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Abstract

Thefirst three disorders discussed are abnormalities of bone: too little bonein cleidocranial dysplasia caused by mutationsin RUNX2;
too much bonein fibrodysplasia ossificans progressiva with overexpression of BMP4; and abnormal bonein McCune-Albright syndrome
and fibrous dysplasia caused by mutations in GNASLI. Disorders of the sonic hedgehog signaling network are discussed next, including
holoprosencephaly and the nevoid basal cell carcinoma syndrome, the former being caused by sonic hedgehog (SHH) mutations and the

latter being caused by patched mutations (PTCH).
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Cleidocranial Dysplasia and RUNX2 Mutations

Cleidocranial dysplasiaisanautosomal dominant skeletal
disorder characterized by short stature, brachycephaly,
delayed closure of the fontanelles and sutures, Wormian
bones, midfacehypoplasia, uneruptedteeth, supernumerary
permanent teeth, aplasiaor hypoplasiaof theclavicles, and
other skeletal anomalies, such as hypoplastic iliac wings
and brachydactyly.>?

Cleidocrania dysplasiaiscaused by mutationsinRUNX2.
These mutationsresultin hapl oi nsufficiency and may be of
the deletion, insertion, missense, or nonsense types.® A
clustering of missensemutationsinvolving Arg225indicates
that thisamino acid residueiscritical for RUNX2 function.?

RUNX2 plays a fundamenta role in osteogenesis and
also regulates many osteoblast genes, such as osteocalcin,
osteopontin, bone sialoprotein, collagenase-3, and
osteoprotegerin. RUNX2 also regulates chondrocyte
differentiation, aswell as differentiation of precursor cells
of the clavicular anlage (Fig. 1). Runx2” null mutant mice
show complete lack of endochondral and membranous
ossification. Heterozygous mice (Runx2*) have
cleidocranial dysplasia.?*

Fibrodysplasia Ossificans Progressiva and BM P4
Fibrodysplasia ossificans progressiva (FOP) is

characterized by progressiveectopic ossification, abnormal

halluces, various other bone defects, and, in some cases

hearing deficit and diffuse thinning of the hair. Inheritance
is autosomal dominant with most cases occurring
sporadically.®

Progressive heterotopic ossification begins during the
first decade of life and appearsin predictabletemporal and
spatial patterns, heralded by largepainful fibroproliferative
nodules in tendons, ligaments, and skeletal muscles. The
early lesions are indistinguishable from juvenile
fibromatosis. The nodules mature to form lamellar bone
that bridges and immobilizes the joints of the axia and
appendicular skeleton. Bone formation occurs
spontaneously, but can also be triggered by trauma. Thus,
surgical excisionof boneisfutilebecausetraumainevitably
stimulates bone formation at the surgical site.2>°

Bone morphogenetic protein 4 (BMP4), which maps to
14q22-g23, is overexpressed in fibrodysplasia ossificans
progressiva, although nomutationshavebeenidentified. 1
Thus, BM P4 overexpression may be asecondary response
to some other basic defect.

Feldman et al*? studied four affected families and
established linkage to 4927-g31. They suggested that
SMAD1, a BMP pathway specific gene, and possibly
several other candidate genesinthelinkage regionwarrant
further investigation.

Lucotte et a®® and Sémonin et a** reported NOGGIN
(NOG) mutations for FOP. However, these are probably
PCR errors, asnoted by Xu et a.*®* The FOP patient withthe
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A42G260-C301 mutation reported by Lucotte et al*® was
examinedindependently by thel nternational FOPResearch
Consortiumwhofailedto detect the presenceof thereported
42-bp deletion.’> NOG is an unusual gene. It has asingle
exon with no introns. Its coding region is extremely GC-
rich (67%), suggesting that the gene may be highly
methylated and/or susceptible to secondary structure
formation that could interfere with PCR amplification
fidelity. The amplification error rate in NOGGIN product
subclones is high in both FOP patients and controls.?®

McCune-Albright Syndrome, Fibrous Dysplasia, and
GNASL Mutations

McCune-Albright syndrome (MAYS), polyostatic fibrous
dysplasia(PFD), monostotic fibrousdysplasia(MFD), and
pituitary adenoma (PA) have the same etiology —aligand-
independent, activating GNASL mutation in the a subunit
of stimulatory G protein (Ga). Mutations are located near
the site which interacts with the y—phosphate of GTP, thus
interfering with hydrolysis of GTP to GDP. Because G
cannot dissociate from adenylyl cyclase and bind to G,
adenylyl cyclaseremainsactive, producingincreased CAMP
activity whichresultsinthe pathology of MAS, PFD, MFD
and PAY (Fig. 2).
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McCune-Albright syndrome (MAS) is characterized by
polyostoticfibrousdysplasia, café-au-lait spots, andmultiple
endocrinopathies, including sexual precocity, pituitary
adenoma, and hyperthyroidism. All cases occur
sporadically, and the disorder is caused by somatic
mosaicism, lethal in the non-mosaic state.15%

With somatic mosaicism, a mutation occurs post-
zygoticaly in asomatic cell rather thaninagerm cell. All
cells descended from the mutated cell can manifest MAS
features. Cells descended from non-mutated cells develop
into normal tissues. Thus, the clinical patternismosaic in
distribution and variablein appearance. Severeversusmild
manifestationsand moregeneralized versusmorelocalized
expression depend on (@) how small or how large the cell
mass is during embryogenesis when the mutation occurs
and (b) where in the cell mass the mutation occurs.’618

The same two GNASL mutations found in MAS also
occur in polyostotic fibrous dysplasia (PFD), monostotic
fibrous dysplasia (MFD), and isolated pituitary adenoma
(PA) of thegrowth hormone secreting type, lesscommonly
of the ACTH secreting type. How the mutations cause
these disorders separately depends on when during
embryoni cdevelopment or during postnatal lifethemutation
occurs (Fig. 3). A somatic mutation in asmall cell massis
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Fig. 1. Runx2 controls differentiation of precursor cells into osteoblasts, regulates chondrocyte differentiation towards hypertrophy, may
cause vascular invasion of cartilage by regulating collagenase-3, and controls differentiation of precursor cells of clavicular anlage. Modified from

Mundlos.®
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Fig. 2. Activating mutations (Arg201Cys or Arg201His) in the gene encoding the a subunit of stimulatory G protein (G,a). A: Ligand-independent
persistent activation of G,a. Thereisinappropriate stimulation of adenylyl cyclase. The mutations arelocated adjacent to the y-phosphate of GTP, thus
interferingwith hydrolysisof GTP by GTPaseto GDP. B: Therefore, thesubunit (G,a) cannot dissociatefromadenylyl cyclaseand bindto the By subunit
(G,,)- Two downstream pathways are shown in A. The PKA pathway (protein kinase A or cAMP-dependent protein kinase pathway) is shown on the
right. The PKC pathway (protein kinase C pathway) is shown on theleft. Both pathways are present with normal functioning aswell aswith mutations.
Because the subunit (G,a) cannot dissociate from adenylyl cyclase, CAMP is overproduced which, in turn, overactivates the PKA pathway. PKA is
composed of two regulatory subunits (RS) that have binding sitesfor cAMP, and two catalytic subunits(CS) that, when dissociated, phosphorylate serine/
threonine kinases (STK). The dissociated By subunit overactivates the PKC pathway. PLC (phospholipase C) cleaves PIP, (phosphatidylinositol
bisphosphate) into two intracellular messengers: DAG (diacylglycerol) and IP, (inositol trisphosphate). The |atter triggers the release of sequestered

calciumions (Ca?") which together with DAG activate PKC.Y”

likely to result in MAS. A mutation in a larger cell mass
may result in PFD. A mutation in postnatal life, during
infancy, childhood, or adult life may result in MFD (Fig. 3)
orinPA, depending ontheanatomiclocation of themutation.
All of these disorders are components of MAS. 1618

Cohen and Howell*® suggested that fibrous dysplasiais
a neoplasm. Traditionally, fibrous dysplasia has been
considered to be a bone disorder. However, it is well
known that, in afew instances, lesionsin fibrous dysplasia
behave more aggressively than in most cases. The same
activating mutation that causesfibrousdysplasiaal so causes
pituitary adenoma, whichisaneoplasm. Themutation may
befound in anisolated pituitary adenomaand in McCune-
Albright syndromewhich isoften associated with pituitary
adenoma.

Candeliere et a'® found high levels of c-fos proto-
oncogene expression in cells populating the bone marrow
spacesin eight patientswith fibrous dysplasia. In contrast,

very low levels of c-fos expression were detected in other
bone disorders such as vitamin D-resistant rickets and
osteogenesis imperfecta, suggesting that increased
expression of c-fos may be specific for fibrous dysplasia.
If so, activating mutationsin GNASL, which cause fibrous
dysplasia, may increase c-fos expression by increased
adenylyl cyclase activity.®

In studies of transgenic mice, overexpression of c-fos
results in bone lesions that closely resemble fibrous
dysplasia® and osteosarcomas develop in some cases.? In
studies of human osteosarcomas, c-fos expression is
increased. Osteosarcomas are known to develop in about
4% of patients with McCune-Albright syndrome and in
about 0.5% of patients with fibrous dysplasia.?

In addition to the links of activating GNASL mutations
with c-fos, MAS, PFD, MFD, PA, and osteosarcoma,
several other neoplasms with the same mutations have
occurred sporadically or in association with MAS. For
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Fig. 3. How mutations cause McCune-Albright syndrome, polyostotic fibrous dysplasia, and monostotic fibrous dysplasia depend on when during
embryonic development or during postnatal life the mutation occurs. A somatic mutation in a small cell mass s likely to result in McCune-Albright
syndrome. A mutationin alarger cell mass may result in polyostotic fibrous dysplasia. A mutation in postnatal life, during infancy, childhood, or adult

life may result in monostotic fibrous dysplasia.’®

example, GNASL mutations have been reported in isolated
thyroid tumors, ovarian cysts, and Leydig cell tumors.
MAS can be associated with ovarian cysts and with low
frequency neoplasms such as thyroid tumors, parathyroid
adenomas, intramuscul ar myxomas, and carcinomasof the
breast.z

Holoprosencephaly, Nevoid Basal Cell Carcinoma
Syndrome, and the Sonic Hedgehog Signaling Networ k

The sonic hedgehog signaling network (Fig. 4) has
mutations in specific genes that can cause
holoprosencephay and the nevoid basal cell carcinoma
syndrome. Mutations in sonic hedgehog (SHH) cause
hol oprosencephal y and mutationsin Patched (PTCH) cause
the nevoid basal cell carcinoma syndrome.

Holoprosencephaly is a developmental field defect of
impaired midline cleavage of the embryonic forebrain. In
alobar holoprosencephaly, the prosencephalon fails to
cleave sagittally into cerebral hemispheres, transversely
into tel encephal on and diencephal on, and horizontally into
olfactory tracts and bulbs. Although the classic definition
is unambiguous, problems are encountered at the less
severeend of the phenotypi c spectrum. Theclassicanatomic
definition of holprosencephaly and the variabledefinitions
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used in genetics are both valid and depend on the context
in which they are used.?

In a classic article, DeMyer et a® discussed a graded
seriesof facia anomaliesthat occur with holoprosencephaly
(Tablel). Theface predictsthebrain approximately 80% of
the time; the other 20% of the time, the facial features are
nondiagnostic.?5%” Barr and Cohen? reported essentially
normal faces in some autosomal recessive cases of holo-
prosencephaly.

| dentifiable genetic causes account for about 15-20% of
al cases of holoprosencephaly. Monogenic inheritance
has been reported, including autosomal dominant
transmission with wide expressivity and incomplete
penetrance,?** autosomal recessive transmission,** and
X-linked transmission.®*%* Molecularly defined holo-
prosencephaly only accountsfor avery small percentage of
all casesof holoprosencephaly: SHH, 3% TGIF,% ZI C2,3940
9X3,PTCH,2GLI2,*TDGF1,“FAST1,**and DHCR7.%

SHH mutations account for about 17% of familial cases
and about 3.7% of sporadic cases.*” SHH hasan N-terminal
signaling domain (SHH-N) and a C-termina catalytic
domain (SHH-C) that causes autocleavage of the protein,
resultinginanester-linked chol esterol moiety at thecarboxy-
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TABLE I: HOLOPROSENCEPHALIC FACES®

Facial type® Main facial features Brain

Cyclopia Median monophthalmia, synophthalmia, or Alobar holoprosencephaly
anophthalmia. Proboscis may be single or
absent. Hypognathism in some cases.

Ethmocephaly Ocular hypotelorism with proboscis. Alaobar holoprosencephaly

Cebocephaly Ocular hypotelorism and blind-ended, single- Usually alobar holoprosencephaly
nostril nose.

Median cleft lip Ocular hypotelorism, flat nose, and median Usually alobar holoprosencephaly
cleft lip.

Less severe facia dysmorphism Variable features including ocular hypotelorism Semilobar or lobar holoprosencephaly

or hypertelorism, flat nose, unilateral or
bilateral cleft lip, iris coloboma, or other
anomalies. Minimal facial dysmorphism in
some cases.’

a. Modified after DeMyer et a.
b. Transitional facial forms are known to occur.
¢. Autosomal recessive alobar holoprosencephaly with an essentially normal face has been reported.??

HEDGEHOG SIGNALING NETWORK
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Fig. 4. Hedgehog signaling network, SHH = Sonic Hedgehog N-terminal signaling domain with an amide-linked amino-terminal palmitate and an ester-linked cholesterol moiety, a
ligand for Patched (PTCH). PTCH = transmembrane protein with 12 hydrophobic membrane-spanning domains, intracellular amino- and carboxy terminal regions, and two large
extracellular loopswher e sonic hedgehog ligand binding occurs. SMO = Smoothened, a transmembrane protein with seven hydrophobic membrane-spanning domains, an extracel lular
amino-terminal region, and an intracellular carboxy-terminal region. PKA = Protein kinase A. COS2 = Kinesin-related protein. FU = Fused, a serine/threonine kinase. SU(FU) =
Suppressor of fused. GLIs= GLI1, GLI2, and GLI3, transcription activators and repressors. CBP = transcription coactivator. WNTs = WNT genes. BMPs = bone morphogenetic
proteins.4’
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Fig. 5. Sonic Hedgehog (SHH) has an N-terminal signaling domain (SHH-N), and a C-terminal catalytic domain (SHH-C) that causes autocleavage of
theprotein, resultinginan ester-linked chol esterol moiety (CHOL) at thecarboxy-terminal end of thesignaling portion; thecatalytic portiondiffusesaway.
An amide-linked amino-terminal palmitate (PAL) is critical for signaling activity. Following the addition of the carboxy-terminal cholesterol adduct,
palmitoylation requires the action of Skinny hedgehog (Ski) acyltransferase.*”

terminal end of SHH-N. Theautocleavageof SHH proceeds
viaathioester intermediate that undergoes a nucleophilic
attack by cholesterol, resulting in a covalently-linked
cholesterol adduct and activation of the SHH-N signaling
protein. The SHH-C catalytic portion diffusesaway* (Fig.
5).

Following the autoprocessing reaction, palmitoylation
of themost amino-terminal cysteineof theSHH-N signaling
portiontakesplace, requiring theaction of Skinny hedgehog
(Ski) acyltransferase®®*® (Fig. 5). The ester-linked
cholesterol moiety and the amide-linked palmitate might
be expected to anchor the SHH-signaling portion to the
membranes of the producing cells. However, signaling
extends many cells beyond its source, and long range
action of SHH depends on Dispatched (DISP), which
releases SHH from the cell membranes.>-%

Theclinical findings of the nevoid basal cell carcinoma
syndrome are summarized in Table Il. Systems affected
include the skin, skeletal system, and central nervous
system.

The nevoid basal cell carcinomasyndromeis caused by
mutationsin Patched (PTCH). PTCH isatumor suppressor
genelocatedat 9g22.3. Itfunctionsasacell cycleregulator,
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stoppingcell divisionintheabsenceof ligandand permitting
cell division when ligand binding occurs.>

Generally, for atumor suppressor gene to be activated,
two hits are required. The first hit involves a mutation in
one allele, which can be dominantly inherited if present in
agerm cell, but which isclassically considered to have no
phenotypic effect. The second hit involvesloss of the other
alele, known as loss of heterozygosity (LOH). There are
three ways in which the second alele can be lost: (@)
deletion; (b) mitotic nondisjunction; and (c) mitotic
recombination. When both alleles are inactivated, tumor
growth occurs. LOH has been demonstrated in basal cell
carcinomas, odontogenickeratocysts, and medulloblastoma
— three features of the nevoid basal cell carcinoma
syndrome.®

PTCH is probably not a classic tumor suppressor gene
because the first (germ cell) hit alone may account for the
malformations and their variability in patients with the
nevoid basal cell carcinoma syndrome. Features such as
Marfanoid habitus, macrocephaly relative mandibular
prognathism, and possibly spinabifida, bifidribs, postaxial
polydactyly, and cleft lip palate (Table I1) do not seem to
require two hits. The single germ cell hit, resulting in the
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TABLEIl: SOME FEATURES OF THE NEVOID BASAL CELL
CARCINOMA SYNDROME

Skin
Multiple basal cell carcinomas (~90%)
Epidermal cysts
Palmar/plantar pits

Skeletal/Radiographic
Bifid ribs
Spina bifida occulta
Kyphoscoliosis
Pectus excavatum
Short fourth metacarpals
Postaxial polydactyly (~4%)
Lymphomesenteric cysts

CNS
Medulloblastoma (~3-5%)
Calcified falx cerebri
Bridged sella turcica
Meningioma (~1% or less)

Craniofacial
Large head circumference
Mild hypertelorism
Well developed supraorbital ridges
Cleft lip/palate (~5%)

Ord
Odontogenic keratocysts of the jaws (~90%)

Other tumors
Ovarian fibroma (~15%)
Cardiac fibroma (~3%)

Many other features

malformationsof thenevoidbasal cell carcinomasyndrome
apparently behaves like any other gene producing an
autosomal dominant malformation syndrome with
variability in expression. For basal cell carcinomas,
medulloblastoma, and keratocysts, however, two hits are
required.>
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