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Abstract

Cleidocranial dysplasia (CCD) (MIM
119600) is an autosomal dominant skeletal
dysplasia characterised by abnormal
clavicles, patent sutures and fontanelles,
supernumerary teeth, short stature, and a
variety of other skeletal changes. The dis-
ease gene has been mapped to chromo-
some 6p21 within a region containing
CBFA1, a member of the runt family of
transcription factors. Mutations in the
CBFA1 gene that presumably lead to syn-
thesis of an inactive gene product were
identified in patients with CCD. The func-
tion of CBFA1l during skeletal develop-
ment was further elucidated by the
generation of mutated mice in which the
Cbfal gene locus was targeted. Loss of one
Cbfal allele (+/-) leads to a phenotype very
similar to human CCD, featuring hypo-
plasia of the clavicles and patent fonta-
nelles. Loss of both alleles (-/-) leads to a
complete absence of bone owing to a lack
of osteoblast differentiation. These studies
show that haploinsufficiency of CBFA1
causes the CCD phenotype. CBFA1 con-
trols differentiation of precursor cells into
osteoblasts and is thus essential for mem-
branous as well as endochondral bone for-
mation.

(¥ Med Gener 1999;36:177-182)
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Heritable diseases of the skeleton are a diverse
and complex group of genetic disorders. The
different clinical manifestations reflect the
basic mechanisms of skeletal development,
patterning, bone and cartilage formation,
growth, and homeostasis. The recent identifi-
cation of the genetic basis for several skeletal
disorders has yielded significant insights into
these processes.'” Cleidocranial dysplasia
(CCD) is a well defined skeletal disorder with
characteristic clinical findings and autosomal
dominant inheritance. Reports of clavicular
defects appeared as early as 1765,> but
Scheuthauer* was probably the first to describe
the syndrome accurately. Marie and Sainton’ in
1898 coined the name “dysostose cléido-
cranienne héréditaire” for this condition. One
of the most colourful families, descendants of a

Chinese named Arnold, was probably de-
scribed by Jackson.® He was able to trace 356
members of this family of whom 70 were
affected with the “Arnold Head”. CCD was
originally thought to involve only bones of
membranous origin. More recent and detailed
clinical investigations have shown that CCD is
a generalised skeletal dysplasia affecting not
only the clavicles and the skull but the entire
skeleton. CCD was therefore considered to be
a dysplasia rather than a dysostosis.” Skeletal
abnormalities commonly found include cla-
vicular aplasia/hypoplasia, bell shaped thorax,
enlarged calvaria with frontal bossing and open
fontanelles, Wormian bones, brachydactyly
with hypoplastic distal phalanges, hypoplasia of
the pelvis with widened symphysis pubis,
severe dental anomalies, and short stature. The
changes suggest that the gene responsible is not
only active during early development, as
implied by changes in the shape or number of
bones, but is also important during fetal and
postnatal growth.

Clinical and radiological features

The clinical and radiological features have
been reviewed by several authors.*”? Table 1
summarises the clinical and radiological find-
ings. Typical clinical findings are shown in fig
1. Craniofacial growth is affected in many
ways."” '* Head circumference is usually at the
upper limit without being macrocephalic.
There is a broad forehead with frontal bossing
and some degree of hypertelorism. The mid-
frontal area is poorly developed and shows a
frontal groove owing to incomplete ossification
of the metopic suture. Closure of the anterior
fontanelle and sagittal and metopic sutures is
delayed, often for life. In infants, a generalised
delay in ossification of the skull can be
observed and in extreme cases the parietal
bones are not present at birth. With increasing
age the unossified areas become smaller and
true Wormian bones form, particularly around
the lambdoid suture. Frontal and paranasal
sinuses are frequently absent or reduced in size.
Other changes of the skull include small or
absent nasal bones, segmental calvarial thick-
ening, underdevelopment of the maxilla, de-
layed union of the mandibular symphysis, and a
small cranial base with reduced sagittal diam-
eter and a large foramen magnum. The skeletal
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Table 1  Clinical and radiological features of cleidocranial dysplasia

Clinical Radiological
Skull
Brachycephaly Multiple wormian bones

Frontal and parietal bossing

Open sutures and fontanelleles
Delayed closure of fontanelleles

Relative prognathism
Soft skull in infancy
Depressed nasal bridge
Hypertelorism

Thorax and shoulders

Ability to bring shoulders together

Narrow, sloping shoulders

Respiratory distress at early age

Increased mobility
Pelvis and hips
Caesarean section

Spine
Scoliosis
Kyphosis

Hands

Brachydactyly

Tapering of fingers

Nail dysplasia/hypoplasia
Short, broad thumbs
Clinodactyly of 5th finger
Dentition

Normal deciduous dentition
Supernumerary teeth
Delayed eruption
Crowding, malocclusion

Segmental calvarial thickening

Unossified sutures and patent fontanelles
Dysplastic changes in the basiocciput
Hypoplasia of maxilla

Delayed mineralisation

Calcification of nasal bone delayed or missing
Hypoplastic sinuses (paranasal, frontal, mastoid)

Hypoplastic, aplastic, or discontinuous clavicles
Cone shaped thorax

Cervical ribs, missing ribs

Hypoplastic scapulae

Delayed ossification of pubic bone
Hypoplasia of iliac wings

Widening of sacroiliac joints

Large femoral neck, large epiphyses

Hemivertebrae, posterior wedging
Spondylolysis and spondylolisthesis
Spina bifida occulta

Short middle phalanges and metacarpals/tarsals III-V
Hypoplastic distal phalanges

Accessory epiphyses especially of 2nd metacarpal
Long 2nd metacarpal

Cone shaped epiphyses

Impacted, supernumerary teeth

changes result in subtle but characteristic facial
features (fig 1A) that include a large, brachy-
cephalic head with parietal and marked frontal
bosses separated by a metopic groove, a
depressed nasal bridge, hypertelorism with
possible exophthalmos, and a small maxilla,
which gives the face a small, flattened appear-
ance with mandibular prognathism.

Many patients with hypoplastic or even
absent clavicles have gone through life, even
working as manual labourers, without disability
resulting from this defect. Depending on the
degree of clavicular hypoplasia, appearance can
range from a dimple in the skin to sloping,
almost absent shoulders and the ability to vol-
untarily bring the shoulders together. Accord-
ing to our observations and those of others,’
a complete absence of the clavicle(s) is rare,
whereas hypoplasia of the acromial end is com-
mon. Other less common forms of clavicular
involvement include the occurrence of two
separate fragments, or the absence of the ster-
nal end with the acromial end present. Bilater-
ality is the rule but not always the case. The
missing segment may be represented by fibrous
pseudarthrosis or by a fibrous tether or cord.
Thus, patients that appear normal on clinical
examination with regularly shaped shoulders
and palpable clavicles may have small defects at
the acromial ends or fibrous cords that can only
be identified on x ray. Occasionally, patients
with normal clavicles have been described."
The thoracic cage is small and bell shaped with
short, oblique ribs. The narrow thorax may
lead to respiratory distress in early infancy."”
Abnormalities in the number of ribs such as
cervical or absent ribs are not uncommon. The
scapulae are often hypoplastic with deficiencies
in the supraspinatus fossae and acromial facets.
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As expected, there is often an associated
deficiency of the musculature.

The pelvis is invariably involved and shows
characteristic changes (fig 1C). The name
“forme cleido cranio-pelvienne” was proposed
for this deformity by Crouzon and Buttier."
The widened symphysis pubis (distance be-
tween pubic bones) results from a delay in
ossification during adulthood. Other changes
include hypoplasia and anterior rotation of the
iliac wings and wide sacroiliac joints. The
femoral epiphyses are large, the femoral necks
broad, and there is frequently coxa vara. The
dysplastic pelvis often necessitates caesarean
section in the pregnant female.

A relatively constant abnormality is the pres-
ence of both proximal and distal epiphyses in
the second metacarpals and metatarsals lead-
ing to excessive growth and length (fig 1D).”
All other bones of the hands and feet, especially
the distal phalanges and the middle phalanges
of the second and fifth fingers are unusually
short. Cone shaped epiphyses and premature
closure of epiphyseal growth plates are fre-
quently observed and lead to shortening of
other bones. The poorly developed terminal
phalanges give a tapered appearance to the
digit. The nails are sometimes hypoplastic/
dysplastic or may even be absent.

Final height is significantly reduced in
patients with CCD. Previous investigations
indicate that birth length is normal but that
height drops below or around the 2nd centile
between the ages of 4 and 8." ' In a study by
Jensen," female patients were more affected
than male patients. Patients usually have a
mildly disproportionate short stature with
short limbs compared to the trunk, more
apparent in the upper limbs than the lower.

The palate is often highly arched and clefts
involving the hard and soft palates have been
described. Dental changes occur frequently
and are very characteristic of CCD (fig 1E).*
Retention of the deciduous dentition with
delayed eruption of the permanent teeth is a
relatively constant finding. Dental disability
begins in late youth with the progressive
morbidity and loss of the deciduous dentition.
Many patients remember living “without
teeth” for some years until the permanent teeth
eventually erupted. Permanent teeth show a
delay of root development and a lessened but
not entirely absent eruptive potential. Surgical
procedures to promote eruption include the
extraction of all deciduous teeth and the
removal of bone overlying the crypts of the
unerupted teeth. The situation is further com-
plicated by the presence of multiple supernu-
merary teeth that displace the developing
permanent teeth and obstruct their eruption.
The large number of supernumerary teeth that
form a more or less complete third dentition
(up to 30 extra teeth in some cases) is one of
the most striking findings in CCD. Morpho-
logically and functionally, supernumerary teeth
resemble their normal counterparts. Dentine
formation is normal but cellular root cemen-
tum is lacking.”’ Abnormal bone morphology
has been reported.”” Long term orthodontic
and surgical treatment is usually necessary with
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Figure 1

Typical clinical and radiological findings in CCD. (A) Facial appearance in a 6

month old boy. Note large, brachycephalic skull, frontal and parietal bossing with large
anterior fonanelle, and the appearance of a small face. Other characteristic features include
widely spaced eyes, low nasal bridge, reduced nasal length, but increased nasal width and
protrusion. (B) Chest radiograph showing cone shaped thorax and left clavicular
hypoplasia and aplasia on the right side. (C) Pelvic abnormalities in a 4 year old girl. Note
hypoplasia of the iliac wings, broad femoral necks with large epiphyses, and unossified
symphysis pubis. (D) Hand radiograph of a 2'/2 year old female showing hypoplastic distal
phalanges, accessory epiphyses of the second metacarpal, and long second metacarpal. (E)
Pantomographic view of the permanent dentition of a 16 year old female. Note multiple,
unerupted, supernumerary teeth.

the aim of actively erupting and aligning the
impacted permanent teeth.””

Differential diagnosis

In a patient with hypoplastic clavicles, open
fontanelles, and supernumerary teeth the diag-
nosis is evident and few other conditions need
to be considered. However, the clinical picture
is variable, even within families, and frequently
the phenotype is incomplete, lacking one or
two signs of the characteristic triad. Hall* has
drawn attention to a range of other syndromes
with congenital clavicular hypoplasia or agen-
esis. Congenital pseudarthrosis of the clavicle
(MIM 118980) is probably among the most
common conditions to be considered. In the
great majority of cases involvement is unilateral
with a marked predominance of the right side.
The cases are sporadic, there is no other bone
involvement, and most cases presumably heal
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by themselves. Pyknodysostosis is a rare defect
of osteoclast function (MIM 265800) with
osteosclerosis (increased bone density and
fractures), delayed closure of sutures and
fontanelles, Wormian bones, hypoplasia of the
clavicles (dysplasia to loss of acromial end),
acro-osteolytic  dysplasia of the distal
phalanges, and irregular permanent teeth with
anodontia and delayed eruption. While many
of the clinical findings resemble CCD, the
increased bone density on x ray and the
absence of supernumerary teeth should readily
distinguish between the two. Hypoplastic clavi-
cles, persistently wide sutures, and multiple
Wormian bones are also a feature of mandibu-
loacral dysplasia (MIM 248370). However,
this condition is mainly characterised by acro-
osteolysis with progressive loss of bone from
the distal phalanges. Eckstein and Hoare
reported a mother and son with parietal
foramina and clavicular hypoplasia (MIM
168550). Again this was an isolated finding and
no other bones were involved. Yunis-Varon
syndrome (MIM 216340) in many ways
resembles severe CCD. This recessively inher-
ited, usually lethal condition is characterised by
prenatal growth deficiency and failure to
thrive, wide calvarial sutures and enlarged fon-
tanelles, agenesis/hypoplasia of the thumbs and
big toes, absence or hypoplasia of the clavicles,
and pelvic dysplasia. The severity of the
syndrome, together with limb malformations
and a patchy, sometimes sclerotic bone struc-
ture, should make distinction from CCD easy.
Hypoplasia of the clavicles has been reported in
association with various cytogenetic anomalies.
These include arrangements involving translo-
cations and duplications of chromosome
8q22,” partial trisomy 11q,” partial trisomy
11g/22q,” and trisomy 20p.” However, none
of these patients had the full CCD phenotype.
Like clavicular hypoplasia, delayed closure of
fontanelles/sutures is a rather non-specific sign
and by no means diagnostic of CCD. Wide
cranial sutures can be an indication of
increased intracranial pressure or craniosynos-
tosis in another part. They may also be present
in syndromes with impaired bone growth,
including those with increased bone density
(Kenny-Caffey syndrome, pyknodysostosis,
and others), decreased mineralisation (osteo-
genesis imperfecta, hypophosphatasia, and
others), or generalised growth deficiency/bone
maturation (athyrotic hypothyroidism, Silver-
Russell syndrome, and others). In addition,
irregular sutures have been observed in associ-
ation with cytogenetic anomalies such as dele-
tions of the distal end of chromosome 6p.”!
The combination of normal deciduous teeth,
delayed eruption of permanent teeth, and mul-
tiple impacted supernumerary teeth is practi-
cally diagnostic of CCD. However, delayed
eruption of teeth (deciduous as well as perma-
nent) without supernumerary teeth is fre-
quently observed in conditions with abnormal
bone remodelling, such as osteopetrosis or
pyknodysostosis. Failure of eruption of most
permanent teeth has also been reported as an
autosomal dominant trait (MIM 125350).
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Multiple extra teeth have been described in
Gardner syndrome (MIM 175100).

CCD is generally considered to be inherited
in a dominant fashion with complete pen-
etrance. Goodman et al” described three
subjects from two families with a severe form of
CCD. The family setting, the distribution of
the affected members, and the severity of the
involvement suggested to the authors that this
may represent a recessive form of CCD. Recent
molecular findings make this assumption
rather unlikely and argue in favour of the pres-
ence of mosaicism in one of the parents or the
occurrence of new mutations.

Molecular genetics

A CCD-like phenotype has been reported in
association with cytogenetic abnormalities of
chromosome 8q22.”” While the patients de-
scribed by Brueton ez al’’ had some clavicular
involvement, abnormally wide sutures, hyper-
telorism, and micrognathia in one case, there
were no signs of a generalised bone dysplasia or
tooth involvement. In contrast, Nienhaus ez al”’
described a patient with mild mental retarda-
tion, classical CCD, and a paracentric inver-
sion of chromosome 6 involving bands p11 and
ql6. Shortly thereafter, CCD was mapped to
chromosome 6p21 proximal to the HLA
region,” a finding that was subsequently
confirmed by others.””” Within the different
families tested there was no evidence for locus
heterogeneity. Evidence for a submicroscopic
deletion was shown in one family suggesting
that the CCD phenotype is caused by
haploinsufficiency.” The deletion in this family
and deletions in two other subjects with
rearrangement of chromosome 6p (one of
them the patient described by Nienhaus ez al’®)
narrowed the critical region containing the
CCD gene to a 2 Mb interval between the
genes TCTEL and MUT. CBFAl, a transcrip-
tion factor of the runt domain gene family,
maps within this interval. Deletions, insertions,
and missense mutations were identified in sev-
eral patients with CCD.* In a paper by Lee et
al,” two nonsense mutations were shown to
interfere with the function of the putative DNA
binding domain. Like many transcription
factors, the amino terminal portion of CBFA1
contains a polyglutamine and a polyalanine
stretch. In one CCD family with mild craniofa-
cial features and a specific form of brachydac-
tyly, affected persons were found to harbour 27
alanines instead of the usual 17.”° It is to be
expected that this expansion of alanines has a
dominant negative effect on protein function.
A very similar type of mutation has been
described in synpolydactyly and HOXD13*
and, recently, in the PABP2 gene" where an
expansion from six alanines to between eight
and 13 alanines leads to oculopharyngeal mus-
cular dystrophy. With the possible exception of
the in frame expansion of alanines, all muta-
tions identified so far can be predicted to lead
to a partial or complete loss of CBFA1 protein
function. The data indicate that CBFA1 muta-
tions segregate with the CCD phenotype and
that heterozygous loss of function is sufficient
to produce the characteristic clinical findings.
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Mouse model

These data were further substantiated by the
finding of Otto ez al** that mice lacking only one
Cbfal allele (+/-) display a phenotype very
similar to CCD with absent clavicles and
defective skull formation. Furthermore, Cbfal
was shown to be deleted in the mouse mutant
cleidocranial dysplasia (Ccd/+). This radiation
induced mutant was recognised by Sillence er
al® to be a phenocopy of CCD. Genetic analy-
sis of Ccd mice showed a 2 cM deletion on
chromosome 17 in an area of synteny to human
6p.** By analogy to the human syndrome, the
deletion is flanked on one side by the Zcrel
gene, involves Cbfal, but extends further
proximally, deleting Muz.** The localisation
and extent of this deletion is thus very similar
to the deletion observed in the patient
described by Nienhaus et al.”” These results
indicate that the murine and human conditions
are not only identical phenotypically, but also
share a common molecular basis.

Pathobiology

CBFA1 belongs to the core binding factor
(CBF) transcription factors, a family of het-
erodimeric proteins of two unrelated subunits
comprising a DNA binding o subunit and a
non-DNA binding 8 subunit. The 8 subunit is
encoded by the CBFB gene and binds to the o
subunit. The mammalian CBFa subunits are
encoded by three distinct genes (Cbfal, Cbfa2,
and Cbfa3) that share a conserved 128 amino
acid domain, called the runt domain because of
its homology to the Drosophila pair-rule gene
runt. CBFA2 is frequently involved in chromo-
somal translocations in acute leukaemia® and
the gene was shown to be crucial for normal
liver haematopoiesis.*

The role of Cbfal in development has been
elucidated by the generation of mutated mice
in which the Cbfal gene locus was targeted.” ¥
Mice completely deficient in Cbfal (-/-) died
immediately after birth owing to a complete
absence of bone. Further histological analysis
showed an arrest in endochondral as well as
membranous bone formation. Cbfal (-/-) mice
develop normal cartilage anlagen but there is
no differentiation of mesenchymal stem cells
into osteoblasts, no ossification, and no vascu-
lar invasion of cartilage. In wild type mice,
expression of Cbfal was shown by in situ
hybridisation in all mesenchymal condensa-
tions of the skeleton, and in cells of the osteo-
blastic lineage at later stages of development.*” *
Stimulation of cells that normally do not
express Cbfal with BMP7 (a member of a fam-
ily of secreted molecules that can induce bone
formation) leads to expression of Cbfal before
the expression of any other osteoblast marker
genes suggesting that Cbfal is part of the BMP
signalling cascade. Furthermore, transient
transfection of C3H10T1/2 cells (pluripotent
fibroblasts that are not committed to the osteo-
blast lineage) with Cbfal cDNA led to the
expression of bone specific genes, such as
osteocalcin and bone sialoprotein.”® These
experiments identify Cbfal as an inducer of
osteoblast differentiation.
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Figure 2 Role of Cbfal in bone formation. The different steps of endochondral bone
Jformation are listed. Patterning genes regulate the shape and number of the individual
skeletal elements. Precursor cells aggregate and subsequently differentiate into chondrocytes.
Chondrocytes proliferate, hypertrophy, and calcify before they are replaced by bone. Some of
the factors that are known to regulate this process are shown on the right. Cbfal controls the
differentiation of precursor cells into osteoblasts, regulates chondrocyte differentiation
towards hypertrophy, and is neccessary for the invasion of calcified carnlage. Cbfal controls
differentiation of aggregated precursor cells of the clavicular anlage (dotted arrow).

Very recent findings suggest that Cbfal is
not only essential for osteoblast formation, but
also a major regulator of chondrocyte differen-
tiation. During endochondral bone formation
(all long bones, vertebrae) a temporary
cartilaginous template (anlage) is subse-
quently replaced by bone. Chondrocytes
within this cartilaginous model proliferate and
then differentiate to hypertrophy. In Cbfal
(-/-) mice hypertrophy does not take place,
indicating a role for Cbfal in the regulation of
chondrocyte differentiation.” In addition,
vascular invasion of calcified cartilage does
not take place. This may be caused by a lack
of interstitial collagenase expression in
Cbfal (-/-) mice. Interstitial collagenase
(collagenase-3) was recently shown to be
regulated by Cbfal.”®

Clavicular hypoplasia is one of the hallmarks
of CCD. Huang et al’' studied the development
of the clavicle in wt and cleidocranial dysplastic
(Ccd/+) mice. In Ccd mice the initial condensa-
tion of mesenchymal stem cells takes place but
there is no differentiation into precursor cells,
resulting in absence of the clavicular anlage.
Cbfal is thus a crucial factor regulating the dif-
ferentiation of mesenchymal stem cells in bone
and cartilage precursors. Fig 2 summarises the
different functions of Cbfal during skeletal
development.

In summary, CBFA1 was identified as the
culprit gene underlying CCD. Cbfal controls
the differentiation of precursor cells into
osteoblasts, the cells that actually secrete bony
matrix and thereby form bone. In addition,
Cbfal plays a role in the regulation of
chondrocyte differentiation during endochon-
dral bone formation. Understanding this new
“master gene” will provide insight into the
pathobiology of CCD as well as into the basic
mechanisms of bone formation.
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