy in patients with multiple BCCs are
compared.

In the second trial (phase II, estimated enrollment 41), the purpose
is to determine the efficacy and safety of a systemic HH pathway
antagonist (vismodegib) in patients with GS.

FUTURE PERSPECTIVE

Vismodegib, useful for the treatment of BCC, also appears to be
effective for treatment of KOTs in GS.2% |t is a sort of “killing
two birds with one stone,” as it not only reduces the burden of
the BCCs but also of the KOTs and renders the surgical resections
less cumbersome through neo-adjuvant features in GS; the
administration of oral vismodegib (150 mg/d FDA approved
dose) seems to shrink KOTs in patients with GSB® before surgery.

This new oral drug, vismodegib, is a low-molecular-weight
systemic inhibitor of the HH-signaling pathway. Thereby
decreasing the production of proliferation factors (e.g., TGF-f)
and ultimately suppressing KOTs in GS.

Further studies to address the potential of vismodegib as
“neo-adjuvant” treatment of KOTs before their surgical treatment
should be carried out. Possibly, the use of vismodegib can reduce
the KOTs burden in these patients with GS.
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