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ABSTRACT
Craniosynostosis or premature closure of the cranial sutures is a common
abnormality occuring in about 1 m 2000 children. There is evidence of Mendelian
inheritance in some 20% of cases. A number of autosomal dominant craniosynostosis
syndromes exist in which craniosynostosis occurs in association with various lim b
anomalies. Although relatively rare, this group of monogenic craniodigital syndromes
provides a way of mapping, by molecular genetic methods, genes important in craniofacial
and limb development. The aims of the present work were to determine the chromosomal
location of the mutations responsible for some of the human craniodigital syndromes.
Chromosome 7 was chosen as a suitable starting point as premature sutural fusion
is a relatively uncommon finding in patients with chromosome anomalies but has been
reported in at least 10 patients with a variety of structural alterations of 7p.
Craniosynostosis appears to be consistently associated with deletion of one of two specific
and separate regions, either deletion of part of band 7p21/proximal 7p22 or deletion of
7 p l3 -p l4 . Many of the patients with deletions o f the more proximal region 7 p l3 -7 p l4
have features of the Greig cephalopolysyndactyly syndrome (G CPS), whereas those with
more distal deletions have features reminiscent of the non-Apert acrocephalosyndactylies.
The kaiy'otypic findings in these cases suggest that two or more genes responsible for
craniosynostosis and lim b anomalies may be situated on chromosome 7p. The localisation,
identification and characterisation of one or more of the genes responsible for such
autosomal dominant cranicxligital syndromes w ill help lead to determination ot the genetic
elements involved in the complex process of normal craniofacial and lim b formation and
the consequences of mutation in these developmental genes.
The results of clinical and molecular genetic studies undertaken to investigate the
possible localisation of GCPS and the non-Apert acrocephalosyndactyly syndromes to
chromosome 7p are reported. It is demonstrated that GCPS maps to 7 p l3 whilst the gene
responsible for Saethre-Chotzen syndrome is localised to 7p21-22. Evidence to show that
GCPS and the acrocallosal syndrome are not allelic disorders is also provided. The
outcome of a clinical study of the non-Apert acrocephalosyndactylies is presented in detail.
This helps to define the degree of variability within and between families and the question
of genetic heterogeneity in this group of conditions is addressed.
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BACKGROUND
The Greig cephalopolysyndactyly families ascertained for this work
were collected by my colleague Dr Susan Huson. For my part, I (LB) visited at
least one member of each family and undertook the molecular genetic studies
reported in chapter 3.
Koki Chotai helped considerably with the laboratory work on the
acrocallosal pedigrees and 7p deletion cases (chapters 4 and 5 respectively).
I was solely responsible for the clinical study of the non-Apert
acrocephalosyndactylies (see chapter 7) and closely supervised the molecular
studies, which were undertaken by Lyn van Herwerden and are reported in
chapter 8.
A collaborative approach was then taken to map and identify the
craniosynostosis gene in family PFl (as described in chapter 9). The remaining
non-7p linked families were then passed on to Dr Willie Reardon for further
study (see section 9.3).
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Family CZ2. Individual, IV .9.
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Fig.9.1.

The genotypes for family PFl w ith four D N A markers

PFl. The proband's feet.

222

from the centromeric region of chromosome 8.

270

15

T ables

1.1.

Chromosomal microdeletion syndromes.

39

2.1.

Suture Closure in Humans.

52

2.2.

Autosomal dominant craniosynostosis syndromes.

59

2.3.

Autosomal chromosome anomalies associated w ith craniosynostosis.

60

2.4.

Chromosomal abnormalities associated w ith coronal craniosynostosis.

60

3.1.

Details of probes used in this study.

75

3.2.

Clinical findings in Greig cephalopolysyndactyly syndrome (GCPS).

76

3.3.

Maximum LOD scores between GCPS and 7p marker lod.

77

4.1.................. Comparison of ACS W ith GCPS.

93

4.2.

Molecular findings for 5 ACS patients.

96

4.3.

The results of linkage analysis.

96

5.1.

Details of probes used in this study.

106

5.2.

Comparitive clinical findings in the study patients w ith 7p deletions.

108

5.3.

Molecular findings for 6 7p deletion patients.

110

6.1.

Clinical findings in Saethre-Chotzen syndrome.

120

6.2

Features distinguishing 4 dominant craniosynostosis syndromes

138

7.1.

Summary of the clinical findings in affected members of family SCI.

245

7.2.

Summary of the clinical findings in affected members of families SC2-4.

246

7.3.

Summary of the clinical findings in affected members of families SC5-7.

247

7.4.

Summary of the clinical findings in affected members of families SC8-10.

248

7.5.

Summary of the clinical findings in affected members of families SC ll-12. 249

7.6.

Summary of the clinical findings in affected members of families SC13-15. 250

7.7.

Saethre-Chotzen Families. Anthropometry: Data for affected individuals.251

7.8.

Summary of the chnical findings in affected members of families PF1-PF2. 252

7.9

Saethre-Chotzen syndrome. Surgical procedures in the study cases.

255

7.10

Saethre-Chotzen syndrome. Complications in affected individuals.

256

8.1.

The chromosome 7 probes used in the study.

261

8.2.

Pairwise lod scores between ACSIIl and 7p marker loci.

263

10.1.

Molecular genetic system of classification
for the craniosynostosis syndromes.

277

16

A B B R E V IA T IO N S U s E D IN TEX T.

A

adenosine

aa

am ino acid

ACS

acrocallosal syndrom e

ACS

acrocephalosyndactyly

ACPS

acrocephalopolysyndactyly

AER

apical ectodermal ridg e

AP

a n te rop o ste rio r

bp

base p a ir

C

cytosine

CFTR

cystic fibrosis transm em brane conductance regulator

CMGT

chromosome m ediated gene transfer

CNS

central nervous system

CRS

craniosynostosis

CSF

cerebrospinal flu id

CT

com puted tom ography

dCTP

deoxy cytosine triphosphate

DMD

Duchenne m uscular d y s tro p h y

DNA

deoxyribonucleic acid

EC

em bryonal carcinom a

ECF(R)

epiderm al g ro w th factor (receptor)

FGF(R)

fibroblast g ro w th factor (receptor)

G

guanosine

GCPS

Greig cephalopolysyndactyly

HTF

Hpa 11 tin y fragm ent

HTH

h e lix -tu rn -h e lix

IGF

in s u lin g ro w th factor

IP

inte rp h a la n g e a l

kb

kilobases

L

le ft

NBS

N ile blue sulphate

OFG

o cc ip ito fro n ta l circum ference

PCD

program m ed cell death

PCR

polym erase chain reaction

PDGF

platelet d erived g ro w th factor

17

PFGE

pulsed fie ld gel electrophoresis

PND

prenatal diagnosis

PZ

progress zone

r

rin g

R

rig h t

R A (R )

retinoic acid (receptor)

RFLP

re s tric tio n fra g m e nt le n g th p o ly m o rp h is m

RNA

ribonucleic acid

ses

Saethre-Ghotzen syndrom e

SSCP

single strand co n fo rm a tio n p o ly m o rp h is m

TCRG

T cell receptor gamma

TF

tra n scrip tio n factor

TGF

tra n sfo rm in g g ro w th factor

YAC

yeast a rtific ia l chromosom e

L ws
ZPA

W aardenburg syndrom e
zone o f p o la riz in g a c tiv ity

18

Chapter 1
INTRODUCTION
The study of developmental mutations.

19

Chapter 1. INTRODUCTION
The

study

of developmental

mutations

1 .1 . G e n e r a l I n t r o d u c t i o n

The process of development of adult form in an organism from a
fertilised egg is termed morphogenesis. It follows a predetermined pathway
in which specific genes are turned on and off at particular stages. The
consequences of errors in this process (e.g. gene mutations) may be
serious and in some instances lethal. Developmental mutations are of great
interest because the phenotypic alteration caused by a mutation at a
developmental locus offers clues to the various components essential in the
normal developmental process by illustrating the effect of disruption of
normal gene function upon pattern formation. Genetic studies of the fruit fly
Drosophila melanogaster have demonstrated the importance of mutational
analysis in experimental developmental biology. However, there is still
much to be learnt about the nature of the developmental genetic programme
in mammals, particularly in man, as the amount of information regarding
human developmental mutations is limited by small family size, ethical
considerations and genetic heterogeneity.
Human congenital malformations can be regarded as primary errors
of normal development or morphogenesis of an organ or tissue. With the
dramatic decline in the number of infant deaths from infection over the past
fifty years congenital malformations have emerged as one of the leading
causes of perinatal mortality and childhood handicap. The overall
prevalence of birth defects is in the order of 23-27 per thousand births, in
other words, one child in forty is born with a significant congenital anomaly.
0.7% of neonates have multiple malformations. Genetic and chromosomal
abnormalities, and a few known teratogens, are responsible for some 20%
of congenital malformations but the precise causes of the other 80% are
unknown. Many multiple malformation syndromes, e.g. De Lange syndrome,
appear mainly sporadic and of undetermined aetiology, the role and extent
of the genetic contribution remaining uncertain. The application of
recombinant DNA technology to the study of the genetic aspects of
malformation syndromes will allow insight to be gained into normal fetal
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development and Into the causes of developmental defects at the molecular
level. Suitable models for study include human single gene malformation
syndromes and appropriate animal models.
1 .2 .

C o n t r o l OF D e v e l o p m e n t

Most developmental processes depend upon a precisely coordinated
interaction of genetic and environmental factors. The mechanisms that
guide differentiation and ensure synchronised development include tissue
interactions, regulated cell migration, controlled cell proliferation and
programmed cell death.
The genetic information forming the basis of the developmental plan
is stored in the nucleotide sequences of the DNA. The transfer of information
from DNA to protein proceeds by means of a messenger RNA (mRNA)
intermediate. RNA transcription from the DNA template is the first stage in
gene expression and the principal step at which it is controlled. In
eukaryotes, proteins called transcription factors (TF) are necessary for
initiation of RNA synthesis. They bind to specific short regulatory DNA
sequences forming complexes that direct the enzyme RNA polymerase to
the transcription initiation site so that mRNA production can commence. The
level of gene expression is controlled by the combinatorial effects of several
TPs whose function is to turn genes on and off by either activating or
repressing gene transcription. Some of these sequence-specific DNAbinding proteins behave as master gene regulators by controlling multiple
genes in a precisely coordinated fashion. A number of interacting master
control genes may play major roles in the establishment of the basic body
plan by programming certain developmental pathways and governing
synchronised expression of the thousands of structural genes necessary for
normal morphogenesis.
Much of the current knowledge in the field of developmental genetics
has been revealed by extensive mutational analysis in the fruit fly
Drosophila melanogaster [Lems, 1978; Nusslein-Volhard and Wieschaus,
1980; Akam, 1987; Gehring, 1987; Scott and Carroll, 1987]. Experimental
observations of the effects of mutations in genes influencing morphological
features in Drosophila embryos have led to the identification and
characterisation of many key genetic loci controlling development [Lewis,
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1978]. The study of these genes is providing details of the molecular
processes underlying the positional specification of cells and determination
of the body plan.

1.3.

M o le c u la r A s p e c ts o f D r o s o p h i l a M o rp h o g e n e s is

1.3.1. Embryonic Pattern Formation in Drosophila.
Insect bodies are metameric, that is, they are composed of serially
repeating units or body segments which differentiate into particular
structures and patterns according to their position [reviewed by Gehring and
Hiromi, 1986; Akam, 1987; Scott and Carroll, 1987; Ingham, 1988]. Discrete
regions are determined in the embryo that correspond to parts of the adult
body (F ig .l.l).

1.3.1.1. Maternai genes
The first step in determining orientation and spatial organisation
occurs with generation of asymmetry in the egg. Some maternal genes,
expressed during oogenesis are responsible for this early pattern
specification, their gene products establishing gradients that define the
antero-posterior and dorso-ventral axes. One of these genes (bicoid) is
necessary for establishing anteroposterior polarity and bicoid mutants fail to
develop head and thoracic structures [Nusslein-Volhard et al., 1987].
Several other maternal effect mutants result in dorsalised embryos which
have few if any ventral pattern elements.

1.3.1.2. Segmentation genes
The next step is segmentation. On the basis of mutations, about
twenty genes have been identified that specify the number and polarity of
the segments [Nusslein-Volhard and Wieschaus, 1980]. These genes have
been subdivided into three classes according to their mutant phenotype
(Fig. 1.2):
(1) GAP MUTANTS which delete groups of adjacent segments
(2) PAiR-RULE MUTANTS whlch cause pattern deletions in alternating
segments
(3) SEGMENT POLARITY MUTANTS that causo pattern deletions in every
segment.
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DROSOPHILA SEGMENTATION MUTANTS
GAP GENE
(E.g. Kruppel )

PAIR-RULE GENE

S EG M E N T POLARITY GENE

(E.g. Even-skipped )

(E.g. Gooseberry )

]

]

Examples of the phenotypes of mutations affecting the three types of segmentation genes
In each case the areas shaded
n the normal larvae are deleted in the mutant or are
replaced by mirror image duplicates of the unaffected regions.
(Modified from 0 . Nusslein-Volhard and E. Weischaus, Nature 287:795-801,1980)

Fig. 1.2. Schematic drawings showing the phenotypes of 3 Drosophila segmentation
mutants.

The 3 gene classes act to subdivide the embryo into progressively
smaller developmental units and there is a temporal order to their
expression and function with segmentation proceeding through a hierarchy
of spatial patterns initially involving many segments together (gap genes),
followed by a stage in which there is a two-segment periodicity (pair-rule
genes) and then a third with a single segment period pattern (segment
polarity genes)

1.3.1.3. Homeotic genes
A fourth class of genes, the homeotic genes, controls segment identity
[reviewed by Gehring and Hiromi, 1986; Gehring, 1987].
Homeotic genes are classically defined by their mutant phenotypes,
homeotic mutations transform one segment type into another. Two different
types of mutation that give rise to opposite kinds of transformation have
been found in homeotic genes:
(1) RECESSIVE Loss-OPFUNCTION MUTANTS which are generally due to
gene deletion and lead to a transformation of a given segment into a more
anterior one.
(2) DOMINANT GAiN-OFFUNCTioN MUTANTS that are usually due to ectopic
overexpression of a homeotic gene and cause posterior transformations.
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For example: an Antennapedia (Antp) loss of function mutant leads to
an anterior transformation mainly of the second and third thoracic segments
(T2 and T3) towards the first thoracic (T1) and head segments. In contrast
dominant gain of function mutants (Antp+) lead to a transformation of the
antennae into an additional pair of legs ie: in a posterior direction.
In Drosophila, homeotic genes are grouped primarily in two clusters,
the Antennapedia (ANT-C) and Bithorax (BX-C) complexes. ANT-C contains
genes specifying differences between anterior segments, while BX-C is
responsible for the pattern of differences between posterior segments. If, for
example, the whole of BX-C is deleted, all segments posterior to the mid
thorax develop as duplicates of the mid-thoracic segment [Lewis, 1978].
The cloning and sequencing of the Drosophiia genes Antennapedia
(Antp), Ultrabithorax (Ubx) and fushi tarazu (ftz) revealed a highly conserved
DNA sequence of about 180 base pairs (bp), called the h o m e o b o x
[McGinnis et al., 1984a; Scott and Weiner, 1984]. Homeobox sequences
have since been identified in the genome of a wide range of segmented and
unsegmented animals besides Drosoph/'/a [McGinnis et al., 1984b and,
1984c; Holland and Hogan, 1986]. Comparison of homeodomains from
different genes and different organisms shows a high degree of sequence
conservation. This discovery led to the suggestion that the homeobox may
be one of the characteristic signatures of the type of gene involved in spatial
pattern control [Gehring, 1985]. This motif has since been found in a variety
of transcriptionally active proteins from many phyla, many of which are
involved in the processes of differentiation and development. The available
evidence suggests that homeobox proteins share as a common function the
ability to bind specific DNA sequences and to exert regulatory control at the
level of transcription [reviewed by Levine and Hoey, 1988]. The structure of
the Antennapedia homeodomain has been determined by nuclear magnetic
resonance studies [Otting et al., 1988; Qian et al., 1989]. As anticipated from
sequence comparisons [Laughon and Scott, 1984; Shepherd et al., 1984]
this homeodomain contains a helix-turn-helix (HTH) motif nearly identical to
that found in some yeast and prokaryotic DMA-binding proteins [Pabo and
Sauer, 1984]. The interaction of the Drosophila engra/Ved homeodomain
with DNA has been demonstrated by X-ray crystallography studies which
have shown that, as in prokaryotes, one helix of the HTH motif lies in the
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major groove of the DNA double helix contacting the bases, whilst the other
helices lie perpendicular to this in contact with the phosphate backbone
[Kissinger et al., 1990].
Within the broad family of Drosophila homeobox-containing genes
the Antp-Wke homeotic genes are distinguished both by their structure and
function. They are expressed serially across the anteroposterior (AP) body
axis of the developing embryo in accordance with their order along the
chromosome. Each is expressed only within a particular region along the
AP axis and mutations in each alter segment identity within these regions.
They are active in overlapping domains and they interact with one another
at the level of transcription. Evidence is accumulating that they regulate their
own expression and some control the patterns and levels of expression of
other homeobox genes [for review see Gehring, 1987]. Homeotic gene
expression in some cases has been shown to be regulated by segmentation
genes e.g. Kruppel gajp genes appear to alter Ubx expression.

1.4.

M o le c u la r A s p e c ts o f V e r t e b r a t e M o rp h o g e n e s is

1.4.1. Homologous Gene Clusters in Insects and Vertebrates.
[Reviewed by Dressier and Gruss, 1988; Akam, 1989.]
The identification in vertebrates of multigene families with homology
to certain Drosophila developmental regulatory genes has provided the first
insights into potential molecular mechanisms underlying mammalian
morphogenesis.
Three major developmentally important gene families have been
identified in vertebrates that share homologous domains with genes that
regulate Drosophila embryogenesis: homeobox-containing genes,
multifinger genes and the paired-box containing genes.

1.4.1.1. Homeobox containing genes
Using Drosophila homeobox DNA probes cross-hybridising
sequences have been identified in a number of vertebrates including mice
[McGinnis et al., 1984c] and man [Levine et a!., 1984; Boncinelli et al., 1985].
Mammalian homeoboxes share a high degree of sequence conservation
(from 70 to over 90%) with their counterparts in Drosophila and the
approximate number of such sequences in mammalian and Drosophila
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genomes is similar. In addition, mouse Antp-Xype homeobox genes show
striking similarities to the genes of the Drosophila ANT-C and BX-C
complexes with respect to their clustered organisation and expression
patterns. These findings have led to speculation that proteins encoded by
homeobox-containing genes may play similar roles in fly and vertebrate
embryogenesis [Manley and Levine, 1985].
It appears that both the Drosophila homeotic gene complexes (HOMC) and vertebrate HOX clusters contain, in the same chromosomal order,
the descendants of a gene family whose main members were already
distinct when insects and vertebrates diverged [Akam, 1989]. The human
Antennapedia-Wke homeobox genes reside within at least four tightly linked
clustered multigene arrays in the human genome [Boncinelli et al., 1988;
Acampora et al., 1989]. The gene clusters are designated HOXA, found on
chromosome 7; HOXB, found on chromosome 17; HOXC on chromosome
12 and HOXD on chromosome 2 [Scott, 1992].
Vertebrate homeobox genes of the Hoxfamily are expressed in both
region-specific and tissue-specific patterns. Corresponding genes of the
vertebrate and insect complexes show the same relative boundaries of
expression along the AP axis of the developing embryo [Holland and
Hogan, 1988], with the anterior limits of vertebrate Hox gene expression
being in the same order as the the genes along the chromosomes [reviewed
In McGinnis and Krumlauf, 1992]. Thus it seems highly likely that these
genes are involved in some aspect of vertebrate régionalisation.
Germline disruptions of Hoxa-3 (Hox1.5) and Hoxa-1 (Hox1.6 )
provide clear evidence that Hox genes have an important role in head
morphogenesis, with multiple abnormalities observed in the developing
head and neck regions of homozygous Hoxa-3 (Hox1.5) and Hoxa-1
(Hoxl.6) mutant mice generated by gene targeting in embryonic stem cells
[Chisaka and Capecchi, 1991; Lufkin et al., 1991]. Manipulation of the
expression pattern of certain homeobox genes in transgenic mice has been
correlated with specific developmental abnormalities e.g. overexpression of
the Hoxa-4 (Hox-1.4 ) gene in the developing intestinal tract resulted in a
phenotype resembling congenital megacolon [Wolgemuth et al., 1989].
The absence of any obvious homeotic transformations in mammals
has been attributed to the likely inviability of the embryo in utero. It may
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however, be more than coincidental that close genetic linkage has been
established between some mouse homeobox genes and known
developmental mutations eg: between En-1 and dominant hemlmelia [Hill et
al., 1987; Joyner and Martin 1987] and the Hoxa cluster and Hypodactyly
[Mock et al., 1987; Rubin et al, 1987].

1.4.1.2. Genes encoding finger domains
The zinc finger was first described in the transcription factor TFIIIA
from the amphibian Xenopus laevis [Brown et al., 1985; Miller et al, 1985].
Two pairs of appropriately spaced cysteine or cysteine and histidine
residues form a complex with a zinc ion resulting in the formation of a finger
by the intervening amino acids. Many different DNA-binding proteins have
been shown to contain one or more potential finger-like structures. Several
Drosophila zinc finger protein genes have important regulatory roles in
developmental processes e.g. the gap gene Kruppel [Preiss et al., 1985]. A
number of genes encoding zinc finger proteins have been identified in the
human genome including a family of Kruppel-WWe genes which may be
involved in time/ stage-specific gene expression.

1.4.1.3. Paired-box containing genes
[Reviewed by Hill and Van Heyningen, 1992].
Another type of highly conserved transcription control sequence
found in some pair-rule {prd) and segment polarity {gsb) developmental
genes of Drosophila is the paired-box [Bopp et al., 1986].
A homologous gene family (Pax) has been identified in mouse. Eight
mammalian Pax genes have so far been identified, all contain the pairedbox and some including Pax-3 and Pax-6 also contain a homeobox. The
spatial and temporal transcription pattern of Pax-1 is strikingly similar to
those of some Drosophila paired-box containing genes. A point mutation in
the paired-box of Pax-1 has been identified in undulated, a mouse mutation
affecting the development of the skeleton [Balling et al., 1988]. Homozygous
mice show vertebral malformations along the entire head-to-tail axis,
indicating a role for Pax-1 in the generation of the vertebral column.
Mutations in the Pax genes have now also been identified as
important causes of human developmental defects. Waardenburg
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Syndrome (WS) is an autosomal dominant disorder characterised by
congenital sensorineural hearing loss and pigmentary distubances,
including poliosis (white forelock) and heterochromia irides, which maps to
the distal long arm of chromosome 2 in some families [Foy et al., 1990]. On
the basis of their similar phenotypes and homologous chromosome
locations it was suggested that WS and the mouse mutant Splotch might be
homologous. Splotch is caused by a mutation in the mouse Pax-3 pairedbox gene and mutations in HuP2, the human homologue of Pax-3, have
been discovered in patients with WS [Tassabehji et al., 1992].
Similarly there is considerable evidence that the human congenital disorder
aniridia is homologous to the Small-eye mutation (Sey) in mouse which has
been shown to result from mutations in the paired-box gene Fax-6 [Van der
Meer-deJong et al., 1990; Hill et al., 1991; Ton et al., 1991].

1.4.2. Mofecular Aspects of Limb Morphogenesis
1.4.2.1. Background
Our understanding of the molecular mechanisms of vertebrate
morphogenesis has progressed considerably over the last two decades.
Much of the current knowledge has come from molecular embryological
studies in the developing chick limb bud which has been used as an
experimentally accessible example of the developmental process.
Vertebrate limb formation is an evolutionarily conserved process
programmed by an array of morphogenetic genes. Limbs combine both
pattern repetition (i.e. the five digits) and pattern variation (none of the digits
is identical to any other). It has long been suggested that pattern generation
depends in part on diffusible signalling substances known as morphogens
that determine cell fate in a concentration dependent way.
The formation of the limb bud, the nature of the tissue interactions
involved in the control of growth, the differentiation of the developing limb
and candidate molecules which may potentially act as morphogens have
been investigated extensively using a variety of animal models.
Although there is still much to be learnt about limb development,
several genes that appear important in limb patterning have recently been
characterised [for review see Roberts and Tabin, 1994]. These genes
29

undoubtedly act within a complex regulatory network which can now be
investigated at the molecular level.
Embryology
The limb buds first emerge as identifiable structures from the
ventrolateral body wall. The early stages of limb development are alike for
the upper and lower limbs except that development of the arm buds
precedes that of the leg buds by a few days (Fig.1.3). Initally the limb is
paddle-shaped with a core of mesenchyme and covering layer of ectoderm.
The distal portion of the limb buds gradually becomes broad and flattened
forming the hand and foot plates and digits slowly appear as the interdigital
soft tissues undergo necrosis. The entire limb skeleton is laid down as a
cartilage model which is replaced by bone later in development in species
with bony skeletons.

1.4.2.2. Mechanisms of pattern formation and candidate limb
morphogens.
The differentiation of specific cell types and structures suggests that
limb bud cells have positional information and this must relate to the
proximodistal, anteroposterior (preaxial-postaxial) and dorsoventral axes,
[for review see Newman, 1988].
a) Proxim odistal axis specification
Rimming the distal margin of the paddle-shaped limb bud is a ridge of
specialised ectodermal cells, the apical ectodermal ridge (AER). The AER
cells are morphologically distinct from other cells of the ectodermal sheath
and their presence is essential for normal limb development. Classical
experiments on the chick limb have demonstrated that removal of the AER
results in a truncated limb, with cessation of both limb bud growth and
patterning; whereas extending the anteroposterior length of the the AER
leads to a broadening of the limb and the formation of extra digits. The AER
appears to play a central role in limb development through its interactions
with the underlying mesenchyme. There is considerable evidence that the
AER specifies the proximodistal axis within the limb bud and it seems
another function of the ridge is to maintain polarizing activity (see below).
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The rapidly proliferating, undifferentiated mesenchymal cells beneath
the AER form the progress zone (PZ). While within the PZ, cells are
stimulated to proliferate and gain positional patterning information, the
nature of which appears to be dependent upon the time spent there
[Summerbell et al., 1973]. As cells leaves the PZ they begin to differentiate
and the limb pattern is laid down in a proximodistal sequence, for the longer
the cells remain in the zone the more distal the structures they subsequently
form.
Fgf-4 and Fgf-2, two members of the fibroblast growth factor (FGF)
gene family, are known to be expressed in the AER, {F g M posteriorly and
Fgf-2 anteriorly). Either FGF-4 or FGF-2 could influence the mesenchyme
underlying the ridge since they both bind to FGF receptor 1 (FGFR1)
[Mansukhani et al., 1990], which is expressed in the mesenchyme of the
mouse limb bud [Orr-Urtreger et al., 1991 ; Peters et al., 1992]. Recently It
has been shown that FGF-4 can substitute for the ridge and provide all the
signals necessary for virtually complete outgrowth and patterning of the
chick limb [Niswander et al., 1993].
Additional signalling molecules may also be involved and transcripts
of a number of other genes are found in the distal limb bud, these include a
Transforming Growth Factor-p (TGF-p) related protein, BMP-2. TGF-p and
related proteins have been shown to induce mesoderm formation In
Xenopus.
b) A nteroposterior axis determ ination
Proximal and posterior to the progress zone is another region of
mesenchyme termed the zone of polarizing activity (ZPA) or polarizing
region. There Is a wealth of evidence that the ZPA regulates anteroposterior
(AP) patterning within the limb bud. It has been proposed that the AP
patterning signal is established by the ZPA through production of a diffusible
morphogen that creates a concentration gradient across the limb bud. By
interpreting their position within this gradient the mesenchymal cells
organize themselves and differentiate appropriately. According to this
hypothesis, known as the positional information model, an additional
polarizing zone on the anterior limb bud margin would alter the normal
concentration gradient of the morphogen causing anterior cells to form
posterior structures and result in extra digit formation. This has been
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eloquently demonstrated experimentally by transplanting ZPA grafts to the
anterior margin of a host limb bud which lead to mirror image pattern
duplications [Tickle et al., 1975], (see Fig.1.4).
It also appears that a polarizing signal in combination with AER
factors is also responsible for maintenance of an active PZ and so the
posterior mesenchyme derived signal may also play an important role in
proximodistal outgrowth and patterning, as well as AP specification.
Retinoic acid - A candidate limb morphogen
The ability of topically applied retinoic acid (RA) to mimic the effects of
a ZPA graft and induce digit pattern duplication [Tickle et al., 1982], together
with the discovery that endogenous RA is distributed in a graded fashion
across the AP axis of the chick limb bud [Thaller and Eichele, 1987], led to
the hypothesis that RA is the endogenous polarizing signal, but there has
been substantial controversy over this issue [reviewed by Tabin, 1991].
Some workers proposed that RA may in fact act by inducing limb tissue to
become a ZPA which then determines the AP axis by a different mechanism
[Noji et al., 1991 ; Wanek et al., 1991].
Sonic hedgehog
Recent evidence suggests that the Sonic hedgehog (shh) gene is
likely to encode the ZPA morphogen that provides the key signal for AP axis
determination [Riddle et al., 1993]. The mRNA expression of shh colocalises
with the ZPA and like the ZPA shh expression leads to the activation of Hox
genes. Implanting cells that express shh in anterior limb buds is sufficient to
cause ZPA-like mirror image duplications. The AER is believed to be
required for maintenance of polarizing activity and shh expression does
appear to be dependent on AER factors. One of the targets of the shh signal
may be 6MP-2 (which encodes bone morphogenetic protein-2) as BMP-2
expression colocalises with shh in the posterior mesenchyme but extends
over a larger region of the limb bud.
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Fig. 1.4.Transplantation experiment.
A graft of polarising tissue from a chick wing bud causes a
mirror-image duplication in the host wing.
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Homeobox genes and limb development
Evidence is accumulating that vertebrate homeobox containing
genes also have an important role during limb morphogenesis. The genes
expressed in the vertebrate limb are from the 5’ end of the A and D Hox
clusters. Patterning along the proximodistal axis appears to involve the
Hoxa genes whilst Hoxdgenes are implicated in anteroposterior patterning,
particularly in specification of digit identity. A number of Hox genes are
believed to be the downstream targets of the AER and ZPA signals.
Gene members of the Hoxd complex are strongly expressed in a
defined spatial pattern and temporal order during mouse and chick limb
development with coordinated Hoxd gene expression in partially
overlapping domains in limb bud mesenchyme [Dolle et al., 1989; IzpisuaBelmonte et al., 1991]. Hoxd homeogenes are sequentially activated during
early limb development in an order which is collinear with the positions of
genes in the complex, with downstream (3’) genes transcribed first and the
more upstream (5 ) genes later. A “Russian doll” pattern of gene expression
is observed with downstream genes expressed more proximally and
anteriorly than upstream genes. Each domain is precisely restricted along
the proximodistal axis and there is also a graded AP distribution of the
different gene transcripts. In chick wing buds a ZPA graft or local application
of RA induces de novo Hoxd gene transcription and gives rise to mirrorimage patterns of expression of the Hoxd genes which correlate with the
subsequent development of mirror-image digit patterns.
Several homeobox containing transcription factors appear induced in
the PZ, including Msx1 (Hox-7). Msx1 transcripts have been shown to
accumulate in the AER region of the distal limb bud and it has been
suggested that Msx1 may be involved in the mesoectodermal interactions
between the AER and progress zone. It is interesting that Msx1 is localised
on mouse chromosome 5 in a region where several developmental
mutations giving rise to limb anomalies are known to map: Hemimelic extra
toe (Hx), Hammer toe (Hm) and luxate (/x). Expression of another related
homeobox gene Msx2 (Hox-8.1) has also been demonstrated in limb bud
mesenchyme. Msx1 and Msx2 gene expression in the limbs appears to be
position dependent and regulated by the AER [Davidson et al., 1991 ; Robert
et al., 1991].
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1.4.2.3. Programmed cell death
Programmed or physiological cell death (PCD) is an important
component of normal embryonic development. Cell death has been found to
be under direct genetic control in the nematode C.e/egans [Ellis and
Horvirtz, 1986]. Both the disappearance and expansion of areas of PCD
may have a role in teratogenesis. Sulik et al., [1987b] have documented
sequential changes in PCD patterns in mammalian embryos utilising
supravital Nile blue sulphate staining. Exposure of embryos to this stain
results in intense uptake in regions containing numerous necrotic cells. In
the developing limb, mesenchymal cell death can be demonstrated
between the future digits, on the anterior and posterior limb bud margins
and between the radius and ulna. Some genes appear to be preferentially
expressed in areas of PCD e g CRABP (ceWular retinoic acid binding
protein) and Msx1 in the interdigital zones.
Changes in cell death patterns following exposure of the embryos to
certain teratogens have also been studied [Sulik et al., 1987a]. 13-c/sRA
treatment on E9 (embryonic day 9:20-23 somite) mouse embryos induced
reduction-type limb malformations which apparently resulted from excessive
cell death in the limb bud AER. Craniofacial malformations were also
observed and noted to be similar to those seen in mandibulofacial
dysostosis in man. There is now growing evidence for abnormal cell death
in regions of PCD as a pathogenetic mechanism underlying some
malformations.

1.4.2.4. Syndactyly and polydactyly
The presence of incomplete separation of finger or toe rays is called
syndactyly and may affect only the skin (cutaneous syndactyly) or involve
the bone too (bony syndactyly). Syndactyly, the commonest congenital hand
anomaly, shows a predilection for the first postaxial web space, being most
common between the middle and ring fingers in the hand and the second
and third toes in the foot, the axis of the hand passing through the middle
finger and the axis of the foot passing through the second toe. It may occur
as an isolated defect or as a component of a well established syndrome.
Separation of the digits takes place between the sixth and eighth weeks of
intrauterine life and syndactyly could occur, in some instances, as a result of
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abnormal patterns of PCD during this period, leading to failure of normal
separation.
Supernumerary digits (polydactyly) may be pre- or postaxial, or
sometimes interposed between normal digits. The anomaly can be
unilateral or bilateral. Some types of polydactyly can theoretically be
explained by an abnormality of the normal development of the
predetermined polarizing zone or alteration of the normal gradient of
morphogen synthesised by polarizing cells.
1 .5. T h e S
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1.5.1. Strategies for Mapping Human Malformation Svndromes
and Identification of Deveiopmentai Genes in Man
1.5.1.1. Background.
For diseases where the biochemical defect is known, such as
phenylketonuria, it is possible to understand the molecular pathology by
directly cloning the mutant gene. However the underlying biochemical
defect remains undetermined for most single gene disorders in man and in
this situation alternative techniques are necessary for study of the basic
genetic defect to be possible. A number of different approaches can be
taken in the molecular analysis of human malformation syndromes and their
usefulness is enhanced if they are considered complementary to one
another.
A genetic map is a series of markers linked together in an orderly way
which serves as a framework for identifying gene sequences and
investigating gene structure and function. The markers used in human
genetics include cytogenetic bands, cloned genes, polymorphic markers
mapped by family studies and linkage analysis and other DNA sequences
localised by in situ hybridisation and somatic cell genetics. The resolution
and accuracy with which the human genome can be mapped has greatly
increased in recent years with the development of novel physical mapping
procedures (see section ‘moving from linkage to gene’ below).

1.5.1.2. Mouse/human homology
It is likely that mutations or experimental manipulations of
development in the mouse have relevance for the interpretation of
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developmental defects seen In man, as cellular and tissue mechanics are
very similar during the development of human and mouse embryos,
although the time scale and size differ. The genetics of the mouse has been
well studied with over 600 loci mapped on a total of 20 chromosomes. A
detailed descriptive embryology is available and experimental advantages
unique to the laboratory mouse include the ability to produce embryos of
defined genotype and developmental stage for study. In addition,
interspecific mouse backcrosses provide almost limitless genetic variation
for gene mapping. Comparative mapping of human and mouse genomes
can be used to identify candidate genes for mouse mutations that may
represent useful models for human disease. There are many conserved
chromosomal segments in the two genomes together with conservation of
gene order in many instances, but recombination distances usually differ.
Single gene malformation syndromes in mouse have been reviewed and
compared to possible human homologues [Winter, 1988].

1.5.1.3. Candidate regions of chromosomes.
a) Gene mapping by microdeletions and baianced translocations .
[Reviewed by Schinzel, 1988].
High resolution prometaphase chromosome banding has enabled
the detection of subtle chromosome aberrations previously missed by
earlier routine chromosome analysis. Table 1.1 presents examples of
microdeletions which have been found associated with human malformation
syndromes.
The serendipitous method of mapping a gene by using patients with
de novo balanced translocations with common breakpoints was first used
for Duchenne Muscular Dystrophy (DMD). In DMD and a number of other Xlinked disorders identification of affected females with balanced X;autosome
translocations has enabled localisation of the genes responsible to the
breakpoints on the X chromosome [Boyd et al., 1986, Schinzel, 1988].
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Table 1.1. Chromosomal Microdeletion Svndromes
Chromosome
Deletion

Syndrome

4p16.3

Wolf-Hlrschhorn Syndrome

7p13

Greig Cephalopolysyndactyly
Syndrome

8q24.1

Langer-Giedion Syndrome

11p13

Wilms-Aniridia-Genitourinary abnormalitiesRetardation (WAGR) Syndrome

15q11/12

Angelman Syndrome
Prader-Willi Syndrome

17p13.3

Miller-Dieker Syndrome

22q11

DiGeorge Syndrome

Similarly, balanced autosome;autosome translocations may
occasionally be found in probands with conditions inherited in an autosomal
dominant fashion. In such cases the supposition is that the disorder has
arisen as a direct result of one of the translocation breakpoints disrupting
the gene responsible. In multigeneration affected families the translocation
should always segregate with the disease phenotype. For example, three
unrelated pedigrees with Greig Cephalopolysyndactyly Syndrome (GCPS)
have been reported with different autosome;autosome translocations, all
however having a common breakpoint at 7p13 [Tommerup and Nielsen,
1983; Kruger et al., 1989; Vortkamp et al., 1991a].
Once a mutation for a disease has been localised that region
becomes a new candidate region for any other similar disorders as was the
case with Becker Muscular Dystrophy following the mapping of DMD to
Xp21.
b) Human gene mapping by linkage studies
DNA sequence variants arise from single base changes, insertions or
deletions. The abundant mutational variation which exists at the DNA level
both within and between species has been used to develop techniques by
which such variants or polymorphisms may be detected and the segregation
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of different variants analysed. The availability of restriction enzymes, which
may cleave DNA at these polymorphic sites, together with development of
Southern blotting, a procedure which allows the identification of genomic
fragments corresponding to a specific sequence probe, have enabled the
study of the cosegregation of this variation with specific diseases. Family
linkage studies are an important means of regionally mapping disease
genes. Two loci (e.g. one for the disease and another for a DNA marker) are
said to show genetic linkage if genes at these loci segregate together more
often than would be expected by chance, i.e. the disease and marker loci
are so close together on the same chromosome that they are unlikely to be
separated by a crossover (recombination) at meiosis. The Centre d'Etude
Polymorphisme Humain was formed to coordinate the construction of a
linkage map of the human genome using both DNA and protein markers. 40
large mainly three generation families are available for the study of
probe probe segregation.
Although most birth defects are considered likely to have a
multifactorial aetiology, occasionally families are identified in which one or
more congenital malformations appear to be inherited in a monogenic
fashion. Such pedigrees provide a powerful means of studying the genetic
contribution in isolation from any environmental component to the disorders
aetiology. However, one major difficulty in human genome mapping is the
fact that the frequency of polymorphism detection may be low and therefore
only a proportion of the families will be informative for any one marker. Also
the localisation of single gene disorders by demonstration of linkage
between a DNA marker and the disease locus in affected families gives a
map resolution only to within several million base pairs , linked probes are
difficult to order once they are within a few million base pairs of each other.
The demonstration of genetic linkage is therefore a vital but preliminary step
towards isolation of the gene itself.
c) Moving from linkage to gene
To proceed from genetic linkage to isolation of the gene, a
combination of several different molecular and genetic approaches is
necessary to avoid extensive DNA sequencing and stepwise chromosome
walking.
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The localisation of a gene of interest within a particular chromosomal
region can be refined by the use of Southern blot hybridisation procedures
in conjunction with somatic cell genetics eg: chromosome mediated gene
transfer (CMGT). The principles of somatic cell genetics are based on
techniques whereby cultured cells from different species can be fused
together. Using CMGT, it is possible to obtain transfer of between one and
ten million base pairs of human DNA as a chromosomal fragment in a
mouse background, and mouse/human hybrid cell lines can be constructed
containing transgenomes that include tbe target locus and closely flanking
markers [Pritchard and Goodfellow, 1987]. With this technique it is also
possible to generate a somatic cell hybrid panel, containing various portions
of a particular human chromosome (derived from patients with structural
rearrangements), which can be used to regionally localise DNA sequences
e.g. new markers.
High resolution long-range restriction maps can be constructed by
utilising a number of different physical mapping procedures such as pulsed
field gel electrophoresis (PFGE) [Schwartz and Cantor, 1984], cloning in
yeast artificial chromosome (YAC) vectors [Burke et al., 1987] and saturation
mapping by overlapping cosmid clones [Poustka and Lehrach, 1986].
Conventional agarose gel electrophoresis is one of the mainstays of the
analysis of small DNA molecules but is limited by its inability to resolve DNA
fragments longer than about 30 kilobases (kb). This problem has been
overcome by the development of pulsed field gel electrophoresis (PFGE), a
technique that can electropheretically resolve DNA molecules that are up to
2000kb in size [Schwartz and Cantor, 1984]. In contrast to the unidrectional
electric field used in standard gel electrophoresis, in PGFE the DNA travels
through a concentrated agarose gel under the influence of two alternating
electric fields, applied at an angle of greater than 90 degrees to each other.
Separation probably results from the differing abilities of molecules of
different length to reorientate to the changed field direction. Mammalian
DNA is analysed by PFGE after cleavage by restriction enzymes that cut
rarely in genomic DNA. Direct physical genetic maps can be generated from
DNA on pulsed field gels by the use of routine Southern blotting and the
separated DNA fragments can be excised from preparative low melting
point agarose gels, cloned and used to generate ‘regional’ genomic
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libraries (see below).
Cloning technology involves the construction of recombinant DNA by
inserting a foreign DNA fragment into a cloning vector, e.g. bacteriophage
lambda (X), which serves as a carrier for the exogenous DNA. The
recombinant product is then allowed to replicate in an appropriate host
(usually a strain of bacteria) leading to amplification of the gene sequences
carried by the vector. Some genes are too large to be cloned in X vectors,
which can only accommodate DNA fragments up to 23 kb in length.
Cosmids are vectors specifically designed for cloning larger fragments of
DNA (up to 45 kb). Cosmid vectors are hybrids between X DNA containing
the cos site (a sequence required for phage packaging) and a bacterial
plasmid with an antibiotic resistance gene.
The recent development of YAC vectors has increased the cloned insert
size capacity over that of cosmid-based systems approximately 10-fold,
allowing the isolation of DNA segments with an average size of several
hundred kilobases. Cloning strategies can be used to construct DNA
libraries, containing a set of cloned genes together representing part or all
of the genome. An unknown gene can be approached by chromosome
jumping, which involves the sequential isolation of overlapping clones from
a suitable cosmid library and allows large regions of the chromosome to be
spanned in order to reach the target locus. Regional libraries can be
generated to provide material from around a locus of interest and be
screened for transcribed sequences. This could be done by analysis of ‘Zoo’
blots to search for sequences conserved among a number of different
species.
As only a small proportion of the vertebrate genome codes for
proteins, methods have been devised to help identify potential gene
sequences. Many vertebrate genes are preceded by a region of DNA rich in
the non-methylated dinucleotide CpG and containing clusters of cleavage
sites for rare-cutting restriction enzymes [Bird, 1987]. These GC-rich
sequences were first detected because they are cut into many tiny
fragments by the methylation-sensitive endonuclease Hpall, and have
become known as HT F islands (Hpa II tiny fragments). HTF islands can be
observed in a PFGE long range map as a cluster of several different rarecutter sites. HTF islands not only mark many genes, but are also likely to
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contain their 5’ ends and so can be used as a means of identifying coding
sequences. Identification of HTF islands by PFGE in the vicinity of a target
locus will generate candidate genes for sequencing and expression studies.
It has therefore become important to map and clone island sequences
preferentially and selection techniques have been developed to detect
these non-methylated GC-rich regions [Estivill et al., 1987].
d) Candidate genes and mutation screening
A candidate gene is defined as one in which there is a biochemical,
genetic or epidemiological reason to believe that a mutation of the DNA
sequence might cause or contribute to the clinical phenotype of the disease.
If a gene probe is available for any candidate gene then it is relatively
straightforward to test the hypothesis if the gene reveals a restriction
fragment length polymorphism (RFLP) and informative families are
available.
Numerous methods are currently available for detection of mutations
in candidate genes. DNA sequencing is the most direct method and permits
unequivocal identification of the specific base change(s) at the mutation.
However sequencing is very laborious when long stretches of DNA have to
be searched for mutations. A relatively new alternative method for detecting
point mutations is single-strand conformation polymorphism (SSOP)
analysis, which depends on a single base substitution in the DNA strand
causing the formation of a novel conformation, sufficiently different from
‘normal’ to cause an observable change of mobility in polyacrylamide gel
electrophoresis, detectable as a shifted band on autoradiography [Orita et
al., 1989]. The strategy is to amplify the desired segment of a gene by the
polymerase chain reaction (PCR) and then to compare its electrophoretic
migration pattern with that of a reference segment of known sequence.
SSCP analysis is simple, rapid and sensitive and has now been used to
identify point mutations in numerous studies, for example several mutations
in the cystic fibrosis transmembrane conductance regulator (CFTR) gene
have been detected by this technique. The size limit of the fragments in
which DNA SSCP analysis can detect single-base substitutions is about
250-300 bp. Recently the use of RNA instead of DNA has been found to
increase the sensitivity and resolution of SSCP still further and RNA SSCP
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analysis Is likely to be an important addition to the currently available
methods for mutation screening.
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Chapter 2. INTRODUCTION
Genetic Studies of Human Craniodigital
S yn d ro m es
2.1. G e n e r a l In t r o d u c t io n

The molecular genetic analysis of a number of hereditary
craniodigital syndromes in this thesis, provides an example of the approach
to élücidàtioh of developmental mutations in man. The localisation,
identification and characterisation of the genes responsible for such
disorders will help lead to determination of the molecular basis of
craniofacial and limb morphogenesis.

2.2.

T h e A s s o c i a t i o n o f C r a n i o f a c i a l a n d Li mb D e f o r m i t i e s

2.2.1. Background
Limb anomalies are the most commonly occurring congenital
malformations and associated head-hand deformities are frequent. They
may, either by themselves constitute a syndrome, or be among the most
noticeable features of a more complex disorder. This group of human
malformation syndromes, also known as the dyscranio-dysphalangias or
craniodigital syndromes has previously been reviewed by Pfeiffer, [1969].
Head-hand deformities may be classified according to aetiology into four
major classes:
(I) Chromosomal disorders

(lll)Teratogenic head-hand deformities

(II)Monogenic syndromes

(IV) Associations of unknown aetiology

In the majority of craniodigital syndromes there is as yet no
satisfactory explanation for how the head-hand/foot deformities are
interrelated. The concept of a disturbance of embryogenesis at a critical
period in head and limb morphogenesis is likely to be an oversimplification
in most instances. It has been suggested that the embryonic facial
processes (median and lateral nasal, maxillary and mandibular) are similar
to the limb buds, so that there may be common morphogens or growth
factors involved in the development of both the face and limbs.
Both experimental evidence and clinical data relating to common
malformation associations indicate that it is important to consider genetic
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and environmental factors which may act at very early developmental
stages such as gastrulation.
Malformations which appear to be unrelated by tissue type or location
may be induced by enhanced or premature programmed cell death due to
genetic or environmental factors eg; defective PCD may play a significant
role in the pathogenesis of some human craniodigital syndromes. In the
limbs abnormal cell death could give rise to syndactyly, polydactyly or
reduction deformities, and although the mechanisms of craniofacial
malformation are complex, a common feature for many may be excessive
cell death e.g. death of cells in the invaginating olfactory placode has been
associated with cleft lip formation. Evidence in favour of expansion of
regions of PCD as pathogenetic mechanism underlying malformations
induced by ethanol and RA is very convincing [Sulik et al., 1988]. In rodent
models both agents cause similar malformations, the patterns of which alter
according to exposure time. Malformations comparable to those seen in the
fetal alcohol syndrome, Di-George syndrome, retinoic acid embryopathy or
mandibulofacial dysostosis-like syndromes can be induced by exposure at
different developmental stages. The animal models for Nager syndrome
(preaxial acrofacial dysostosis) and Miller syndrome (postaxial acrofacial
dysostosis) serve as examples in which enhanced cell death in the facial
and limb regions account for the characteristic malformations.

2.2.2. Monogenic Head-Hand Svndromes
This class includes conditions such as the orofacial-digital
syndromes, some acrofacial dysostoses, the oculodentodigital syndrome
and a number of craniosynostosis syndromes associated with limb
anomalies.

2.2.2.1. Craniosynostosis syndromes with iimb defects
Craniosynostosis or premature closure of the cranial sutures is a
common abnormality occurring in about 1 in 2500 children [Hunter and
Rudd, 1976] and many of those affected require major craniofacial surgery.
There is evidence of Mendelian inheritance in some 20% of cases.
Craniosynostosis may occur as an isolated abnormality or in association
with other congenital anomalies producing the various craniosynostosis
syndromes. To date, upward of 90 craniosynostosis syndromes have been
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described [Cohen, 1993]. Of these 84% Involve limb defects (30%
syndactyly/polydactyly; 22% limb deficiencies; 32% other abnormalities)
[Cohen, 1979]. This group of craniodigital syndromes includes the
acrocephalosyndactylies and Greig cephalopolysyndactyly syndrome.
Autosomal dominant craniosynostosis syndromes with limb
anomalies, such as Greig cephalopolysyndactyly syndrome and the
acrocephalosyndactylies, although relatively rare, provide a way of mapping
by molecular genetic methods, genes Important in craniofacial and limb
development.

2.3.

C ran io syn o sto sis-

An Overview

2.3.1. Introduction
Virchow [1852] introduced the term craniostenosis (a hybrid of Latin
and Greek) for premature fusion of one or more of the cranial sutures. The
terms craniostenosis and craniosynostosis tend to be used interchangeably
although technically craniosynostosis refers to the process of premature
sutural fusion and craniostenosis the end result.
Craniosynostosis may be of pre- or postnatal onset and may involve
one, several or all of the cranial sutures. The resulting skull shape depends
on the pattern of sutural fusion and the timing of suture closure.
Craniosynostosis is common, with an estimated frequency in the
order of 0.4 /1000 [Hunter and Rudd, 1976] i.e. 1 in 2000 - 1 in 2500
individuals. This is considered a minimal estimate since some instances,
especially late onset cases may never come to medical attention.

2.3.2. Sutural Bloloqv
2.3.2.1. The cranial sutures.
During fetal life and infancy the flat bones of the skull are separated
by dense connective tissue membranes or fibrous joints called sutures.
During normal development the sutures remain patent allowing functional
adaptation to occur. This construction allows the head shape to adapt to that
of the birth canal for delivery and accomodates the growing brain by
allowing considerable cranial enlargement to take place during infancy and
early childhood. The latter occurs by bony deposition at the sutural margins,
the sutures themselves remaining patent. The sutures interlock with one
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another and so may prevent traumatic separation of the calvarial bones and
as minor movement can take place at the sutures undue mechanical
stresses may be absorbed.
The normal pattern of sutures and fontanelles in an infant skull is
shown in Fig. 2.1.

2.3.2.2. Developmental considerations
a) C raniofacial developm ent
Most of the mesenchyme in vertebrate embryos is mesodermally
derived being formed during gastrulation at the primitive streak. In the head
region however, the mesenchyme also contains neural crest cells that are
derived from the neural fold ectoderm [Johnston and Sulik 1979, Hall 1984:
review].
Evidence has emerged that the flat bones of the skull are in fact first
comprised of a primordium of chondroid tissue, intermediate between
cartilage and bone, which is considered to originate from a direct and
specific differentiation of mesenchymal stem cells [Lengele et al., 1990].
This tissue differs from both cartilage and bone in its microradiographic,
ultrastructural and histological appearance as well as^it biochemical
composition [Dhem et al., 1983; Goret-Nicaise et al., i988; Lengele et
al ,1990]. The presence of chondroid tissue has been identified in many of
the growing sites of the human fetal skull especially in the sutural areas of
the cranial vault.
The early formation of the cranium begins between gestational days
23-26, chondrification occurs between days 42 and 53 and ossification
commences after day 60.
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Normal suture and fontanelle landmarks

Fig 2.1. Superior view of the normal infant skull showing fontanelle
and suture landmarks (modified from Pruzansky [1973])
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b) Suture development
Cranial and facial sutures develop differently. Cranial bones develop
in a preformed continuous fibrous membrane and do not develop a fibrous
capsule until after birth. In contrast, facial bones are surrounded by a fibrous
periosteal capsule by week 17 in utero. Sutural structure has been
examined histologically and it appears that there are several distinct layers
within any suture, the precise architecture varying between different sutures
and over time. Sutures develop by a wedge-shaped proliferation of cells at
the periphery of extending bone fields, termed osteogenic fronts.
Osteogenic fronts may overlap with one another with an intervening zone of
immature fibrous connective tissue which leads to development of an
overlapping bevelled suture or they may approximate each other in the
same plane with an intervening zone of immature fibrous connective tissue
leading to a "butt" end to end type of articulation. End to end sutures are
formed in the midline eg: sagittal and mid palatal; all other sutures studied in
humans, eg: coronal, are of the bevelled type. Functioning sutures are the
sites of continous bone deposition and resorption. The distributions of
various connective tissue proteins at sutural sites have been analysed eg:
fibronectin and type V collagen are found around osteoprecursor cells at the
apex of the osteogenic front and extend some distance proximally.
Howeve,r the significance of their putative expression patterns is not yet
known.

2.3.2.3. Sutural closure
All sutures become obliterated with time; the first to fuse is the
metopic suture which generally starts to close at 2 years of age. Synostosis
of the other cranial sutures usually takes place in early adulthood, whereas
the facial sutures normally close much later, in the seventh to eighth
decades. The timing of suture closure in humans is given in Table 2.1.
The cause(s) of suture closure remains unclear, for in the main there
is considerable delay between apparent completion of functional
adaptation, ie: cessation of growth, and subsequent sutural fusion. Genetic,
biomechanical, h o rm o n a l, vascular and local factors have all been
implicated in the processes of suture maturation and closure.
Craniosynostosis occurs when a suture is obliterated prematurely.
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Table 2.1 Suture Closure in Humans*

Cranial suture

Metopic
Sagittal
Coronal
Lambdoid
Squamosal
Sphenofrontal
Spenopaiietal
Sphenotemporal
Masto-ocdpital

Age (yrs) closure
commences

2
22
24
26
35+
22
29
28+
26+

Facial suture

Age (yrs) closure
commences

Palatal
Frontomaxillary
Frontozygomatic
Zygomaticotemporal
Zygomaticomaxillary
Frontonasal
Nasomaxillary

30+
68+
72
70
70
68
68

(* M odified from Cohen 1993)

2.3.2.4. Control mechanisms
Normal morphogenesis of the craniofacial region involves complex
relationships between different cell groups, with ordered sequences of cell
migration and depends upon a precisely co-ordinated interaction of genetic,
epigenetic and environmental factors.
The mechanisms underlying sutural initiation have not as yet been
elucidated. Programmed cell death may be involved in both normal sutural
development and maintenance of functional patency. Cell recognition may
also play a significant role. Regulatory mechanisms are likely to involve
hormones, nutrients, mechanical forces and local growth factors. There is
evidence that spatial information involved in proper patterning of the
craniofacies is contained in the connective tissue precursors, perhaps
sutural initiation and maturation are programmed in a similar way. Johansen
and Hall [1982] reported hierarchical gradients in sutural initiation in mice,
both anterior-posterior and lateral-medial gradients were observed.
Morphogenetic signalling may well have a part to play in the creation of
such gradients and one or more of the osteoblastic derived growth factors
(IGF-I, IGF-II, TGFpl, PDGF and pFGF) may have a role.

2.3.3. Skull Deformities Resulting From Craniosynostosis
A variety of deformities occur as a result of craniosynostosis
depending on the sutures involved and extent of involvement (see Fig.2.2).
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Normocephaly

Trigonocephaly
D oilchocephcly

Brochycepholy

Piogiocephaly
Piogiocephaly
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Fig.2.2. Skull deformities resuiting from different types of craniosynostosis (modified fronri Cohen, 1986).

The skull deformity Is anatomically related to the sutural fusion.
Growth Is restricted at right angles to the fused suture, while compensatory
expansion occurs at patent sutural sites, generally with overgrowth In the
same plane as the fused suture.The resulting head shape depends not only
on which sutures are fused but on the order In which they synostose,
together with the extent and the timing of the synostosis. Thus, fusion of one
suture may result In a number of different skull shapes e.g: obliteration of the
coronal suture may result in acrocephaly, brachycephaly or
turricephaly/oxycephaly If bilateral and ptaglocephaly If unilateral.
O xycephaly

This Is a late appearing synostosis affecting the coronal sutures.
Growth Is restricted In anteroposterior and lateral directions giving rise to a
vertically elongated head, a deformity usually called oxycephaly (pointed
head). The supraorbital rim Is recessed and the forehead slopes back with
flattening of the frontonasal angle. The term turricephaly (tower-head) Is
used Interchangeably with oxycephaly.
A crocephaly

When the anteroposterior shortening Is more marked the term
acrocephaly (peaked head) may be applied.
Brachycephaly

In patients with brachycephaly there Is bilateral coronal synostosis so
restricting growth In the anteroposterior direction. There Is supraorbital
recession with bulging of the forehead above the retruslon. The skull Is
excessively wide to compensate for lack of anteroposterior growth. When
the skull Is excessively high as well as short the terms oxycephaly /
turricephaly can be applied.
P lagiocephaly

Plaglocephaly Is an asymmetrical deformity due to premature closure
of the coronal suture on one side. The forehead Is flattened on the affected
side with elevation of the orbit and distortion of the root of the nose. There Is
marked asymmetry of the skull and face. Persing et al., [1986] carried out an
experimental study on unilateral coronal synostosis In rabbits. The growth
pattern observed was similar to that seen In humans with unilateral coronal
synostosis. Restriction of growth occurred at the affected suture and
Ipsllateral orbit; overgrowth occurred on the contralateral side with deviation
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of the nasal radix to the affected side.
T r ig o n o c e p h a l y

Trigonocephaly (triangular head) results from premature closure of
the midline metopic suture producing a triangular shaped forehead.
S

caphocephaly

Scaphocephaly (boat head) occurs as a result of the premature
fusion of the longitudinal sutures at the top of the head (mainly sagittal)
causing the skull to become long and narrow.
C

loverleaf

S

kull

A cloverleaf type of skull is produced by premature synostosis of
multiple sutures especially the parietotemporal sutures.

2.3.4. Pathogenesis
The pathogenesis of craniosynostosis has been the source of much
speculation but at present remains largely undetermined. Clearly
craniosynostosis is aetiologically heterogeneous and it seems likely that
different mechanisms may underlie different types of craniosynostosis.

2.3.4.1. Pathogenetic theories
Considerable debate has taken place about the nature of the
relationship between the calvarium and the cranial base.
Virchow [1852] proposed that craniostenosis was the primary
malformation and that abnormalities of the cranial base were secondary. He
observed that skull growth is restricted in a direction perpendicular to the
course of the prematurely fused suture and increased in a plane parallel to it
(Fig.2.2). This led to the concept of compensatory growth at patent sutures.
Experimental support for Virchow's theory has emerged in work on rabbits.
In the experiments of Babler et al., [1982] and Babler and Persing [1982], in
which individual cranial vault sutures were selectively immobilized with
methyl 2-cyanoacrylate, a consistent pattern of secondary effects was
observed following growth arrest at specific sutural sites. They
\/

demonstrated compensatory growth at sutures perpendicular to, a n (L
intersecting with, the affected suture, secondary growth changes in the
cranial base and alterations in midface growth. Also, in a study of a genetic
type of craniosynostosis in the rabbit, Greene [1932] observed that by the
third week of development cranial sutural fusion was evident but at that time
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there was no evidence of abnormality In the cranial base, which was still
cartllagenous.
In contrast, Moss [1959, 1975] believed that the cranial base
deformity was the primary anomaly, leading secondarily to premature fusion
of the cranial sutures. However, the available experimental evidence would
suggest otherwise (see above).
Park and Powers [1920] postulated that In Apert Syndrome the
primary defect may be more generalised and suggested a defect In the
mesenchymal blastema leading secondarily to both craniosynostosis and
an abnormal cranial base.
Furtwangler et al., [1985] and Koklch [1986] challenged the
established concept of craniosynostosis as premature sutural fusion and
suggested that In some cases “craniosynostosis” may result from sutural
agenesis I.e. failure of sutural formation In the first place. In Apert syndrome
It seems that some sutures fall to form whilst others are formed but then
close prematurely [Cohen and Krelborg, 1993].

2.3.4 2. The molecular pathogenesis of craniosynostosis
Little Is known about the molecular pathogenesis of craniosynostosis.
Much of the previous work has concentrated on the blomechanlcs of normal
and abnormal sutural growth, development, functional adaption and stressrelated change. Only recently has Interest started to focus on the underlying
molecular mechanisms.
The difference In origin of craniofacial connective tissues, being In
large part derived from neural crest rather than mesoderm, as are the
skeletal and connective tissues of the trunk and limbs, has led to the
question whether genetic regulation of structural gene products may be
different In craniofacial structures. By unravelling the action of specific tissue
components we can Increase our understanding of the molecular basis for
craniofacial development and malformation.
A defect In one or more of the osteoblast derived growth factors (IGFI, IGF-II, TGFpi, PDGF and bFGF) could possibly be responsible for some
cases of craniosynostosis and the genes coding for them are good
candidates for study.
The role of programmed cell death also warrants further Investigation.
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It is interesting to note that Furtwangler et al.,[1985] observed that
sometimes osteogenic fronts approached each other too closely: in these
instances programmed cell death occurred resulting in a breakup of
contacting cells from each osteogenic front. Thus failure in programmed cell
death could result in craniosynostosis.
Much of our current knowledge regarding normal mammalian
embryogenesis has been derived from the study of animal models. It is likely
that considerable homology exists between the genes controlling
craniofacial morphogenesis in mouse and man as cellular and tissue
mechanics are very similar and many of the basic aspects of skull and facial
development such as organisation of the dentition, separation of oral and
nasal airways and bilateral orbital symmetry appear highly conserved
among mammals. A mouse model with primary craniosynostosis would be
an invaluable resource in future research both for the study of normal
sutural development and the elucidation of the molecular basis for
craniosynostosis.

2.3.5. Classification
The classification of craniosynostosis has been the source of a great
deal of confusion. Two distinct types of classification have emerged:
anatomical classifications based on the pattern of sutural synostosis, and
aetiological/syndromic classifications, which are based upon clinical
similarity and genetic factors. The anatomical classifications take
precedence when the chief concern is surgical management. However, for
the purposes of genetic counselling the anatomical classifications are
misleading as patients with the same disorder may have differing patterns of
sutural fusion. At present the analysis of the phenotype of familial cases and
a classification of the various families according to similarities and
differences remains the method of genetic classification. In the future, a new
type of genetic classification should be possible, according to determination
of the gene defect responsible.

2.3.6. Aetiology
2.3.6.1. Background
Craniosynostosis is known to be aetiologically heterogeneous.
Craniosynostosis, although very often considered a primary disorder of skull
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development, may sometimes occur secondarily, for example in
hyperthyroidism, as a consequence of accelerated osseous maturation, and
in microcephaly, presumably as the result of lack of growth stretch across
the sutures. Prenatal head constraint has been recognised as the cause of
some cases of craniosynostosis.
There is overwhelming evidence that there is a major genetic
component in development of craniosynostosis. Although the majority of
cases of isolated/simple craniosynostosis are sporadic, approximately 8% of
cases of coronal synostosis and 2% of cases of sagittal synostosis are
familial. Autosomal dominant transmission is the more usual mode of
inheritance although autosomal recessive cases have been described.
When craniosynostosis occurs, not as an isolated anomaly, but as part of a
syndrome in association with other congenital malformations, there is a
greater likelihood of a genetic basis. Associated anomalies are much more
common with coronal than with sagittal synostosis. Of syndromes with
known genesis most are monogenic and several are due to a specific
chromosomal anomaly. Other causes include certain metabolic disorders
and environmental agents.

2.3.6.2. Teratogens
A number of teratogens are known to be associated with
craniosynostosis including hydantoin, valproic acid, aminopterin,
methotrexate and retinoic acid [Cohen, 1986]. All-trans-retinoic acid is
embryotoxic and teratogenic in avian species, rodents and mammals,
leading to malformations of the craniofacial region, central nervous system,
extremities and axial skeleton. Retinoids affect various developing tissues
including the craniofacial region, ONS, axial skeleton and extremities.
Malformations commonly seen in animals are limb defects, cleft palate and
sometimes cleft lip. The literature concerning teratogenicity in humans and
laboratory animals has been reviewed by Rosa et al., [1986]. Isotretinan, a
synthetic analogue of vitamin A, is used clinically in dermatological practice
and teratogenic effects have been observed in humans. Happle et al.,
[1984] observed craniosynostosis in cases of etretinate embryopathy.

2.3.6 3. Monogenic craniosynostosis syndromes
Monogenic conditions account for about 50% of the recognised
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craniosynostosis syndromes and a number of craniodigital syndromes
feature among the autosomal dominant craniosynostosis syndromes, (see
Table 2.2). In this group craniosynostosis occurs in association with various
limb anomalies. The clinical findings in Greig cephalopolysyndactyly
syndrome(GCPS) and the non-Apert acrocephalosyndactyly syndromes are
discussed in detail in chapters 3 and 6, respectively.

Table 2.2 Autosomal Dominant Craniosynostosis Syndromes

Apert syndrome*

Osteoglophonic dysplasia

Berant syndrome

P feiffer syndrome*

Crouzon syndrome
Frydman trigonoœphaly syndrome

Saethre-Chotzen syndrome*
San Francisco syndrome

Greig cephalopolysyndactyly syndrome*

Tricho-dento-osseous syndrome

Hunter syndrome

Ventruto syndrome

Jackson-Weiss syndrome*
(* Craniodigital syndromes)

2.3.6 4. Chromosomal syndromes and craniosynostosis
A number of different autosomal chromosome abnormalities are
associated with craniosynostosis (see Table 2.3 ). Several chromosomal
syndromes are specifically associated with trigonocephaly, for example: 3q-,
9p-, 11q-, 13q- and dup13q. In trigonocephaly premature fusion of the
metopic suture results in a characterictic triangular skull configuration.
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Table 2.3 Autosomal Chromosome Anomalies Associated with Craniosynostosis

Duplications

Deletions

dup 3p
dup 3q
dup5p
dup5q
dup6p
dup6q
dup7p
dup 8q
dup 13q
dup 15q

del Iq
del 2q
del 3q
del 6q
del7p
del 8q
del 9p
del llq
del 12p
del 13q
del 15q
del 17p

Coronal craniosynostosis, the type of synostosis that occurs
commonly in many monogenic craniosynostosis syndromes is a relatively
unusual finding in patients with chromosome anomalies (see Table 2.4) and
therefore those chromosome regions involved in the reported cases can be
considered as possible locations of candidate genes responsible for some
of the craniosynostosis syndromes. The association of coronal
craniosynostosis and chromosome 7p abnormalities is particularly
interesting and is discussed in detail below.
Table 2.4 Chromosomal abnormalities associated w ith coronal
craniosynostosis
del Iq
del 2q
del 7p
del I5q
dup 3q
dup5q
2 .4

C hromosome 7p

and

C

r a n io s y n o s t o s is

Literature reports of patients with structural alterations of the short arm
of chromosome 7 have suggested that 2 or more genes for craniosynostosis
syndromes may be situated in this region, affected individuals having the
clinical features of Greig cephalopolysyndactyly syndrome or some
phenotypic resemblance to the acrocephalosyndactylies.
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2.4.1. Deletion of the Short Arm of Chromosome 7
2.4.1.1. Introduction
More than 30 cases of partial 7p monosomy have been described, 14
of which have been associated with craniosynostosis [Aughton et a!., 1991 ;
Chotai et a!., 1994: Dhadial and Smith, 1979; Friedrich et al., 1975; Fryns et
al., 1985; Garcia Esquivel et al., 1986; Hinkel et al., 1988; Kikkawa et al.,
1993; McPherson et al., 1976; Motegi et al., 1985; Schomig-Spingler et al.,
1986; Wilson et al., 1973; Winsor et al., 1978; Zackai and Breg, 1973],
Although there is considerable cytogenetic heterogeneity regarding
the size and location of the deleted segments, craniosynostosis appears to
be consistently associated with deletion of one of two specific and separate
regions, either deletion of part of band 7p21/proximal 7p22 [Chotai et al.,
1994; Dhadial and Smith, 1979; Friedrich et al., 1975; Fryns et al., 1985;
Garcia-Esquivel et al., 1986; Hinkel et al., 1988; Kikkawa et al., 1993;
McPherson et al., 1976; Motegi et al., 1985; Schomig-Spingler et al., 1986;
Wilson et al., 1973] or deletion of 7p13-p14 [Aughton et al., 1991 ; Hinkel et
al., 1988].

2.4.1.2. Deletion of distal 7p21-7p22
Craniosynostosis is commonly associated with deletion of a band of
7p21 although the exact chromosomal location of the critical region for
craniosynostosis has been the subject of much debate. The clinical features
in several of these cases are reminiscent of the acrocephalosyndactyly
syndromes.
Motegi et al., [1985] found a small deletion of 7p in a 5 month old boy
with craniosynostosis and other anomalies. His karyotype was 46,XY,del[7]
[p15.3p21.3]. On review of the literature they found 5 previously reported
cases of 7p deletion with craniosynostosis and in conclusion they restricted
the critical segment for craniosynostosis to 7p21.2 or proximal 7p21.3.
Garcia-Esquivel et al., [1986] described a 4 year old boy with
craniosynostosis and a de novo interstitial deletion of 7p and they proposed
that band 7p21.1 is critical. Schomig-Spingler et al., [1986] recorded
craniosynostosis in association with a deletion of 7pter-p21and summarised
the findings in a total of 19 patients with partial 7p monosomy, 7/19 having
craniosynostosis. They reviewed the report of Zackai and Breg [1973]
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regarding a patient with craniosynostosis and a ring chromosome 7 and
noted all bands including 7p21 could be demonstrated (implying the loss of
only a very small part of the terminal band of the short arm of chromosome
7). They concluded that craniosynostosis occurred only if there was a
deletion of the segment distal to band 7p21. However, two patients with
pure teminal deletions of 7p22 have been reported [ Baccichetti et al., 1982;
Speleman et al., 1989] and neither of them had signs of craniosynostosis,
providing evidence that deletion of 7p22 Is not necessarily associated with
craniosynostosis: Spèléitiah et al., 11989] reported a 6 year old rhehtâllÿ
retarded boy with tetralogy of Fallot, genital hypoplasia, but no
craniosynostosis whose karyotype showed a de novo terminal deletion of
the short arm of chromosome 7 [7p22.1-pter]. The child was dysmorphic with
downslanting palpebral fissures, epicanthic folds, broad flat nasal bridge,
thin upper lip, low set ears and low anterior and posterior hairlines. Both
thumbs were hypoplastic and proximally implanted. Radiographic
examination excluded craniosynostosis.
In summary, the critical segment for craniosynostosis on distal 7p
seems most likely to be located in distal band 7p21 or proximal 7p22
although the exact breakpoint is still undetermined.
It is interesting that in several of the reported cases of 7p deletion, in
addition to premature sutural fusion, parietal osseous defects were also
present [Hinkel et al.,1988]. This Is noteworthy, as parietal foramina are
characteristic of the Saethre-Chotzen syndrome.

2.4.1.3. Deletion of 7p13-p15
2 patients have been identified with craniosynostosis and interstitial
7p deletions not involving either band 7p21 or the segment distal to it.
Hinkel et al., [1988] described a child with craniosynostosis and 46,XY, del
(7)(p13 15) chromosome constitution. Other abnormalities included osseous
defects of the parietal bones, short fingers, proximally implanted thumbs and
congenital heart disease. Subsequently, Aughton et al., [1991] reported a
further case of craniosynostosis (involving the sagittal suture), associated
with a proximal 7p deletion; 46,XY,del(7)(pter-p14::p11.2-qter). Additional
findings included growth retardation, epicanthic folds, a broad flat nasal
bridge, micrognathia, hypotonia and limited joint extension.
There have been several other proximal 7p deletions reported
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[Blanchi et al., 1981 (2); Marks et al., 1985; Moedjono et al.,1978; Pettigrew
et al., 1991 ; Rosenkranz et al., 1989 (2)]. 3 patients clearly had features of
Greig Cephalopolysyndactyly Syndrome (GCPS) without craniosynostosis
[Pettigrew et al., 1991 ; Rosenkranz et al., 1989 (2)]. On review, the clinical
features recorded by Blanchi et al., [1981] in the first of their 2 cases are also
highly suggestive of the diagnosis of GCPS. Preaxial polydactyly, one of the
characteristic manifestations of GCPS was noted In the fetus with del (7)
described by Marks et al., [1985]. Neither craniosynostosis nor features
reminiscent of GCPS were found In the patients reported by Moedjono et al.,
[1978] or Blanchi et al., (case 2) [1981].

2.4.1.4. Ring Chromosome 7
Patients with ring chomosome 7 are rare, only 8 cases have been
described In the literature and all of them to date have had evidence of
mosaicism with the ring r(7) line predominating. Craniosynostosis has been
reported In one case and microbrachycephaly with malar hypoplasia In a
second. Zackai and Breg [1973] reported 2 Individuals with apparently
Identical rings of chromosome 7 and markedly different phenotypes; the
only clinical findings common to both being microcephaly, short stature and
a naevus flammeus. In one case no other abnormalities were observed and
intelligence was normal, whereas the other patient was mentally retarded
with craniosynostosis, unilateral proptosIs, ptosis, microcornea,
cryptorchidism and hypospadias. In both patients the rings appeared to be
formed from chromosome 7s with all bands present. The patient described
by Kolffmann et al., [1990] also had microcephaly, short stature, severe
mental retardation, unilateral ptosis and a small penis with hypospadias.
Brachycephaly and malar hypoplasia were noted but craniosynostosis was
not demonstrated, unfortunately skull radiography was refused. In this case
the size of the ring chromosome 7 appeared equivalent to the normal length
of an Intact chromosome 7, suggesting little or no loss of chromosome
material.
2 .5 .

Summary

Craniosynostosis or premature closure of the cranial sutures Is a
common abnormality occuring In about 1 In 2000 children. There Is
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evidence of Mendelian Inheritance In some 20% of cases. A number of
autosomal dominant craniosynostosis syndromes are recognised In which
craniosynostosis occurs In association with various limb anomalies.
Although relatively rare, this group of monogenic craniodigital syndromes
syndromes provides a way of mapping, by molecular genetic methods,
genes Important In craniofacial and limb development.
Premature sutural fusion Is a relatively uncommon finding In patients
with chromosome anomalies but has been reported In at least 10 patients
with a variety of structural alterations of 7p. Craniosynostosis appears to be
consistently associated with deletion of one of two specific and separate
regions, either deletion of part of band 7p21/proximal 7p22 or deletion of
7p13-p14. The karyotypic findings In these cases suggest that two or more
genes responsible for craniosynostosis and limb anomalies may be situated
on chromosome 7p, likely locations being 7p13 and 7p21-p22.
2 .6 . A i m s AND O b j e c t i v e s

The alms of this work have been to determine the chromosomal
location of the mutations responsible for some of the human craniodigital
syndromes.
Chromosome 7 was chosen as a suitable starting point for several
reasons, discussed above. Linkage studies, using a panel of DNA probes
spanning chromosome 7p, have been undertaken In families with Greig
Cephalopolysyndactyly Syndrome, Saethre Chotzen Syndrome and related
disorders.
A clinical study of the non-Apert acrocephalosyndactylies was carried
out to help define the degree of variability within families and address the
question of whether abnormal genes at one or more loci cause these
syndromes.
The localisation. Identification and characterisation of one or more of
the genes responsible for such autosomal dominant craniodigital
syndromes will help lead to determination of the genetic elements Involved
In the complex process of normal craniofacial and limb formation and the
consequences of mutation In these developmental genes.
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Chapter 3
A GENETIC STUDY
OF
GREIG CEPHALOPOLYSYNDACTYLY
SYNDROME

65

Chapter 3. A GENETIC STUDY OF GREIG
CEPHALOPOLYSYNDACTYLY SYNDROME (GCPS).
3 .1 . B a c k g r o u n d

3.1.1. Introduction
Greig [1926] first described a complex form of polydactyly with
craniofacial anomalies in a mother and daughter. The mother had
symmetrical webbing of thé fingers of both hands. The daughter had
polysyndactyly for which she had undergone seven corrective surgical
procedures. Findings included partial cutaneous syndactyly of both hands;
syndactyly of the feet, which was complete between toes 1-3 and partial
between toes 3-4 bilaterally; and short, broad thumbs and great toes with
partially bifid terminal phalanges. In addition, the daughter had a peculiar
skull shape with a broad, high forehead and macrocephaly but no evidence
of craniosynostosis. Both individuals were reported to be of normal or above
average intelligence.
Subsequently, numerous authors have reported similar families
[Temtamy and McKusick, 1969; Marshall and Smith, 1970; Gnamey and
Farriaux, 1971 ; Hootnick and Holmes, 1972; Temtamy and Loutfy, 1974;
Duncan et al., 1979; Fryns et al., 1981 ; Merlob et al., 1981 ; Chudley and
Houston, 1982; Kwee and Lindhout, 1983; Tommerup and Nielsen, 1983;
Baraitser et al., 1983; Gollop and Fontes, 1985; Pelz et al., 1986; Ausems et
al., 1994]. The condition, previously termed the frontodigital syndrome, is
now known as the Greig cephalopolysyndactyly syndrome (GCPS).

3.1.2. The GCPS Phenotvoe
The characteristic manifestations of GCPS are in the hands and feet
(Figs.3.1.a &.b, 3.2). The thumbs may be broad but are rarely duplicated.
Postaxial polydactyly is common, usually in the form of a small nubbin of
tissue on the ulnar border of the fifth finger. There may be partial cutaneous
syndactyly of fingers 3-5. The most common malformation in the feet is
preaxial polysyndactyly, usually with duplication of the hallux and
syndactyly between the first two or three toes. A postaxial digit may also be
present in the feet.
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(a)

(b)

Fig. 3.1. Greig cephalopolysyndactyly syndrome. Typical hand
abnormalities:
(a) Note broad, short, radially deviated thumbs and partial cutaneous
syndactyly.
(b) Note postaxial postminimi, nubbins of tissue on the ulnar border of both
fifth fingers.
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Fig.3.2. Greig cephalopolysyndactyly syndrome. Typical foot abnormalities.
Note Preaxial polysyndactyly.

'À

Fig.3.3. Greig cephalopolysyndactyly syndrome. Characteristic facial
appearance: note broad forehead, hypertelorism and striking nose
with a prominent bridge and broad base.
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The craniofacial manifestations are variable and consist of a broad, high
forehead with frontal bossing, macrocephaly, hypertelorism and
brachycephaly. A broad base to the nose with a prominent nasal bridge is
common and striking (Fig. 3.3). A few affected individuals have had mild
communicating hydrocephalus [Baraitser et al., 1983; Hootnick and Holmes,
1972; Gollop and Fontes, 1985]. Intelligence has been normal in all but one
case [Fryns et al., 1977]. Craniosynostosis is an occasional finding [Kwee
and Lindhout 1983].
Radiographic examination has revealed markedly advanced bone
age in certain cases [Merlob et al., 1981 ; Tommerup and Nielsen, 1983].
One girl with GCPS died from a medullobiastoma.

3.1.3. Phenotvpic Overlap with Other Syndromes
The observation by Baraitser et al., [1983] that the facial features of
GCPS may be indistinguishable from normal, led them to suggest that type
IV preaxial polydactyly, as delineated by Temtamy and McKusick [1978],
may in fact be GCPS. The famiiy reported with a 'new' disorder designated
frontodigital syndrome by Marshall and Smith [1970] was later recognised to
have GCPS [Hootnick and Holmes, 1972]. Another family had originally
been reported with syndactyly type II (synpolydactyly) [Ridler et al., 1977] but
after review was reclassified as having GCPS [Brueton et al., 1988].
Several authors have commented on the phenotypic overlap
between GCPS and the acrocallosal syndrome (ACS) [Chudley and
Houston, 1982; Baraitser et al., 1983]. Legius et al. ,[1985] proposed that
ACS is the same as GCPS. The main clinical distinction is mental
retardation and agenesis of the corpus callosum in ACS whereas in GCPS
intelligence is usually normal and agenesis of the corpus cailosum has
been recorded oniy once [Hootnick and Holmes 1972].
3 .1 .4 . G e n e tic s

The original family reported consisted of an affected mother and
daughter. Since that time autosomal dominant inheritance of GCPS has
been clearly established. Temtamy and McKusick [1978] studied a
particularly instructive family in which 10 members of 4 generations were
affected in the pattern of a fully penetrant autosomal dominant trait. Fryns et
al., [1981] documented the considerable intrafamilial variability in this
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condition.

3.1.5. Xt - extra toes in the mouse - an animal model for GCPS
Winter and Huson [1988] proposed that on both morphological and
gene mapping grounds, GCPS in man is homologous to Xt-extra toes in the
mouse.
The mouse developmental mutant extra toes (Xf) was first described
in a non-irradiated control mouse in an irradiation experiment [Johnson,
1967]. Heterozygotes for this condition manifest a similar pattern of
malformations to GCPS. An allelic mutation, given the name
brachyphalangy (Xt bph), arose during a neutron irradiation experiment.
The Xtand Xt bph a\\e\es are sem\ciom\r\ant wWh a\mos\ complete
penetrance in heterozygotes but variable expressivity.
The combination of preaxial polydactyly of the halluces and polluces
together with syndactyly and postaxial polydactyly of the forelimb is unusual
but it occurs in both Xf and GCPS. Xf heterozygotes have preaxial
polysyndactyly of the hind feet and postaxial nubbins of tissue may be seen
in the hind feet at birth (Fig. 3.4) but these regress after the third day. In the
forefoot the pollux may be short and broad or bifid and a postaxial lump is
common at the base of the fifth digit (Fig. 3.4).
GCPS patients often have increased head circumference and frontal
bossing. A broad forehead with a prominent broad nose is a striking feature.
These cranial abnormalities are mirrored by the enlarged Interfrontal bone
seen in Xf mice. Some Xf heterozygotes have hydrocephaly; this has been
reported in GCPS [Baraitser et al., 1983; Hootnick and Holmes, 1972].
Xf homozygotes are oedematous and usually die in utero or shortly
after birth. Manifestations include renal tubular defects, severe limb defects,
brain, facial, eye and ear anomalies.
The Xf locus has been mapped to mouse chromosome 13 in a region
showing homology to 7p in humans [Searle et al., 1987], with the presence
of the T cell receptor gamma polypeptide (TCRG) gene at 13 A 2-3 in the
mouse [Kranz et al,, 1985] and 7p15 in man [Murre et al., 1985]. There is
considerable evidence that the locus for GCPS also is situated on 7p in man
(see below).
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Fig.3.4. Xf mouse mutants. Digital anomalies in Xf heterozygotes.
A ; normal forefoot; B-D Xf heterozygotes R forefeet (note short, broad or
bifid polluces and postaxial nubbin of tissue.
E: normal R hindfoot; F-L: Xf heterozygotes R hindfeet note preaxial
polysyndactyly. ( Modified from Johnson et al., [1967] )
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3.1.6. GCPS: due to a mutation of a kev developmental gene?
The combination of limb anomalies and cranofacial malformation in
GCPS indicates a complex abnormality of embryonic development.
Advanced bone age in GCPS [Merlob et al., 1981 ; Tommerup and Nielsen
1983] suggests that a fundamental disturbance of the process of ossification
may be associated with GCPS. In addition the identification of a mouse
model of GCPS, the mutant extra-toes (Xt) which is lethal in homozygous
state implies that the gene involved in this syndrome may have an important
role to play in normal mammalian development.
3,2. M a p p in g T he G C PS G en e

3.2.1. Greig Cephalopolvsvndactviv Syndrome Family Studies:
Ciinical Findings and Linkage Analysis,
3.2.1.1. Introduction
GCPS has been associated with chromosome translocations in three
unrelated families, the common feature in each of the kindreds being a
balanced translocation involving chromosome 7p13. Tommerup and
Nielsen [1983] described a reciprocal 3;7 translocation t(3;7) (p21.1 ;p13)
segregating with GCPS over four generations in one pedigree. Similarly
Kruger et al., [1989] reported a family with GCPS in which the inheritance
was concordant with a 6;7 translocation, having breakponts at 6q27 and
7p13. Following the reports of these two families it was inferred that the
translocation in chromosome 7 occurs at the locus for GCPS. Molecular
genetic studies to confirm this tentative gene assignment were therefore
undertaken In GCPS families.
3.2.1.2. M aterials and M ethods

a) GCPS Family M aterial
Seven pedigrees were studied (fig.3.5). Four of the families have
been reported previously, three in the report of GCPS by Baraitser et al.,
[1983] and one by Ridler et al., [1977] when the diagnosis was considered
to be synpolydactyly; having reviewed this family clinically we are confident
In reclassifying them as GCPS. The remaining families were identified by
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writing to consultant clinical geneticists in the United Kingdom. Relevant
family members were examined (by S.M.Huson and L.Brueton) and blood
samples were taken for analysis from 62 individuals, 31 of whom were
affected.
b) C linical diagnosis
Relatives were scored as affected if they had more than one of the
following;
1. In the hands
a. Broad or duplicated thumbs
b. Cutaneous syndactyly of the third and fourth fingers
c. Postaxial polydactyly.
2. In the feet
a. Preaxial polydactyly
b. Cutaneous syndactyly of toes 1-3.
3. Craniofacial manifestations
The typical facial appearance consisting of a high forehead,
hypertelorism and prominent nasal bridge.
c) Chromosome analysis
Chromosome Analysis (G-banded) of cultured lymphocytes was
performed on one affected individual from each family using standard
techniques.
d) Chromosome 7 probes
The chromosome 7-specific probes used, including both cloned
human genes and randomly generated DNA segments are listed in Table
3.1 along with restriction fragment length polymorphisms (RFLP) and
locations.
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Fig 3.5 GCPS pedigrees used in this study
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Table 3.1. Details of probes used In this study

DNA probe

HGM
symbol

Cytogenetic
location

Enzyme

RFLP size
(kb)

pHER-A64
CRI-R944
CRI-P137
Ef
pTgamma-1
p V IIS P R S

EGFR

7p12-p13

20/13.7; 12/10

D7S69
D7S65
GLI3
TCRG
TCRG

7p13
7p13
7p13
7p14-p15

StuI; Xbal
MspI
TaqI
TaqI
Xbal

7p14-p15

TaqI

4.0/3.0
3.7/27,1.0
+/-3
28/23/5.3/3.6
4.1/3.7

e) DNA hybridisation anaiysis
Genomic DNA was isolated from lymphocytes by standard
techniques: S^ig DNA was digested with restriction enzymes,
electrophoresed and transferred to nylon membrane (Hybond-N, Amersham
PLO) by Southern Blotting. General methods of DNA preparation, restriction
endonuclease digestion and agarose gel electrophoresis are based on
those of Maniatis et al., [1982]. The probes were labelled with 32P-dCTP by
random oligonucleotide primed synthesis of the probe Insert [Felnberg and
Vogelstein, 1984]. Hybridisation was performed overnight at 65C and the
DNA bands hybridised to the labelled probe were detected by
autoradiography.
f) Linkage anaiysis
Two-point linkage analysis was carried out using LIPED [Ott 1974]. A
lod score of at least 3 was considered evidence of genetic linkage.
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Table 3.2. Clinical findings in Greig Cephalopolvsvndactvlv Syndrome
FGCPSl
C l in ic a l f in d in g s

n=36
(unless otherwise stated)

C r a n io f a c ia l

Macrocephaly

16/35

Brachycephaly

8/32

Hypertelorism

1/12 (<16yrs)

Normal intelligence

36

H ands

Syndactyly
Thumbs

-complete >2 digits

13*

-partial >2 digits

8

-duplication

2*

-broad, bilateral

23

-broad, unilateral

3
22

Post-minimi-bilateral

3

-unilateral
Fe e t

Syndactyly

Halluces

-usually complete
-involving 2-3 toes

25

-involving >3 toes

11

-duplication, bilateral

2*

-duplication, unilateral

24*

-broad

7

"'Surgically corrected
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3.2.1.3. Results
a) Clinical findings
The clinical findings in the 36 affected individuals ascertained in this
study are presented in table 3.2. The most consistent findings in affected
Individuals were the facial appearance and the toe abnormalities. The hand
abnormalities were more variable; the broad flat thumbs were seen In one
or more persons of each family, and postminimi had frequently been
removed (in at least one individual of each family). The degree of syndactyly
also varied in the hands, with few individuals requiring corrective surgery.
b) Chromosome analysis
In all cases the karyotype was normal.
c) Linkage analysis
The results of linkage analysis are presented in Table 3.3. No
recombinants were observed between EGFR, R944 or PI 37 in this study.

Table 3.3. Maximum Lod scores between GCPS and 7p marker loci
7p probe
pHER-A64 R944
P137
pTy-1

Lod score (

)

(all pedigrees)
3.52
2.12
2.72
2.80

Recombination fraction
(8)
0.00
0.00
0.00
0.05

3.2.1.4. Discussion
Confirmation that the critical chromosomal region involved in GCPS
is 7p13, as initially suggested by the 3;7 and 6;7 translocations was
obtained by demonstration of linkage between the epidermal growth factor
receptor (EGFR) locus, at 7p12-13, and GCPS. No recombinants have been
observed with probes R944, P137 or EGFR, the maximum Lod scores being
at 0 =0 being 2.12, 2.72 and 3.52, respectively.
The 3;7 GCPS translocation has been isolated and characterised
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Drabkin et al., [1989]. No rearrangements were detected in the 3,7
translocation using conventional electrophoresis with several enzymes and
5' and 3’ specific EGFR probes. Similariy no rearrangements were detected
with probes P I37, R944 or Hox1.4 (which has been locaiised to 7p13-15).
The tightly linked anonymous probes P I37 and R944 were shown to flank
the translocation breakpoint. Drabkin et al., [1989] also demonstrated that
EGFR and R944 were proximal to the translocation and P I37, T-cell y
receptor (TCRG) and the homeobox gene Hox 1.4 distal (fig 3.6). In physical
mapping studies characterising the 3;7 GCPS translocation TCRG shared a
common ISOkb Sfi fragment with probe CRI-S207. CRI-S207 has previously
been genetically linked at 2 cM with probes CRI-P137 and -R944. Analysis
of data in the seven GCPS pedigrees has demonstrated at least two
recombinants in these families with TCRG probes, (0 = 0.05; LOD = 2.8),
suggesting that TCRG is further from GCPS than 2cM.
Subsequently, further evidence that the gene for GCPS maps to the
7p13 region has been provided by the identification of a third famiiy with
GCPS and a balanced translocation involving 7p13 [Vortkamp et al., 1991]
and the finding of a cytogenetically visible deletion of band p i 3 on the short
arm of chromosome 7 in a number of patients with features of GCPS
[Rosenkranz et al., 1989; Pettigrew et al., 1991] (see below).
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Drabkin et ai 1989
Genetic linkage map of
ch 7 using CRI probes
(Donis-Kells et al 1987)
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3
2
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Flg.3.6. The 3;7 translocation
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3.2.2. GCPS associated with cvtoqeneticallv visible interstitial
7p

deletions

3.2.2.1. Introduction
Rosenkranz at al., [1989] studied two patients with GCPS resulting
from cytogenetically visible deletions of the short arm of chromosome 7 and
a third case of GCPS due to a 7p13 deletion was reported by Pettigrew et
al.,[1991]. We have now observed a fourth patient with the phenotypic
features of GCPS associated with an interstitial deletion of 7p13 and carried
out studies to further clarify the molecular region involved in GCPS. The
clinical features of this case are described below and the cytogenetic
findings and results of molecular analysis presented.

3.2.2 2. Case Report
a) Case history
A 2.8 kg male was delivered at term by forceps and ventouse delivery
after an uncomplicated pregnancy. The mother aged 19 years, and the
father, aged 25 years, were not related and in good health. The family
history was unremakable. The father has a healthy 6 year old son by a
previous partner.
Apgar scores were 7 at 1 and 9 at 5 minutes and no active
resuscitation was necessary. The birth weight of 2.8kg was on the 3rd
centile, birth length was 60cm (>97th centile) and occipitofrontal head
circumference (OFC) 35.5 cm (75th centile). At birth the proband was noted
to have an unusual face with a wide forehead, hypertelorism, low set simple
ears, micrognathia and a prominent occiput (Fig. 3.7). In the hands, the
thumbs were broad, there was a single palmar crease and postaxial
polydactyly bilaterally, with partial 3-4 syndactyly of the left hand (Fig.3.8). In
the feet, the halluces were bifid and there was almost complete syndactyly
of toes 1-3 (Fig. 3.9). The genitalia were normal. The sternum was
prominent and the nipples widely spaced. The infant was hypotonic and fed
poorly. Signs of cyanotic congenital heart disease developed shortly after
birth, echocardiography revealed pulmonary atresia with a large
ventriculoseptal defect and a patent ductus arteriosus.
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f

Fig. 3.7. Fades of the proband. Note wide forehead, hypertelorism,
low set ears and micrognathia
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'

Fig. 3.8. Hand of proband. Note postaxial polydactyly.

Fig. 3.9. Foot of proband. Note bifid halluces and complete
syndactyly of toes 1-3.

82

He failed to thrive and at 8 months his weight remained below the 3rd
centile (4.75kg) and he required both tube feeding and parenteral nutrition.
The head circumference was above the third centile and the anterior
fontanelle still patent. There was severe developmental delay, with profound
hypotonia being unable to support his head or smile.
b) Chromosome analysis
Chromosome analysis (G banded of cultured lymphocytes) was
performed using a standard 72 hour methotrexate synchronised culture
technique. Studies of peripheral blood lymphocytes from the proband
revealed a small interstitial deletion of the short arm of chromosome 7:
46,XY, del (7)(p13p14). Chromosomes of the mother were normal but a
balanced insertional translocation 46,XY, ins (4;7) (q34;p13p14) was
detected in the father (Fig. 3.10).
c) M olecular studies
Molecular studies were carried out using standard Southern blotting
procedures. The probe CRI-R944 contains highly repetitive human
sequences and so to facilitate studies using this probe, a 2.4kb EcoRI
fragment was subcloned into the plasmid pUC 13. Ef’, an 842 base pair
fragment from the 3 ’ end of the GLI3 gene has been found to detect a rare
TaqI polymorphism (M.Farrall unpublished observation). Probes P I37,
p T y -l, pVIISPRS and pHER-A64 are as described above. The methods are
described briefly in section 3.2.1.2. and in detail in appendix.
The anonymous probe R944 is deleted in our patient (Fig. 3.11a),
while P I37 (Fig 3.11b), TCRG, G98 and IL6 are not. The results with GLI3 E f
were uninformative. The results obtained with the EGFR cDNA probe pHER64-1 suggest that either EGFR is disrupted in both the deleted patient and
his father or there is a very rare polymorphism (Fig 3.12).
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Fig. 3.10. Partial karyotypes of the propositus and his fatherabnormal chromosome on the right (arrow denotes breakpoints)
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(b)
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Fig. 3.11. Southern blots showing deletion of the paternal R944
(D7S69) allele (a) and heterozygosity for P I37 (D7S65) (b) in the
proband. Details of the probes used are given in table 3.1.
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control

control

father

son

mother

Fig. 3.12. Southern blot showing unusual EGFR result both in the
patient and his father. This finding could be explained either by
disruption of the EGFR gene or a rare unreported polymorphism.
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d) Discussion
There is now compelling evidence that the gene for GCPS is located
at 7p13. Three families have been described with balanced chromosome
translocations involving breakpoints at 7p13 segregating in invariable
association with GCPS. Linkage has been demonstrated between EGFR
and GCPS in seven pedigrees with no evidence of chromosome
abnormality, and four patients (including this case) have been reported with
GCPS and a deletion of chromosome 7p13 .
Molecular genetic analysis of the breakpoint on chromosome 7 in the
3;7 GCPS translocation mapped the breakpoint between two anonymous
probes P137 and R944 [Drabkin et al., 1989] (which have been genetically
linked at a distance of OcM in both males and females). Molecular analysis
of our case of GCPS associated with deletion of 7p13 has revealed that the
more proximal of these DNA sequences is deleted whereas PI 37 the distal
flanking marker is not. Probe TCRG appears not to be deleted in this patient;
EGFR however may well be partially deleted or disrupted, although the
possibilty of a very rare EGFR polymorphism cannot be excluded. Molecular
studies in the deletion cases first described by Rosenkranz et al., [1989]
revealed hemizygosity for EGFR and TCRG in one of them and apparent
deletion of the PGAM2 gene (phosphoglycerate mutase muscular form
gene) by dosage analysis in both [Rosenkranz et al.,1989; Wagner et al.,
1990]. The patient deleted for TCRG had a de novo deletion of 7p12.3p14.2 and as our patient with total loss of 7p13 is heterozygous for TCRG,
the results imply that TCRG maps to7p14.1-p14.2 rather than 7p15, as
suggested by in situ hybridisation studies.

3.2.3. Further Developments.
GL13- ? The gene responsible for GCPS
Recent studies suggest that GLI3, a member of the GLI-Kruppel family
previously localised to 7p13, is likely to be the gene responsible for GCPS.
Two of the three balanced translocations reported to segregate with GCPS
have been shown to interrupt the GLI3 gene [Vortkamp et al., 1991]. The
breakpoints are within the first third of the coding sequence. In the third
translocation the breakpoint is located about 10 kb downstream of the 3'
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end of GLI3.
GLI3 is a member of a gene family that includes the putative human
oncogene GLI [Kinzler et al.,1988] and a related gene GL/2[Ruppert et
al.,1988], the Drosophila segment polarity gene cubitus interruptus
Dominant (cP) [Orenic et al., 1990] and the C.eleganssex determining
gene, fra-/[Zarkower and Hodgkin, 1992]. These GL/-related genes encode
proteins with five repeats of a zinc finger motif and have several other
regions of sequence homology. Both GLI and GLI3 can function as
sequence-specific DNA binding proteins [Ruppert et al., 1990].
The GL/3 locus has been characterised in Xt, the mouse homologue
of GCPS and the molecular studies have shown that Xf mutants contain an
intragenic deletion of G//3 [Hui and Joyner, 1993]. This finding strengthens
the hypothesis that both Xf and GCPS are caused by mutations In the GLI3
gene. However, to date no obvious rearrangement has been detected in our
GCPS 7p deletion case or individuals from our GCPS families using
conventional electrophoresis and a 3' specific GL/3 probe (K.Chotai and
M.Farrall, unpublished observations).
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Chapter 4
THE ACROCALLOSAL SYNDROME :
MOLECULAR GENETIC STUDIES.
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Chapter 4. THE ACROCALLOSAL SYNDROME :
MOLECULAR GENETIC STUDIES.
4.1.

In t r o d u c t i o n

Acrocallosal syndrome (ACS) Is an autosomal recessive form of
polysyndactyly associated with mental retardation and agenesis of the
corpus callosum. There have been suggestions that It Is allelic to the Grelg
cephalopolysyndactyly syndrome (GCPS). A study was undertaken to look
for linkage to, and microdeletlons of, the region of the GCPS locus on
chromosome 7p In both familial and sporadic cases of the acrocallosal
syndrome.

4.2.

T he A crocallosal S

yndrome

-

Background.

The acrocallosal syndrome (ACS), first described by Schlnzel [1979]
Is characterised by the combination of pre- and postaxial polydactyly,
syndactyly, severe mental retardation, agenesis or hypoplasia of the corpus
callosum, hypertelorism, a prominent forehead and macrocephaly (Figs.
4.1.a&b, 4.2). Additional manifestations in cases of ACS reported
subsequently have expanded the phenotypic spectrum of the condition and
have helped to delineate the syndrome further [Schlnzel and Schmidt,
1980; Schlnzel 1988, Casamasslma et al., 1989, Moeschler et al., 1989;
Salgado et al., 1989, Temtamy and Meguld 1989; Hendriks et al., 1990],
Fewer than 30 cases have been reported and several of the cases
described have originated from a small area of Switzerland [Schlnzel 1982;
Schlnzel and Kaufmann, 1986; Schlnzel 1988]. Reports of parental
consanguinity [Philip et al., 1988; Salgado et al., 1989; Temtamy and
Meguld, 1989; Yuksel et al., 1990; Gelman-Kohan et al., 1991; Cataltepe
and Tuncbllek, 1992; Christianson et al.,1994], affected siblings [Schlnzel
1982; Schlnzel and Kaufman, 1986] and affected first cousins [Schlnzel
1988] provide evidence for autosomal recessive inheritance.
The digital changes and dysmorphic features observed In the ACS
are similar to those of GCPS, comparison of the clinical findings In the two
conditions Is made In Table 4.1.
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Fig 4.1.
Acrocallosal Syndrome
Craniofacial Features

#

Note large head with
prominent bulging
forehead, hypertelorism,
broad nasal bridge and
convergent squint.
(Courtesey of D r A
Schinzel)

0

^

(a) Frontal view

(b) Lateral
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Fig. 4.2. Acrocallosal syndrome. Typical foot abnormalities;
Note preaxial polydactyly and 2-3 syndactyly.
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T a b l e 4 .1 . C o m p a r is o n

Inheritance

of

ACS w it h GCPS

ACS

GCPS

AR

AD

Clinical Features
Hallux duplication
+
Postaxial hexadactyly
+
2,3 syndactyly
variable
Macrocephaly
+
Hypertelorism
+
Frontal bossing
+
Agenesis corpus callosum +
Mental retardation
+

+
+
+
+
+
+

In view of the considerable phenotypic overlap between the two
disorders, several authors have considered the possibility that the Greig and
acrocallosal syndromes could affect the same developmental gene
[Schinzel, 1982, Legius et al., 1985, Philip et al., 1988, Hall, 1990] and
represent either allelic mutations or different-size contiguous deletions of
the same area.
The finding of an extra bone within the anterior fontanelle in a patient
with the acrocallosal syndrome [Hendriks et al.,1990] suggested similarity to
the Xt mouse mutant which is considered homologous to GCPS in man
[Winter and Huson, 1988], further supporting the the hypothesis that the
Greig and acrocallosal syndromes may be allelic disorders. The knowledge
that GCPS maps to 7p13 allows testing of this hypothesis.
As discussed in detail above, three balanced translocations involving 7p13
and associated with GCPS in different families have been reported and two
of the three have been shown to interrupt the GL/3 gene, a zinc finger gene
localised to 7p13.
A study has been undertaken to look for linkage to and
microdeletlons of the region of the GCPS locus on chromosome 7p in
patients with the acrocallosal syndrome.
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4 .3 .

M a t e r i a l s AND M e t h o d s .

4.3.1. Clinical Material
/

Four patients with the acrocallosal syndrome and their families

if

participated in this study. Two cases were sporadic and two familial, (male
and female first cousins whose mothers were sisters). The pedigree for the
familial cases is shown in Fig 4.3.

4.3.2. DNA Analysis
Several chromosome 7p probes: R-944, P137, EGFR and TCRG, all
known to be in the close vicinity of the GCPS locus were used to detect
restriction fragment length polymorphisms, together with Ef, a 3' GL13
fragment which detects a rare Taq1 polymorphism (M.Farrall, personal
communication). The polymorphic characteristics and regional assignments
of these probes are given in table 3.1 (section 3.2.1.2).
The methods of DNA analysis employed have been outlined
previously in sections 3.2.1.2 & 3.2 2.2 and are described in full in appendix.

4.3.3. Linkage Anaiysis
Linkage analysis between the acrocallosal syndrome and marker loci
on the short arm of chromosome 7 was performed using the program LIPED.
A Lod score of at least 3 was considered evidence of genetic linkage and
the Lod score of -2.0 taken as an exclusion boundary.

4.4.

Results.

4.4.1. Southern Biot Anaiysis
DNA samples from four individuals with the acrocallosal syndrome
were digested with several different restriction enzymes and hybridised to
DNA probes known to flank or be close to the GCPS locus on chromosome
7p. Using conventional methods of electrophoresis no microdeletions or
rearrangements were detected in these cases with R944, PI 37, GLI3 and
TCRG probes, (see Table 4.2).
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9-11

II

1-5

III

Acrocallosal syndrome

CO
CJl

Fig 4.3. Pedigree of cases 3 (111.8) and 4 (111.11)

Table 4.2. Molecular findings for 5 ACS patients
PROBE

H G M SYM BOL

pHER-A64EGFR
CRI-R944 D7S69
CRI-P137 D7S65
pVIISPRS TCRG
Ef
GLI3

CASE

i

2

3

4

5

0
0
+
+
0

0
0
0
0
0

+
0
0
+
0

+
+
+
0
0

0
0
0
+
0

(+) heterozygous; (0) not informative; (-) deleted
4.4.2. Linkage Study
Linkage analysis of the data obtained on the family with the affected
first cousins generated a lod score of -2.7 (0 = 0.01) with probe P I37 and
-3.1 (0 = 0.01) with EGFR see Table 4.3. EGFR is proximal to the GCPS
translocation breakpoint and PI 37 flanks it distally. The affected children
have inherited different PI 37 and EGFR alleles from their mothers who are
sisters (Figs 4.4 and 4.5). The results indicate a double crossover in this
family with these two flanking probes and provide evidence that the
acrocallosal syndrome does not map in the same region as GCPS. The
R944, GLI3 and TCRG probes were largely uninformative.

4.3. T h e r e s u l t s o f l in k a g e a n a l y s is .
Pairwise lod scores between ACS and 7p marker loci
T able

^NA
marker

EGFR
R-944
C-137
TCRG

Recombination Fraction (0)
0.00

0.01

0.05

0.10

0.20

0.30

0.40

-3.06
0.07
-2.63
0.32

-1.11
0.07
-1.31
0.31

-0.47
0.03
-0.66
0.27

-0.22
0.01
-0.39
0.22

-0.05
-0.02
-0.16
0.12

0.00
-0.01
-0.06
0.04

0.00
0.00
-0.01
0.01
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kb
2.7

3.7

Pedigree no.
PI 37 alleles

11.3 III.8
2-2 2-2

11.8

111 .11

1-1

1-2

Fig.4.4. Southern blot showing that cases 3 (III.8) and 4 (III.11)
have inherited different P I37 alleles from their mothers (11.3 and
11.8, respectively), who are sisters.
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2-2
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2-2
1-2
2-2

1-5

III
1-2
2-2

2-2

1-2
2-2

2-2

2-2

2-2

2-2
2-2
1-2

2-2
2-2
1-2

1-2
1-2
1-2

EGFR
R944
p i 37

Acrocallosal syndrome

CO

00
Rg 4.5. Pedigree of informative family showing genotype results for cases 3 (III.8) and 4 (111.11) and their relatives.

4.5.

Dis c u s s io n .

The data presented here give no support to the suggestion that
GCPS and the acrocallosal syndromes are allelic disorders. The probes CRI
R-944 and P137 have been shown to flank the GCPS 3;7 translocation
breakpoint [Drabkin et al., 1989] and R944 is deleted in a patient with GCPS
and an interstitial deletion of chromosome 7p13-14 (see 3.2.2.2). No
microdeletions or rearrangements of DNA were recognised by these probes
in four patients with the acrocallosal syndrome. PI 37 is proximal to TCRG
which maps about 5cM from GCPS [Brueton et al, unpublished observation].
Close linkage of EGFR, localised to 7p12-13, to GCPS has been shown
[Brueton et al.,1988]. In addition, Rosenkranz et al., [1989] studied two
patients with GCPS resulting from cytogenetically visible deletions of
chromosome 7p. There was a deletion of the EGFR gene in one of them and
hemizygosity for the TCRG gene in the other. Recent studies suggest that
the GLI3 gene is likely to be responsible for GCPS [Vortkamp et al.,1991].
However, no deletions or rearrangements were detected with EGFR, GLI3
and TCRG probes in the acrocallosal cases under investigation. The results
of the linkage study suggest that the acrocallosal syndrome does not map to
the same region as GCPS. Even on the most conservative estimates the
chance of a double crossover between PI 37 and EGFR Is less than 1 in
100. This provides evidence that the acrocallosal and Greig syndromes are
neither allelic mutations nor represent different size contiguous deletions of
the same area.

4.6.

Other C

o n s id e r a t io n s

Schinzel and Kaufmann [1986] pointed out that the combination of
agenesis of the corpus callosum and pre- or postaxial polydactyly seen in
the acrocallosal syndrome is also found In the Finnish hydrolethalus
syndrome. Indeed they raised the question of whether the latter condition
might be a lethal allele at the same locus as ACS. At present the
whereabouts of the gene responsible for the hydrolethalus syndrome
remains unknown. The proximal region of chromosome 7 should be
considered a candidate location, however if excluded, then It may be that
the hydrolethalus and acrocallosal syndromes are allelic disorders which
map elsewhere.
Recently, a child has been reported with the typical features of the
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acrocallosal syndrome and a de novo inverted tandem duplication of
chromosome 12p [Pfeiffer et al., 1992]; this therefore raises the possibility
that the gene responsible for this condition may in fact map to the short arm
of chromosome 12.
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Chapter 5
MOLECULAR GENETIC ANALYSIS OF 7P
DELETIONS WITH AND WITHOUT
CRANIOSYNOSTOSIS.

101

CHAPTER 5
MOLECULAR GENETIC ANALYSIS OF 7P DELETIONS
WITH AND WITHOUT CRANIOSYNOSTOSIS
5 .1 . I n t r o d u c t i o n

32 case of partial 7p monosomy have been reported previously, 14 of

^

A

which have been associated with craniosynostosis (see Fig.5.1, cases 1728 and d.f). Although there is considerable variation in the size and location
of the deleted segment, craniosynostosis appears to be consistently
associated with deletion of one of two specific and separate regions, either
deletion of part of band 7p21/proximal 7p22 [Dhadial and Smith, 1979;
Friedrich et al., 1975; Fryns et al., 1985; Garcia-Esquivel et al., 1986; Hinkel
et al., 1988; Kikkawa et al., 1993; McPherson et al., 1976; Motegi et al.,
1985; Schomig-Spingler et al., 1986; Wilson et al., 1973] or deletion of
7p13-p14 [Aughton et al., 1991; Hinkel et al., 1988]. Three interstitial
deletions of proximal 7p have been reported in association with the GCPS
phenotype (cases 1-3, Fig.5.1) [Pettigrew et al., 1991 ; Wagner et al., 1990].
Two further 7p deletion patients who have come to our attention, have been
included in Fig.5.1, one with CRS (case e) and the other with GCPS (case
a). Case a is described in detail in section 3.2.2.

2

Details of all 34 cases of 7p deletion are given In Fig.5.1.
Analysis of a panel of six cases of 7p deletion, 3 with
craniosynostosis, has been undertaken using informative DNA probes, in
order to characterise and define the extent of the deletions at the molecular
level.

5.2.

M a t e r i a l s AND M e t h o d s

5.2.1. Patient material
Six cases of 7p deletion were ascertained. Four of the patients have
been reported previously: cases d and f [Hinkel et al., 1988]; case b
[Crawfurd et al., 1979]; case c [Speleman et al., 1989]. Clinical and molecular
studies of case a have been described in detail in chapter 2. In cases
a,b,d,e,f blood samples were obtained from the probands and their parents
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but In case c parental samples were not available.
5.2.2. Chromosome analysis
Chromosome analysis (G banded) was performed in all the study
patients according to standard 72hr methotrexate synchronised culture
technique.

5.2.3. Molecular studies
The six 7p deletion cases were studied using 16 probes from
chromosome 7p by looking for deletions using restriction fragment length
polymorphisms. Details of the methods followed are given in section 3.2.1.2
and appendix. The chromosome 7p probes used and their regional
assignments are shown in Table 5.1. Evidence of gene dosage was
assessed by subjective scoring of band intensities.
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Legend to Fig.5.1.
7p deletions are grouped according to the presence or absence of CRS, literature reports to the left and
those from the present study to the right. Dashed lined indicate the extent of uncertainty of the position of
the breakpoints. CRS was not confirmed by radiography in case 26. The deletion shown for case f is the
revised deletion, whilst the deletion for case b has been narrowed to extend from 7p15-p21.2 (see text).
References: 1 & 2, Wagner et al, [1990]: 3, Pettigrew et al, [1991]; 4, Marks et al, [1985]; 5, Moedjono et al,
[1978]; 6 & 7, Blanchi et al, [1981]; 8, Muller et al, [1981]; 9, Grebe et al, [1992]; 10, Miller et al. [1979]; 11,
Nakagome et al, [1976]; 12, Baccichetti et al, [1982]; 13, Marçallo et al, [1977]; 14 & 26, Winsor et al,
[1978]; 15 & 28, Zackai and Breg, [1973]; 16, Baeteman et al, [1988]; 17, Aughton et al, [1991]; 18, Kikkawa
et al, [1993]; 19, Garcia-Esquivel et al, [1986]; 20, Motegi et al, [1985]; 21, McPherson et al, [1976]; 22,
Dhadial and Smith, [1979]; 23, Friedrich et al, [1975]; 24, Shomig-Spingler et al, [1986]; 25, Wilson et al,
[1973]; 27, Fryns et al, [1985]; a & e, present study; b, Crawfurd et al, [1979]; c, Speleman et al, [1989]; d &
f, Hinkel et al, [1988].

Table 5.1.
DN A probe

HGM

pHER-A64

symbol

Details of Probes Used In This Study
R eg io n al
assignm ent

Enzym e

P IC

R F L P size
(k b )

EGFR

7pl2-pl3

StuI;XbaI

0.36;0.26

20/13.7; 12/10

pE7

EGFR

7pl2-pl3

EcoRV

0,31
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CRI-R944
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7pl3

MspI

0.36
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7pl3
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7pl4-p21
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D7S10

7pl4-pter

Mspl

0.38

5.8/55
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D7S370

7pl4~pter

Mspl

0.36
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0.20;0.24

10.1/5.3;14./4.
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3.7/2.7A.0

pASpiCC7

ASSPll

7pl5-pter

HindfT;BglT

TS194

D7S150

7pl5-pter

Taq[

0.32

1.5/1.0

TM102L

D7S135

7pl5-pta:

Taÿ

0.37

12.0/8.5

MS31

D7S21

7p22

HM

0.99

VNTR 3.5-13

/o ^

5.3

R e s u lt s .

5.3.1. Clinical findings.
The clinical findings in the patients are summarised In Table 5.2.

5.3.2. Cytogenetic studies.
Of the six cases of 7p deletion studied, five were de novo (cases b-f)
and one interstitial 7p deletion resulted from the unbalanced product of a
balanced paternal insertional translocation (case a). The breakpoints are
shown in Table 5.1. Cases b and f, previously reported, have refined
breakpoints. Case f was originally reported to have a 7p13-7pter deletion
[Hinkel et al., 1988]; however, on reexamination it was found that the distal
breakpoint is either subterminal or in 7p22 and that the proximal breakpoint
is at p i 5 rather than p i 3 (A.Schinzel, unpublished observation). Recent
repeat cytogenetic analysis of case b has shown the patient to have a
deletion of 7p15-p21.2 (Fig.5.2), rather than 7p13-p21 as originally reported
[Crawfurd et al., 1979].

5.3.3. Molecular genetic analysis
The results of molecular genetic analysis in the study cases are
presented in Table 5.3. Probes pASpiCG7 (ASSP 11), G-80 (D7S373), pE7
(EGFR) and E f (GLI3) were not informative.
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Deleted segment
Case number
Sex
Psychomotor
retardation
Craniofacial findings
Craniosynostosis
Skull abnormality
Broad flat nasal br
Ptosis
Micropthalmia
Low set malf. ears
Digital anomalies
Fingers

Toes
Cardiac defect
Urogenital anomaly

Other

p l3 -> p l5
d
M

pl3
a

M

pl5->p21.2
b
M

pl5.1->p21
e
M

pl5->p22
f
F

+

+

Broad forehead
Prominent occiput

Plagiocephaly
Parietal foramina

Plagiocephaly

p22. l->pter
c
M
+

Plagioturricephaly
Parietal foramina
+
+

Broad thumbs
Postaxial polydactyly
L 3-4 syndactyly

Proximally placed thumbs

Bifid great toes
VSD,PDA,PA

Fallot tetralogy
Cryptorchidism
Pelvic malformation

Brachydactyly, esp.
thumbs

Mild camptodactyly

Proximally placed short
great toes

Small toes

Hypoplastic genitalia
Hypospadias
Rhizomelia
Midfrontal haemangioma

Clinodactyly
Drumstick-like fingertips
Brachydactyly
Proximally placed thumbs
Proximally placed thumbs 2,3 overlap

Hydronephrosis
Renal pelvis malformation Reflux
Pelvic malformation
Immunodeficiency
Choanal stenosis

Table 5.2. Comparative clinical findings in the study patients with 7p deletions.
(+) present; (-) not present; (VSD) ventricular septal defect; (PDA) patent ductus arteriosus; (PA) pulmonary atresia

Fallot tetralogy
Hypoplastic genitalia

Midfrontal haemangioma

del(7) (p21-2 pl 5)

Fig.5.2. Partial karyotype of case b with the deleted 7 on the right and the
normal on the left. Lines and arrows denote the breakpoints of the
interstitial deletion.

T a b l e 5.3. M o l e c u l a r F i n d i n g s f o r S ix 7p D e l e t i o n P a t ie n t s

p l3 -p l5
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p l3

Case No.

a

d

GCPS

+

CRS
DNA probe
pHER-A64
(EGFR)
pl2-pl3
CRI-R944
(D7S69)
pl3
CRI-P137
(D7S65)
pl3
HOX1.4
(D7S441)
pl4-pl5
pVIlSPRS
(TCRG)
.pl4-pl5
G98
(D7S410)
pl4-p21
pBeta2.15

pl5-p21.2
b

pl5.1-p21

pl5-p22

p22.1-pter

e

f

c

+

+

-

0

+

+

0

/

+

0

+

+

/

+

+

+

0

0

/

0

0

0

4-

0

+

+

4-

+

+

+

/

+

+

+

0

+

/

0

0

0

0

+

0

0

0

0

0

+

0

0

0

0/?-

+

0

0

0/?-

0

+

0

0

0/?-

+

+

+

0/?-

+

(IL6)

pl4-21
PJ511
(D7S10)
pl4-pter
pRMU7.4
(D7S370)
pl4-pter
TS194
(D7S150)
(pl5-pter)
TM102L
(D7S135)
pl5-pter
MS31
(D7S21)
p22

+

/

+

+

+

CRS craniosynostosis; (*) altered restriction fragment; (0) not informative; (0/?) uninformative but
possibly hemizygous on dosage analysis; (+) heterozygous; (-) deleted; ( / ) not done

5 .4 .

D is c u s s io n

There is at least one putative CRS locus on 7p [Tsui and Farrall,
1991], in the region 7p21. There may be a second more proximal locus in
the vicinity of 7p13-p14 [Aughton et al., 1991 ; Hinkel et al., 1988]. The two
cases (cases e and f) with CRS possibly involving the putative distal CRS
locus are deleted for pBeta2.15 (IL6) and TM102L (D7S135), respectively
(figs.5.3 and 5.4a). Both deletions are of paternal origin. The homeobox
probe Hox 1.4 (D7S441) was clearly shown to be heterozygous in case e,
thus excluding Hoxi .4 as a potential candidate gene for CRS in that case.
As case f is heterozygous for MS31 (D7S21), which maps terminally in 7p22
[Tsui and Farrall, 1991] (fig. 5.4b), the deletion must be interstitial rather than
terminal. Case d (del 7p13-p15) with a putative deletion of the proximal

]

CRS locus, is not deleted for markers flanking the GCPS locus: CRI-R944
(D7S69) and CRI-P137 (D7S65). As CRS is an occasional finding in GCPS,
potentially the more proximal CRS and GCPS loci could have been
identical, but these results suggest that the two are distinct. Based on the
cytogenetic analysis the deletion in case d is most unlikely to extend distally
enough to involve the distal CRS locus and case d was shown to be
heterozygous for probe pJ5.11 (D7S10) which maps in the 7p21 region.
Cases b (del 7p15-p21.2) and c (del 7p22.1-pter) do not have CRS and
case c is heterozygous for the probes shown to be deleted in CRS cases e
and f, (Fig.5.5); therefore the distal CRS locus is most likely to be at 7p21.2
or 7p21.3.
The results of molecular analysis of case a with GCPS and a 7p13
deletion have shown that CR1-944 (D7S69) is deleted and pHERA64
(EGFR) appears either to have a rare RFLP or to be partially deleted or
disrupted, while CRI-137 (D7S65) and pVIISPRS (TCRG) are intact.
This study has enabled the position of 3 probes to be further refined:

(1)pJ5.11

(D7S10)

Previously mapped to 7p14-pter, pJ5.11 does not appear to map proximal to
7p15 as case d (del 7p13-p15) is heterozygous for this probe.

(2)TM102L

(D7S135)

Previously mapped to 7p15-pter, TM102L does not map distal to 7p22, as
case f (del 7p15-p22) Is deleted for this probe and heterozygous for MS31
(D7S21), (7p22) whilst case c (del 7p22.1-pter) is clearly heterozygous for
111

TM102L
(3) CRI-PI 37

(D7S65)

CRI-R944 (D7S69) and CRI-P137 (D7S65), assigned to 7p13, have
previously been shown to be tightly linked (0 cM apart) [Donls-Keller et al.,
1987] and to flank the GCPS translocatlon breakpoint [Drabkin et al., 1989].
However, case a (del 7p13) is deleted for CRI-R944 (D7S69) but
heterozygous for CRI-P137 (D7S65), Indicating that CRI-R944 (D7S69) Is
located at 7p13, whereas CRI-P137 (D7S65) may map distally In proximal
7p14.
TCRG appears to be heterozygous In all the cases examined. This
makes It difficult to Infer its location, but It Is possible that It may lie In 7p15,
as cases a,d & e could well not overlap In this region.
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Fig. 5.3. Southern blot of Msp1 digested DNA from case e,
showing loss of the paternal 4.0kb allele and presence of the
7.5kb polymorphic band with probe pBeta 2.15 (IL6)
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Fig.5.4.a) Southern blot of Taq1 digested DNA from case f,
showing loss of the paternal 8.5kb allele and presence of the
12.0kb polymorphic band with probe TM102L b) Heterozygosity
is maintained in the patient when Taq1 digested DNA is probed
with MS31 (D7S21) as both the 5.0 and 4.0 kb polymorphic
bands are present.
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Fig.5.5. Southern blots of (a) Msp1 and (b) Taq1 digested DNA from
case c. Heterozygosity (a) with probe pBeta2.15 (IL6) resulting in
polymorphic bands at 2.5, 4.0 and 7.5 kb; and (b) with probe TM102L
(D7S135) resulting in polymorphic bands at 8.5 and 12.0 kb.

Part II THE ACROCEPHALOSYNDACTYLIES

Chapter 6
CLINICAL ASPECTS OF THE
ACROCEPHALOSYNDACTYLY (ACS)
SYNDROMES.
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CHAPTER 6
CLINICAL ASPECTS OF THE
ACROCEPHALOSYNDACTYLY (ACS) SYNDROMES.
6 .1 . I n t r o d u c t i o n

The acrocephalosyndactylies comprise a clinically similar group
among the autosomal dominant craniosynostosis syndromes which are
characterised by coronal craniosynostosis in association with distal limb
anomalies particularly syndactyly.
The association between acrocephaly and syndactyly has generally
been appreciated since 1906 when Apert reported 9 cases, 8 discovered in
the literature and 1 described from personal experience [Apert, 1906). He
believed the pattern of malformations constituted a distinct entity and
introduced the term acrocephalosyndactylism to describe the disorder. Park
and Powers [1920], subsequently published a comprehensive study of 29
cases of acrocephalosyndactyly.
in 1960 Blank reviewed the literature and concluded that all cases of
acrocephalosyndactyly could be classified into two groups, typical and
atypical forms [Blank, I960). The typical form is Apert Syndrome, the
hallmark of which is interdigital osseous fusion of the distal phalanges with
complete syndactyly. The second group, atypical non-Apert
acrocephalosyndactyly, was thought to comprise a genetically
heterogeneous collection of disorders.
Since then clear delineation of the various types of
acrocephalosyndactyly has remained difficult because of the considerable
overlap in features between types, inter and intra familial variability and the
small numbers of affected individuals in most of the reported families.
The classification of the acrocephalosyndactylies has been
repeatedly revised in recent years. The following conditions are currently
considered separate entities [McKusick, 1992):

ACS I,
Apert Syndrome
(McKusick No
ACS n i, Saethre-Chotzen Syndrome
(McKusick N o
ACS V, Pfeiffer Syndrome
(McKusick No
Acrocephalosyndactyly, Robinow -Sorauf type
(McKusick No
Jackson-Weiss Syndrome,
(McKusick No
(Craniosynostosis, mid-facial hypoplasia and foot abnormalities)

10120);
10140);
10160);
18075);
12315)
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All of these proposed entities share many major features in common and
diagnostic dilemmas continue to arise, single cases being particularly
difficult to classify. Some authors, including Cohen [1986], do not consider
Robinow-Sorauf type acrocephalosyndactyly to be a distinct entity, but
suggest it is a manifestation of the Saethre-Chotzen Syndrome. Thus the
nosology of the acrocephalosyndactylies continues to be debated and the
present classification may not be the final one.
Acrocephalopolysyndactyly (ACPS) differs from
acrocephalosyndactyly (ACS) in the presence of polysyndactyly as an
additional feature. Goodman Syndrome and the Summitt Syndrome,
previously classified with the acrocephalosyndactylies are now considered
variants of the Carpenter Syndrome (ACPS type II).
A number of disorders including Waardenburg type ACS (previously
ACSIV) and Noack Syndrome (ACPSI), originally considered distinct
nosological entities, have now been encompassed within other diagnoses.
Waardenburg acrocephalosyndactyly [Waardenburg, 1934] has now been
recognised to represent the Saethre-Chotzen Syndrome and the family
reported by Noack [Noack, 1959] is generally accepted as a further example
of the Pfeiffer Syndrome and therefore type I acrocephalopolysyndactyly
(Noack Syndrome) and Type IV acrocephalosyndactyly appear to be
spurious entities.
6 .2. T h e S a e t h r e - C

hotzen

S

yndrome.

6.2.1. Introduction and genetics
The Saethre-Chotzen syndrome appears to be relatively common
among the craniosynostosis syndromes. The condition was first recognised
by Saethre in 1931. He described a hereditary disorder in a mother and two
children consisting of craniosynostosis, low frontal hairline, facial
asymmetry, deviation of the nasal septum, vertebral anomalies,
brachydactyly, 5th finger clinodactyly and syndactyly of the 2nd and 3rd
fingers and 2nd, 3rd and 4th toes [Saethre, 1931]. The following year
Chotzen found identical malformations in a father and 2 sons [Chotzen,
1932]. Many authors have subsequently reported affected families
[Bartsocas et al., 1970; Blanchi et al., 1985; Escobar et al., 1977; Evans et
al., 1976; Francke et al., 1977; Friedman et al., 1977; Kreiborg et al., 1972;
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Kopysc et al., 1980; Niemann-Seyde et al., 1991 ; Pantke et al., 1975;
Pruzansky et al., 1975]. The most comprehensive review of this condition
was presented by Olaf Pantke et al., in 1975 who reported 6 affected
families in detail. Table 6.1. summarises the clinical findings in Pantke's
cases [Pantke et al., 1975].
Autosomal dominant inheritance with a wide range of expressivity
and high, but incomplete penetrance, is evident. Marini et al., 11991]
presented a family illustrating the mild and easily missed expression of the
gene in a parent.
The striking pattern of anomalies first described by Saethre and
Chotzen has been the subject of much confusion and frequently cases have
originally been erroneously diagnosed. Many unrecognised cases can be
found in the literature including [Aase and Smith, 1970; Kemohan et al.,
1970; Naveh and Friedman, 1976; Kurczynski and Casperson, 1988].
Many of the clinical features in Saethre-Chotzen syndrome may be found in
other craniosynostosis syndromes but the overall pattern of anomalies is
distinctive and includes a high incidence of ptosis, tear duct anomalies and
low set frontal hairline. Other helpful diagnostic features include palpable
parietal foramina, abnormalities of the maxillary lateral incisors and small
ears with prominent crura. However, Saethre-Chotzen syndrome continues
to be confused with other conditions, in particular Pfeiffer syndrome and
simple craniosynostosis, single cases sometimes being particularly difficult
to classify.
It is likely that many cases of Saethre-Chotzen syndrome with
relatively mild involvement are never diagnosed because of lack of serious
medical complications and cosmetic problems. Certainly craniosynostosis is
not invariably present.

6.2.2. Clinical features
B.2.2.1.

C ra n io fa c ia l

There is often acrobrachycephaly with decreased fronto-occipital and
increased bitemporal and vertical diameters of the head. The head
circumference may be somewhat reduced and coronal craniosynostosis is a
common but not mandatory feature; Pantke et al., [1975] reported
craniosynostosis and/or microcephaly in 90% cases. Asymmetric
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Table 6.1 Clinical Findings in the Saethre Chotzen Syndrome
Clinical Findings

Pantke 1975
% cases

Craniofacial Features
Craniosynostosis / Microcephaly
Deviation Nasal Septum
Low-set Frontal Hairline
Ptosis
Tear Duct Stenosis
Loss FN Angle/Beaked Nose
Strabismus
Ear Anomalies
Facial Asymmetry
High Palate

75+
75+
75+
75+
50-75
50-75
50-75
50-75
25-50
25-50

Hands and Feet
Brachydactyly
Soft Tissue Syndactyly (F)
(H )
Hallux Valgus

50-75
50-75
0-25
0-25

involvement of the coronal sutures may result in marked craniofacial
asymmetry (Fig.6.1). The occurrence of large parietal foramina has been
reported repeatedly in Saethre-Chotzen syndrome. The frontal hairline
tends to be low (Fig.6.2). In profile there is a characteristic appearance in
many cases with a flat receding forehead and striking loss of the frontonasal
angle (Fig.6.3). The nose may be beaked and the nasal septum deviated.
Mild maxillary hypoplasia with relative mandibular prognathism may be
evident.
Ocular hypertelorism has been reported but dystopia canthorum is
generally more common. Unilateral or bilateral ptosis (Fig.6.4) and/or tear
duct stenosis occur quite frequently and are particularly helpful diagnostic
features. Other ocular abnormalities include strabismus and refractive
errors, often myopia.
The ears are often small and round, they may be low set or posteriorly
rotated in some instances. The prominence of the ear crus has been
highlighted previously but is seen in only a moderate proportion of affected
individuals (Fig.6.5). Occasionally there is significant hearing impairment.

6.2.2 2. Oral Anomalies
Intraoral findings include highly arched palate occasionally cleft,
abnormal maxillary lateral incisors (missing, anomalous or peg-shaped),
malocclusion and supernumerary teeth [Kopysc et al., 1980; Kreiborg et
al.,1972; Pantke et al., 1975].

G.2.2.3. Central Nervous System
Mild to moderate mental retardation has occasionally been reported
[Bartsocas et al., 1970; Blanchi et al., 1985; Chotzen, 1932; Kopysc et al.,
1980; Niemann-Seyde et al., 1991; Pantke et al., 1975; Pfeiffer, 1969] but in
most cases intelligence is normal [Pantke et al., 1975]. Seizures have been
recorded by several authors [Bartsocas et al., 1970; Blanchi et al., 1985;
Chotzen, 1932; Kopysc et al., 1980]. Schizophrenia was the presenting
complaint in the case reported by Saethre [1932] and ventricular dilatation
has been described in one patient [Bartsocas et al., 1970].
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«

Fig.6.1. Saethre-Chotzen syndrome. Characteristic facial appearance:
note craniofacial asymmetry.
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Fig.6.2. Saethre-Chotzen syndrome. Craniofacial findings.
Note low frontal hairline.

ÉÉil
Fig.6.3. Saethre-Chotzen syndrome. Craniofacial findings.
Note receding forehead and flattened frontonasal angle.
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Fig.6.4. Saethre-Chotzen syndrome. Characteristic facial appearance.
Note ptosis which is a common finding in this condition.

Fig.6.5. Saethre-Chotzen syndrome. Note prominent ear crus.
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G.2.2.4. Limb Anomalies
The limb anomalies are extremely variable [Pantke et al., 1975].
Partial cutaneous syndactyly of the 2nd and 3rd fingers (Fig.6.6.) and 2nd,
3rd and 4th toes is common (Fig.6.7.). The thumbs are occasionally finger
like but more often have broad, flattened distal phalanges (Fig.6.8.). Other
features include brachydactyly, clinodactyly and simian or transitional
palmar creases. Hallux valgus is frequent, the great toes may be broad with
flattened (stubby) distal phalanges (Fig.6.9.). Occasional findings have
Included 4-5 syndactyly of the toes, overlapping toes, hypoplastic digits and
limitation of movement at the elbow.

6.2.25. Radiographic Manifestations
Radiographs of the skull frequently demonstrate coronal
craniosynostosis, often with asymmetrical involvement, producing
plagiocephaly and deviation of the nasal septum. Large parietal foramina
(Fig.6.10.) and large, late closing fontanelles have been described
[Friedman et al., 1977; Pantke et al., 1975; Thompson el al.,1984; Young
and Swift, 1985] and enlargement of the sella turcica occasionally recorded.
Cephalometric analysis has demonstrated abnormalities of the cranial base
[Evans et al., 1976]. Other occasional findings Include short hypoplastic
clavicles [Friedman et al., 1977; Kreiborg et al., 1972], radioulnar synostosis
[Bartsocas et al , 1970], shortened 4th metacarpals [Aase and Smith, 1970]
and spinal anomalies [Chotzen, 1932; Pantke et al., 1975; Saethre, 1931].
Abnormalities of the distal phalanges of the thumbs and great toes have
been noted. Metacarpophalangeal profiles have been shown to be unusual
in the acrocephalosyndactylies and are considered by some to be useful in
detection of the gene carriers although discrimination between SaethreChotzen and Pfeiffer syndromes is not possible [Escobar and Bixler, 1977a].

125

Fig 6.6. Saethre-Chotzen Syndrome. Typical hand anomalies. Note partial
cutaneous 2-3 syndactyly.

Fig.6.7. Saethre-Chotzen Syndrome. Typical foot abnormalities.
Note partial cutaneous syndactyly of toes 2,3,(4).
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Fig.6.8. Saethre-Chotzen Syndrome. Typical hand abnormalities.
Note unusual thumbs with broad flattened distal phalanges.

Fig.6.9. Saethre-Chotzen Syndrome. Typical feet. Note hallux valgus. The
great toes are often broad with stubby distal phalanges.
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Fig.6.10. Saethre-Chotzen syndrome. Skull radiograph showing
parietal foramina.
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6.2.2.6. Other Clinical Features
Mild shortness of stature Is occasionally observed [Saethre, 1931 ;
Kreiborg et al., 1972]. Other findings include cryptorchidism [Bartsocas et al.,
1970; Chotzen, 1932], renal anomalies [Bartsocas et al., 1970] and
congenital heart defects [Aase and Smith, 1970]. Escobar et al., [1977]
reported a case of Saethre-Chotzen syndrome in association with
congenital adrenal hyperplasia. One case of renal tubular dysgenesis has
been documented in a family with the Saethre-Chotzen syndrome [Russo et
al., 1991], The concurrence of Saethre-Chotzeri syndrprne arid malignancy
has been observed in one family with in vitro immune dysfunction [McKeen
et al., 1984]. Recurrent infections have been reported in a few cases
[Bartsocas et al., 1970; Blanchi et al., 1985; Etzioni et al., 1990] and a
neutrophil chemotactic defect has been demonstrated in one case [Etzioni
etal., 1990].

6.3. T h e R o b i n o w - S o r a u f S y n d r o m e
The Robinow-Sorauf syndrome was proposed as a distinct entity by
Carter et al., [1982]. The affected patients were described as having
Saethre-Chotzen like facies and bilaterally broad big toes owing to partial or
complete duplication of the distal phalanx [Carter et al., 1982]. They
suggested the condition be called the Robinow-Sorauf syndrome in
recognition of the priority of description by those authors [Robinow and
Sorauf, 1976]. Young and Harper [1982] reported a family with an unusual
form of acrocephalosyndactyly and concluded that the most likely diagnosis
was of the Robinow-Sorauf syndrome. The syndrome was considered
distinct from Pfeiffer syndrome, in which the facies are more Crouzon-like
and in which the proximal phalanges of the great toe and thumbs are
usually abnormal. Some authors do not consider Robinow-Sorauf type
acrocephalosyndactyly to be a distinct entity, but rather to represent the
Saethre-Chotzen syndrome [Cohen, 1986; Legius et al.,1989]. Certainly the
foot abnormalities described as characteristic of the Robinow-Sorauf
syndrome have also been seen in a small number of individuals from
classical Saethre-Chotzen pedigrees in the literature [Kopysc et al., 1980;
Pruzansky et al., 1975].
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6.4. P f e i f f e r S y n d r o m e

6.4.1. Introduction and Genetic Aspects
This syndrome, consisting of craniosynostosis, broad thumbs and
broad great toes, together with variable partial soft tissue syndactyly of the
hands and feet was first described by Pfeiffer [1964]. The original family
comprised 8 affected individuals from 3 generations with 2 instances of
male-to-male transmission, suggesting autosomal dominant inheritance.
The most striking features were the extremely broad, short, varus thumbs
and great toes. Pfeiffer considered that this condition could represent a mild
form of Apert syndrome and he postulated that an allelic mutant gene might
account for the differences between Apert syndrome and Pfeiffer syndrome.
A small number of other familial examples have been reported since
then [Baraitser et al., 1980; Bukhanovski and Kitian, 1983; Manouvrier-Hanu
et al., 1989; Martsolf et al., 1971 ; Pfeiffer, 1969 cases 3 and 5; Saldino et al.,
1972; Zippel and Schuler, 1969]. The condition is clearly inherited in an
autosomal dominant fashion, penetrance appears complete and
expressivity variable. 2 further families have been reported as examples of
Pfeiffer syndrome but it is difficult to determine a precise diagnosis from the
information provided, the necessary details being incomplete [Vanek and
Losan, 1982]. More than a dozen sporadic cases have also been recorded
[Asnes and Morehead, 1969; Cohen, 1975; Cremers, 1981 ; Fehlow and
Walther, 1987; Lanteri etal., 1985; Manns and Bopp,1965; Muenke et al.,
1992; Van Dyke et al., 1983]. Advanced paternal age has been established
as a factor in producing new mutations for Apert syndrome, but whether this
is also the case for Pfeiffer syndrome remains unclear. Some cases of
Pfeiffer syndrome have been erroneously diagnosed, for example the report
by Manns and Bopp, [1965] of a 49 year old man with Crouzon syndrome
and digital anomalies probably represents a case of Pfeiffer syndrome.
Pfeiffer syndrome may occasionally be confused with the Saethre-Chotzen
syndrome [Naveh and Friedman, 1976].
Classically Pfeiffer syndrome is associated with both broad thumbs
and broad great toes. The family described by Sanchez and NegrottI, [1981]
is interesting as the proband, a 3 year old girl, has classical Pfeiffer
syndrome but her mother, who has craniofacial anomalies consistent with
those described in Pfeiffer syndrome, has normal hands and feet. In the light
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of this paper it seems that neither broad thumbs or broad great toes are
mandatory in all cases of this condition. Rasmussen and Frias, [1988]
described a girl with Pfeiffer syndrome whose mother was found to have an
abnormal right thumb and mild mid-face hypoplasia.The proband’s mother
was considered minimally affected and it has been suggested that she
might be a mosaic. Cohen, [1993] however, considers the diagnosis of
Pfeiffer syndrome questionable in this family.
Muenke et al., [1992] reported a patient with Pfeiffer syndrome and a
balanced chromosome translocation t (2;5)(p13;q13). The father also
carried the same translocation but was phenotypically normal.

6.4.2. Pfeiffer Syndrome: Clinicai Subtypes
Recently, on the basis of clinical features, Cohen, [1993a] delineated
three clinical subtypes of Pfeiffer syndrome. Type 1 or Classical Pfeiffer
syndrome combines craniosynostosis, broad thumbs and great toes,
variable degrees of partial syndactyly of the hands and feet and
normal/near normal intelligence. Familial cases have been described. In
type 2 broad thumbs and great toes occur with cloverleaf skull, severe
ocular proptosis, CNS anomalies, ankylosis of the elbows and other
anomalies. All known cases have been sporadic to date. Type 3 is similar to
type 2 in that both have broad thumbs and great toes and elbow ankylosis,
but differs from type 2 in that cloverleaf skull is lacking. Severe
developmental and growth retardation are hallmarks of types 2 and 3 and
the outlook in both is poor with early demise, commonly during the first year
of life.

6.4.3. Classical Pfeiffer Svndrome fTvpe 1): Clinical Features
6.4.3.1. Craniofacial
The skull is turribrachycephalic with a broad high forehead and flat
occiput [Cohen, 1975]. Maxillary hypoplasia with relative mandibular
prognathism is observed. The nasal bridge is depressed and the nose may
be beaked. Ocular hypertelorism, mild proptosis, downslanting palpebral
fissures and strabismus are frequent [Cohen, 1975; Martsolf et al., 1971;
Saldino et al., 1972]. There is usually little craniofacial asymmetry.
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6.4.3.2. Intraoral Findings
The palate is often highly arched. Malocclusion and crowded teeth
are common [Cohen, 1975].

6.4.3.3. Central Nervous System
Generally intelligence is normal [Asnes and Morehead, 1969;
Martsolf et al.,1971 ; Pfeiffer, 1964] but mental retardation has occasionally
been observed [Cohen, 1975]. Seizures and hydrocephalus have been
noted [Saldino et al., 1972].

6.4.3 4. Hands and Feet
The thumbs and great toes are broad, sometimes short, usually with
varus deformity [Pfeiffer, 1964]. Partial soft tissue syndactyly of digits 2,3,(+/4) of both the hands and feet is common [Cohen, 1975; Pfeiffer, 1964] and
cutaneous syndactyly of toes 1 and 2 has also been recorded [Asnes and
Morehead, 1969; Cohen, 1975]. Clinodactyly may occur.

6.4.3.5. Radiographic Manifestations
These are mentioned in several papers but described in particular
detail by Saldino et al., [1972]. Coronal craniosynostosis leads to the typical
changes of acrocephaly. Other craniofacial findings include maxillary
hypoplasia, shallow orbits and depressed nasal bridge. The proximal
phalanges of both the thumbs and great toes are characteristically triangular
or trapezoid so giving rise to the varus deformity. The middle phalanges are
usually small and sometimes may be completely absent. The first
metatarsals are broad and there may be partial}/duplication in some
instances [Cohen, 1975; Martsolf et al., 1971; Pfeiffer, 1964]. Double
ossification centres in the proximal phalanx of the hallux and accessory
epiphyses in the 1st and 2nd metatarsals have been observed.
Symphalangism of both hands and feet may occur, commonly with fusion of
the interphalangeal joints of the thumb and great toe. Coalition of the tarsal
bones has been reported and other occasional abnormalities include
fusions of the cervical and lumbar spine, radiohumeral synostosis and
hypoplasia of the elbow and shoulder joints.
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6.4.3.6. Other Findings
These including pyloric stenosis, hearing loss, preauricular tag.

6.4.4. Type 2: Pfeiffer Svndrome with the Kleeblaltshadel
(Cloverleaf Skull) Anomaly
The Kleeblattshadel or cloverleaf skull anomaly is characterised by a
trilobed configuration of the skull with craniosynostosis often involving the
coronal, sagittal and lambdoidal sutures. Severe exophthalmos and marked
midface hypoplasia are common. It has been recognised as an anomaly
that can occur in a variety of different syndromes Including Thanatophoric
dysplasia, Apert syndrome, Crouzon disease. Carpenter syndrome and
Pfeiffer syndrome [Cohen, 1979]. To date, all cases of Pfeiffer syndrome with
cloverleaf skull have been sporadic, i.e. appear to represent new dominant
mutations. However, it remains important to examine the parents of such an
affected child very carefully for minor manifestations of Pfeiffer syndrome.
Patients affected to this degree appear to comprise a clinically distinct group
[Cohen, 1993], providing evidence of heterogeneity within Pfeiffer
syndrome. The overall prognosis of cases with cloverleaf skull is poor and
developmental delay is usually marked in contrast to classical Pfeiffer
syndrome which is generally associated with normal intelligence and a
good long term outlook.

6.4.5. Type 3 Pfeiffer svndrome
Type 3 Pfeiffer syndrome is similar to type 2 but without cloverleaf
skull. Ocular proptosis is severe and the anterior cranial base is markedly
short. All cases to date have occurred sporadically. The outlook for the
patients is very poor.

6.4.6. Pfeiffer Syndrome: Differential Diagnosis
The differential diagnosis includes Apert syndrome, Crouzon
syndrome, Saethre-Chotzen syndrome, simple craniosynostosis and the
Jackson-Weiss syndrome.
Close phenotypic similarity has been observed between Pfeiffer
syndrome and Apert-type acrocephalosyndactyly, however, at present it
seems likely that the two conditions are distinct entities as no transition from
Pfeiffer syndrome to Apert syndrome or vice versa has been observed within
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families despite variability in expression. However, Pfeiffer [1964] postulated
that allelic mutations at the same locus could possibly account for the
differences between them.
Noack [1959], reported a 43 year old man and his daughter both of whom
had acrocephaly and polysyndactyly with enlarged thumbs and great toes.
The disorder was designated as acrocephalopolysyndactyly (ACPS) type I.
Follow up of the kindred by Pfeiffer [1969] indicated that this was in fact the
same as Pfeiffer syndrome.
Baraitser et al., [1980] reported a family considered to have Pfeiffer
syndrome. The proband had craniosynostosis, broad great toes and
syndactyly, whereas 8 individuals in 3 previous generations exhibited the
digital anomalies but no cranial manifestations. The thumb abnormalities
were subtle and Cohen [1986] suggested that this family represents an
example of the Jackson-Weiss syndrome and not Pfeiffer syndrome.
There is considerable phenotypic overlap between Pfeiffer syndrome
and the Jackson-Weiss syndrome and there has been much debate as to
whether the two conditions are truly distinct entities. This is discussed in
detail in the section below on the Jackson-Weiss syndrome.
6 .5 . A p e r t S

yndrome

The cardinal features of Apert syndrome are the association of
acrocephaly (due to mainly coronal craniosynostosis) and a specific
symmetrical form of complete syndactyly involving the 2nd to 5th digits of all
four limbs with typical mid-digital masses - “mitten hands and sock feet". The
facies is characterised by a steep, flat forehead, depressed nasal bridge,
maxillary hypoplasia and relative mandibular prognathism [Apert, 1906;
Park and Powers, 1920]. Congenital heart defects are found in
approximately 10% of Apert syndrome patients and genitourinary anomalies
also occur with significant frequency (9.6%) [Cohen and Kreiborg, 1993].
In Apert syndrome there is dysplasia of the proximal phalanx of the
thumb which acquires a triangular or trapezoid shape before being fused
with the terminal phalanx giving rise to the varus deformity. Preaxial
polydactyly has occasionally been reported [Lefort et al., 1992]. Similar
abnormalities of the proximal phalanx of the thumb and great toe are seen
in Pfeiffer syndrome. Acrocephalosyndactyly type I (Apert syndrome) differs
primarily from ACS V (Pfeiffer syndrome) by the presence of complete
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syndactyly of the hands and feet with radiological evidence of interdigital
osseous bridges.
Most cases of Apert syndrome occur sporadically and as there
appears to be an association with increased paternal age [Blank, 1960;
Erikson, 1974] it has been suggested that the sporadic cases represent new
dominant mutations. To date 10 familial instances have been recorded
[Cohen and Kreiborg, 1991]. All pedigrees have had affected individuals in
two generations except for the family reported by Allanson, [1986], with
affected sisters born to normal parerits, which is considered to represent an ,
example of germinal mosaicism. Germinal mosaicism has been observed in
other conditions including Crouzon disease. The finding of mostly sporadic
cases with very few familial Instances suggests that a chromosome
microdeletion may be responsible for Apert syndrome.

6 .6 . J a c k s o n - W

e is s

S

yndrome

Jackson and Weiss, [1976] reported 88 individuals with
acrocephalosyndactyly in a large Amish kindred. Enlarged great toes and
craniofacial abnormalities suggested Pfeiffer syndrome; however thumb
abnormalities were not present. They observed considerable phenotypic
variation and felt that the entire spectrum of dominantly inherited
craniofacial dysostoses and acrocephalosyndactylies, except for Apert
syndrome, was represented. All of those affected had clinical or radiological
abnormalities of the feet but enlargement of the thumb did not occur.
Minimal manifestations comprised broad first metatarsals and fused tarsal
bones. Several affected members of the family had normal facies. Others
had a Crouzon-like appearance but with radiographic changes in the feet
similar to those described in Pfeiffer syndrome. However, none of those
affected had Pfeiffer-like thumbs.
Escobar and Bixler [1977b] reported a family which showed great
similarity to the Jackson-Weiss kindred with phenotypic features varying
from Saethre-Chotzen-like, Pfeiffer-like to Crouzon-like, but in addition
encompassing the Apert phenotype. Individuals had no evidence of foot
abnormalities on radiography. At present these families are listed in the
same entry in McKusick’s Catalogue but it is possible that the 2 conditions
are not identical. Cohen, [1986] suggested that the family reported by
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Baraitser et al.,[1980] as an example of Pfeiffer syndrome represents the
Jackson-Weiss syndrome as none of the affected individuals over 4
generations had true Pfeiffer-like thumbs. (This dilemma is resolved in
chapter 9).
6 .7 . C

rouzon

C

r a n io f a c ia l

D

y s o s t o s is

(C F D )

CFD is characterised by craniosynostosis with frontal bossing,
shallow orbits and ocular proptosis, parrot-beaked nose, maxillary
hypoplasia and mandibular prognathism. Inheritance is autosomal
dominant with virtually complete penetrance and variable expressivity. The
hands and feet are generally normal in CFD and it is the absence of digital
anomalies that distinguishes this condition from the acrocephalosyndactyly
syndromes. However, a number of authors including Jackson and Weiss
[1976] and Escobar and Bixler [1977b] have reported individuals with
Crouzon-like facies within acrocephalosyndactyly pedigrees.
6 .8 . D i s t i n g u i s h i n g

features

Table 6.2 shows the salient features of 4 of the dominant
craniosynostosis syndromes (Saethre-Chotzen syndrome, Pfeiffer
syndrome, Jackson-Weiss syndrome and Crouzon syndrome), on the basis
of which these conditions are currently distinguished. The findings in
Robinow-Sorauf syndrome have been incorporated with those of the
Saethre-Chotzen syndrome, further evidence to support the proposal that
Robinow-Sorauf and Saethre-Chotzen syndromes in fact represent
expressions of one and the same disorder is presented in chapter 7.
From the table it can be seen that the degree of overlap remains
considerable between these different syndromes and precise clinical
identification is not clear-cut with diagnostic confusion continuing to occur.
6 .9 .

S ummary.

Most authors recognise Apert syndrome, Pfeiffer syndrome and
Saethre-Chotzen syndrome as distinct entities but there is still uncertainty
about the place of the Jackson Weiss syndrome (which shows considerable
overlap with both Crouzon craniofacial dysostosis and Pfeiffer syndrome)
and the Robinow-Sorauf syndrome (which closely resembles SaethreChotzen syndrome). Some have documented the presence of Apert, Pfeiffer
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and transitional syndromes in multiple generations of the same family and
suggest that the subdivisions within this group of disorders are spurious.
However, without doubt there are several large families with SaethreChotzen, Pfeiffer and Crouzon syndromes which breed true.
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Table 6.2.

Syndrome

Features distiguishing 4 (dominant craniosynostosis syndromes

CROUZON

SAETHRE-tCHOTZEN

PFEIFFER

JACKSON-WEISS

broad

high, flat/oblique

broad, prominent

broad, prominent

N

N

Features
Craniofacial
Forehead
Parietal foramina
Frontal Hairline
Ptosis
Proptosis
A bn. nasolacrimal duct
Hypertelorism

E is
Nose
Deviation nasal septum
Facial asymmetry
M axillary hypoplasia
Teeth

4-

low

N

4-

++

- k /-

4-4-

4-

4-

N
beaked

small, prominent crus
fla t FN A, beaked

N/low-set
depressed bridge, beaked

?
?

444-/-

44-44"

+ /-

4-

4-/4-

aplasia, abn.incisors

abn. incisors

N

N

N
N
subluxation head
radius/ankylosis

2-3
3-4
N/spatulate
N/broad, valgus
hypoplastic toes 2/3/4
clinodactyly

2-3
3-4
Broad, short, radial deyn.
broad, short, varus,
radiohumeral synostosis
ankylosis D IP joints
absence middle phalanges
toes

3-4(1)
2-3
N, not broad
broad, varus
preaxial polydactyly (1)
symphalangism
M T /navicular/cuneiform
fusion
broad, short M T

Limbs
Soft tissue syndactyly (H)

(F)
Thumbs
Great toes
Other

?

4-

(N) normal; (4-) present; (-) absent; (H) hands; (F) feet;

Chapter 7.
A CLINICAL STUDY OF THE NON-APERT
ACROCEPHALOSYNDACTYLY
SYNDROMES.
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Chapter 7.
A CLINICAL STUDY OF THE NON-APERT
ACROCEPHALOSYNDACTYLY SYNDROMES
This study was embarked upon with a view to accurately delineating
the subgroups of non-Apert acrocephalosyndactyly clinically using the
original descriptions of the various acrocephalosyndactyly syndromes as a
guide and to, define the degree of variability within the families seen............
A CLINICAL STUDY OF THE N O N -A p ERT ACROCEPHALOSYNDACTYLY
S

yndromes

IN E n g l a n d

and

W

ales

7.1 A p p r o a c h

In this study our approach has been to evaluate newly ascertained
cases of familial non-Apert acrocephalosyndactyly and to try and classify
them with reference to the features reported in the original descriptions of
the various ACS syndromes.
7 .2

Pa t ie n t A s c e r t a in m e n t

and

A ssessment

7.2.1. Patient Ascertainment
Familial cases of non-Apert acrocephalosyndactyly were identified by
multiple methods of ascertainment. Individuals in the original ascertainment
group included those with the following diagnoses:
a) Saethre-Chotzen syndrome, b) Robinow-Sorauf syndrome, c) Pfeiffertype acrocephalosyndactyly, d) Jackson-Weiss syndrome and e) familial
coronal craniosynostosis. Familial cases of coronal craniosynostosis were
included as unrecognised cases of acrocephalosyndactyly may exist in this
category: although familial cases of classical Crouzon syndrome were
excluded.
The main approaches used in ascertainment of cases were as
follows:
1) contacting consultant clinical geneticists in England and Wales.
2) contacting consultants in craniofacial surgery and reviewing the records
of patients treated for craniosynostosis at (i) the Radcliffe Infirmary, Oxford
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and (ii) the Hospital for Sick Children, Great Ormond Street
3) reviewing the case notes of patients identified through the genetic
registers at (i) the Institute of Child Health; (ii) the Institute of Medical
Genetics, the University Hospital of Wales; (iii) the Kennedy Galton Centre,
Northwick Park Hospital.
By this preliminary screening 52 individuals were found. The hospital
records were checked for details of other anomalies associated with
craniosynostosis and family history.
The families were approached by letter initially, with prior permission
from their GPs or hospital Consultants. A second request was sent to non
responders. Those who agreed to take part were assessed on a domiciliary
basis (by LB). All of the affected individuals initially ascertained were found
independently of the affected sibs or parents and thus are index cases in
this study.

7.2.2. Patient Assessment
During the domiciliary visit a full medical history was taken regarding
the index cases and relevant family members. The affected index cases and
all other available family members were clinically assessed (by LB). Further
visits were made to consenting first degree relatives resident elsewhere.
7 .3 . O u t c o m e

of

In it ia l A s c e r t a in m e n t

of

C

ases

Using the approaches described 52 cases were originally
ascertained who were reported to have a non-Apert acrocephalosyndactyly
or familial non-Crouzon coronal craniosynostosis. On review of the case
notes and photographs, one patient with normal parents and siblings
appeared to have an unknown multiple congenital anomaly syndrome with
associated craniosynostosis and so was excluded from the study group. Of
the 51 remaining 15 were considered to have Pfeiffer syndrome; 22
Saethre-Chotzen syndrome; 11 familial coronal craniosynostosis; 3
Robinow-Sorauf syndrome. 11 of these cases (6 Pfeiffer syndrome; 5
Saethre-Chotzen syndrome; 1 coronal craniosynostosis) were presumed to
be new mutations as there was no prior family history and both parents and
all siblings had been carefully examined by colleagues and found to be
clinically completely normal, therefore this group was not subject to further
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study. The familial history in the remaining cases was either positive or
uncertain. Permission to contact one individual was witheld. The remaining
39 were approached by letter. Of these 30 were willing to be seen; 3 could
not be traced owing to incorrect or new addresses; 4 did not reply and 2 of
the originally ascertained cases refused to take part in the study. The
remaining 30 individuals from 21 families (6 Pfeiffer; 10 Saethre-Chotzen; 1
Robinow-Sorauf; 4 familial coronal craniosynostosis) were studied in detail
and all available first degree relatives assessed. In total 170 family members
were seen and examined during the course of 38 domiciliary and 3 hospital
visits. 1 individual and his family were subsequently excluded from the main
study group, an alternative diagnosis having been made. In the remaining
20 families, 185 individuals had their status assigned, 165 by examination,
20 by report and photograph (8 deceased). 131 DNA samples were
collected.
In total 67 living affected individuals were identified, 64 of whom were
examined by LB and 3 had their status assigned by photograph. Of the 67
affected individuals in our sample, 30 of were male and 37 female, giving a
sex ratio of 1:1.2. A further 4 (3F:1 M) may have been minimally affected
gene carriers but this was by no means certain, therefore their status was
considered equivocal.

7.4. C l a s s i f i c a t i o n

of the

S tudy Fa m il ie s

The original diagnoses in the 21 families seen were as follows;

6 Pfeiffer syndrome
10 Saethre-Chotzen syndrome
1 Robinow-Sorauf syndrome
4 familial coronal craniosynostosis.
(1 Pfeiffer family were excluded as they clearly had synpolydactyly).
This series comprises the remaining 20 families which were reclassified as
follows:

15 Saethre-Chotzen syndrome
1
1
2
1

8 classical
7 Saethre-Chotzen-like

sporadic Pfeiffer syndrome
familial Pfeiffer/ Jackson-Weiss syndrome
familial coronal craniosynostosis, with Crouzon-like features
? other ? craniofrontonasal dysplasia

In the course of this study we have observed 15 families with Saethre142

Chotzen like features. In this group the original diagnosis had been
considered to be Pfeiffer syndrome in 3; Robinow-Sorauf syndrome in 1 and
familial coronal craniosynostosis in 2. Of these 15, 8 had classical SaethreChotzen syndrome whilst 7 had Saethre-Chotzen-like features although not
the classical phenotype. 1/7 had very Saethre-Chotzen like craniofacial
anomalies but no digital anomalies. Another 1/7 differed in that the family
had some Crouzon-like features. 4/7 tended to have large OFCs with very
broad foreheads rather than the borderline microcephaly with flat forehead
and low set frontal hairline commonly found in the Saethre-Chotzen
syndrome. Ptosis, lacrimal duct stenosis and parietal foramina are other
manifestations of classical Saethre-Chotzen syndrome that were not
observed in these 4 families. 1/4 also had atypical digital anomalies and
taurodont teeth. The remaining family in this group were Saethre-Chotzenlike without many of the typical features.
One case of Pfeiffer syndrome said to be familial, was on review
considered sporadic and found to have an almost cloverleaf type of skull
anomaly. 1 large Pfeiffer family was not classical and in some respects bore
a closer resemblance to the Jackson-Weiss pedigree than to Pfeiffer's
original family.
One highly consanguineous kindred was considered possibly to have
a recessive form of non-Apert acrocephalosyndactyly with some Crouzonlike features, although autosomal dominant inheritance could not completely
be excluded. One family with autosomal dominant coronal craniosynostosis
were classed as having atypical Crouzon craniofacial dysostosis/ a Crouzon
variant.
After detailed examination one case, originally considered to have the
Saethre-Chotzen syndrome, was removed from the main study group, her
features more closely resembling craniofrontonasal dysplasia than an
acrocephalosyndactyly.

7.5. S u m m a r y

of

C a s e A s c e r t a in m e n t

In total 67 affected individuals from 20 families have been
ascertained. A summary of the findings in each of our families is given in the
subsequent section. A noteworthy feature of this series is the high frequency
of Saethre-Chotzen syndrome, the number of families in this group being
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significantly greater than in the other categories. In contrast, familial
examples of classical Pfeiffer syndrome appear rare.
20 families have been observed during the course of this study and the
findings are presented in detail in the case report section below and the
diagnosis considered most appropriate in each family is discussed. This is
followed by a summary of the outcome of the clinical study and a
comparison of findings with those reported previously in the literature. The
problems in differential diagnosis and of identification of minimally
manifesting individuals are addressed in the discussion.
7 .6 .

Fa m il y R e p o r t s - P e d ig r e e s ^ C a s e H i s t o r i e s

and

C

l in ic a l

F in d in g s .

7.6.1. Family SC 1
The family pedigree is shown in Fig. 7.1.1 ; index cases 111.17
(PB240270) and III.1 (DB281062).
In 1982 Young and Harper reported their observations of 5
individuals from a family with "an unusual form of acrocephalosyndactyly",
showing autosomal dominant inheritance. 2 of the affected Individuals
described had partially duplicated halluces and the diagnosis considered
most likely was the Robinow-Sorauf syndrome [Young and Harper, 1982].
The opportunity arose to re-examine these individuals and a number of
additional family members as part of this study. Several affected individuals
seen did not have duplicated halluces and in fact had classical features of
Saethre-Chotzen syndrome supporting the suggestion that this family is an
example of Saethre-Chotzen syndrome with partial duplication of the distal
phalanges of the great toes [Cohen, 1986].
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Fig.7.1.1
Pedigree of
Family SCI
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Case Report
The proband, case 111.17 (PB 240270), aged 19 years, an apprentice
toolmaker, was asymptomatic and of normal intelligence. He had originally
been ascertained by colleagues (Young and Harper) over 10 years ago.
Review of early photographs had revealed an anomalous head shape with
marked frontal bossing and maxillary hypoplasia in infancy, the abnormal
features becoming less obvious with time.
Examination revealed a healthy young man of mild short stature with
brachycephaly, hypertelorism, a double crown and low set frontal hairline,
deviation of the nasal septum, a normal palate, small ears with prominent
crura, mild soft tissue syndactyly of the hands and feet and broad halluces,
the left hallux appearing partially bifid, (see Figs 7.1.2 ,7.1.3 & 7.1.4). He
reported excessive tearing from the right eye.
Previous radiographic examination of the skull had revealed
craniosynostosis involving the coronal sutures with turricephaly and a
copper beaten appearance. In addition, the pituitary fossa appeared
enlarged. Radiographs of the feet demonstrated partial duplication of the
distal phalanx in both halluces.
The proband’s father, 11.7 (RB 120238), shown in Fig 7.1.5 was also
affected and asymptomatic. Physical findings on examination at the age of
51 years included mild short stature, a degree of maxillary hypoplasia, slight
facial asymmetry, marginal hypertelorism, a double crown and frontal
cowlick, a flat forehead with a beaked nose, a prominent left ear crus, mild
soft tissue syndactyly in the left hand, a single palmar crease on the right, a
proximally placed flexion crease on the right 5th finger, halluces with broad
distal phalanges and bilateral cutaneous syndactyly of the 4th and 5th toes.
Skull X-ray was normal.
Both the proband and his father had unilateral cryptorchidism. The
proband’s younger brother, 111.18, was examined and found to be normal.
Photographs of the proband’s older brother, 111.16, did not reveal any
obvious anomalies but he was not available for examination.
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Fig.7.1.2. Family SCI. The proband 111.17. Note broad forehead, hypertelorism, mild facial asymmetry and small ears with
prominent crus

Fig.7.1.3. Family SCI. Hands of individual 111.17. (PB240270). Note mild webbing

'run
Fig.7.1.4. Family SCI. Feet of 111.17 (PB240270)
Note partially bifid hallux.

m

f

Fig.7.1.5. Family SCI. The proband's father, II.7, (RB 120238). Note mild
craniofacial asymmetry, beaked nose, brachydactyly, broad halluces and
partial cutaneous syndactyly of toes 4-5.

The proband’s father had been evacuated to Wales from Liverpool
during the Second World War and had lost contact with his siblings. His
mother, (1.2), and grandmother had looked similar and were allegedly
affected and he apparently closely resembled his eldest brother in
appearance. The rest of the family had been traced in the Liverpool area by
Young and Harper. The proband’s 60 year old paternal uncle and 3 of his
children were affected together with a 59 year old paternal aunt, 2 of her
children, her grandson and granddaughter.
The proband’s paternal uncle, 11.1 (WB 240329), showed definite
features of the disorder (see Fig.7.1.6 a & b). The abnormal craniofacial
findings included dystopia canthorum, deviation of the nasal septum,
downslanting palpebral fissures, strabismus due to paralysis of right lateral
rectus muscle, a prominent right ear crus, impaired hearing on the left,
maxillary hypoplasia and a prominent glabella. In addition he had broad
laterally deviated halluces, spatulate thumbs, 2-3 syndactyly of the hands,
short 5th fingers with abnormal joints and mild cutaneous syndactyly of toes
2-4 on the right and 2-5 on the left (Fig.7.1.7 a & b)
III.1,

(DB 281062), the eldest daughter of 11.1 had been noted to have

an unusual head shape at birth. At the age of 5 years urgent bilateral
decompressive coronal craniectomies were performed because of severe
headaches and deteriorating vision. Radiological evaluation at that time
revealed evidence of raised intracranial pressure. During adolescence she
was admitted to hospital for investigation of short stature, no particular cause
was found. She had some degree of hearing impairment which she felt had
recently become more marked.
Examination revealed a short 26 year old female, with a markedly
brachycephalic head shape and scars of previous coronal craniectomies.
There was hypertelorism but her eyes were otherwise normal, with
horizontal palpebral fissures, no ptosis, tear duct stenosis or strabismus (see
Fig 7.1.6 c & d). The nasal septum was deviated and III.1 reported that she
had never been able to breathe through the left nostril. Intraoral findings
included a high arched palate and small upper lateral incisors. The ears
were small but the crura normal. She complained of stiff elbows and
examination demonstrated restricted joint movement. There was partial
cutaneous syndactyly between the 2nd and 3rd fingers bilaterally and the
150

thumbs appeared somewhat broad, short and extremely flat with restricted
movement at the IP joints. 5th finger clinodactyly was noted bilaterally. The
left hallux was double and the right broad but with a single nail (Fig.7.1.8).
Bilateral 2-3 syndactyly was noted. All the toes were short, particularly the
4th toes which appeared hypoplastic and immobile. There were no IP joint
creases visible on the 2nd and 3rd toes of either foot.
The 2nd daughter, III.2 (PB 271263), was known to be affected, but
examination was not possible. Findings recorded previously by a colleague
had included telecanthus with brachycephaly, a high arched palate and
broad, laterally deviated halluces.
A 3rd daughter, 111.3, was stillborn and may have been affected.
The 4th daughter, III.4 (BP 130766), and her two children, IV.3 and
IV.4, were normal.
The 5th child, the only son. III.5 (WB 280671), aged 18 years was
obviously affected (Fig.7.1.6 e & f). There was strabismus and bilateral
ptosis, although partial correction of the ptosis of the left eyelid had been
achieved surgically. He had an unusual head shape with brachycephaly, a
palpebral metopic ridge and bilateral parietal depressions. There was
hypertelorism and facial asymmetry with deviation of the nasal septum.
Intraoral examination revealed a high arched palate but normal dentition.
The ears were small, the crura however normal. He reported restricted neck
movement on looking left. There was bilateral 2-3 syndactyly of the fingers
and toes. Single palmar creases, 5th finger clinodactyly and stiff spatulate
thumbs were noted bilaterally. There were fixed flexion deformities of the
DIP joints of the 4th and 5th fingers of both hands. He had required bilateral
osteotomies to correct marked hallux valgus. The halluces were broad, the
4th toes hypoplastic and movement at all the IP joints was restricted.
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Fig.7.1.6.a-e. Family SCI. a-b) II.l (WB240329) showing facial asymmetry,
deviation of septum and flattened frontonasal angle, c-d) III.l. (PB271263)
Note hypertelorism, e-f) III.5 (WB280671) Ptosis has been surgically
corrected

I

Fig.7.1.7. Family SCI. Individual II.l. (WB240329)
(a) Feet, showing broad halluces and mild cutaneous syndactyly of toes
(b) Short 5th fingers, note clinodactyly and only a single flexion crease (R) fifth finger

JLM

Fig.7.1.8. Family SCI. Left foot of III.l, (PB271263). Note bifid hallux.

The proband’s aunt, 11.2 (MQ 130430), shown in Fig.7.1.9, considered
herself normal but disclosed that 2 of her 4 children were probably affected.
Significant findings on examination of this 59 year old lady included
brachycephaly with a flat forehead, low frontal hairline, mild facial
asymmetry with deviation of the nasal septum, a double crown, small ears
with prominent crura, small hands and feet with mild 2-3 syndactyly, a single
palmar crease on the left, extremely short 5th fingers and toes with abnormal
IP joints. There was bilateral hallux valgus, the thumbs however were
normal. The 3rd toes appeared hypoplastic bilaterally.
Her daughter, 111.7 (SM 280457), Fig.7.1.10, a 32 year old female was
affected. She had a flat forehead with a low frontal hairline, a flattened
frontonasal angle, facial asymmetry, small ears with prominent crura and
slight unilateral ptosis. She reported persistent tearing from her eyes and
gave a history of hearing impairment which had caused difficulty at school.
She had a normal palate but small upper lateral incisors. The hands were
small and the fingers short, especially the 5th fingers, which had very
proximal PIP flexion creases. The 2nd fingers curved towards the middle
fingers, there was no syndactyly and the thumbs appeared normal. The toes
were short, particularly the 4th toes, the halluces were broad and flat, there
was cutaneous 2-3 syndactyly and limited joint movement of all IP joints.
IV.5, (AM 151283), lll.7's 5 year old son, was also affected. Tear duct
stenosis had been surgically corrected in infancy. Examination revealed a
healthy boy with mild right ptosis, short philtrum, parrot-beaked nose, low set
frontal hairline and double crown (see Fig 7.1.11). The ears were small with
prominent crura more noticeable on the left than right. The palate was
normal. The fingers, especially the 5ths, were short and the hands small with
bilateral single palmar creases (Fig.7.1.11). The 2nd fingers were incurving
and the thumbs spatulate. Other findings included cutaneous webbing
between the 2nd and 3rd fingers and toes. The halluces were broad and
short with limited joint movement and the 5th toes extremely small (fig
7.1.11).
III.7 has since had a daughter, IV.6 (LM141090), who is also clearly
affected. Ill.7’s 2 sisters, III.6 and III.9, were normal, however her brother,
III.8, who had required surgical correction of ptosis during childhood, was
said to be affected and although examination was not possible, his
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photographs revealed facial features similar to those of other affected family
members.
The proband's uncle (11.4) was considered normal. He was of normal
stature and had no craniofacial anomalies. However, he did have bilateral
5th finger clinodactyly with an absent PIP joint on the left and minimal
cutaneous syndactyly of the 2nd and 3rd toes. 2 of his children (111.10 and
111.11) and 2 grandchildren (IV.7 and IV.8) were normal, another son (111.12)
was not available for examination but was reported to appear normal.
The proband,s paternal aunt, 11.5, (examined) and her 3 daughters
(reported) were normal.
Another paternal uncle, 11.3, was apparently normal but did not wish to
be seen.
The intelligence of the affected individuals was not impaired.
The physical findings of affected members of this kindred are
summarised in Table 7.1. For anthropometric data see Table 7.7 at the end
of the case report section.

Comment
This family represents an example of Saethre-Chotzen syndrome and
demonstrates the marked phenotypic variability possible. The findings in
affected individuals are summarised in Table 7.1. Several affected
Individuals, including III.5 and 111.7, have the classical features of SaethreChotzen syndrome. The observation of partial duplication of the halluces in
2 family members, III.2 and III.l, had previously led to the diagnosis of
Robinow-Sorauf syndrome. Partially bifid great toes have been reported in a
small number of other cases of Saethre-Chotzen syndrome. This family
provides further support for the proposal that Robinow-Sorauf syndrome and
Saethre-Chotzen syndrome are not distinct genetic entities but represent
variable clinical expression of a single disorder.
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Fig.7.1.9. Family SCI. The proband's aunt, II.2, (MQ130430). Note mild
craniofacial asymmetry, small hands and hallux valgus.

Fig.7.1.10. Family SCI. Individual III.7 (SM280457). Note small hands with
short 5th fingers, also the toes appear short and stubby.

i

Fig.7.1.11. Family SCI. IV.5, (AM151283). Note mild ptosis, prominent ear
crus, bilateral palmar creases and short broad halluces.

7.6.2. Family SC2
The pedigree is shown in Fig.7.2.1; index cases, III.2 (RD 140653)
and II 1.4 (DS 220268).

Case History
The proband, III.2 (RD 140653), came to medical attention at the age
of 18 months following the diagnosis of raised intracranial pressure,
secondary to coronal cranioSynostosis for which she required urgent
surgery. During childhood she also underwent corrective surgery for a
squint, ptosis of the left eye and an umbilical hernia. Additional problems
included myopia, very poor right eye vision, excessive tearing which had not
improved with repeated lacrimal duct probing and impaired hearing. Clinical
findings in the 35 year old lady are listed in Table 7.2. and key features
Illustrated in Fig.7.2.2.(a-d).
The proband’s brother, III.4 (DS 220268), shown in Fig.7.2.3, was
noted at birth to have a small head; a skull radiograph revealed bicoronal
craniosynostosis and bilateral craniotomies were performed. He had also
required surgery for ptosis of the right eye and a malformation of the left tear
duct.
Photographs of the proband's other two siblings, (III.l and III.3) did not
reveal any obvious anomalies, neither were available for examination.
Both parents were well but the mother reported a history of tear duct
problems. On examination the father, 11.4, was found to be normal and the
mother, 11.3 (JS020228), affected. She was brachycephalic with a flattened
frontonasal angle, low-set frontal hairline, palpable parietal foramina and
prominent ear crus on one side (see fig 7.2.4). The distal phalanges of the
thumbs were broad and flattened, and the great toes, short, broad and
valgus. She complained of limited neck movement and stiffness. An X-ray
taken many years before had revealed a cervical rib but no other
abnormalities.
From family photographs, the maternal grandparents and
stepbrothers appeared normal. The paternal and maternal ages at the time
of 11.3s conception were 54 and 42 years, respectively.
III.2,

III.4 and 11.3 were all microcephalic but of normal intelligence;

although III.2 was reported to have been slow at school initially, this had
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been attributed to a significant hearing defect not detected until mid
childhood.
Ill.2’s daughter, IV.3 (SD 260886) aged 2 3/4 years, (Fig.7.2.5), and
son, IV.4 (JD 120588), aged 1, (Fig.7.2.6), both had mild features of
acrocephalosyndactyly but with no evidence of craniosynostosis on skull
radiographs. They both had large widely open fontanelles, prominent crura,
delayed dentition, umbilical herniae, clinodactyly and mild cutaneous
syndactyly of the feet. In addition, the proband's daughter had a squint and
suffered from recurrent eye infections as a result of bilateral tear duct
anomalies. The son had a prominent metopic ridge.
i:

Comment
This family has classical Saethre-Chotzen syndrome. The physical findings
in affected individuals are summarised in Table 7.2.
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(a)
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Family SC2.

Fig.7.2.2.(a-d) above The proband, III.2 (RD140653).
Fig 7.2.3 (a-d) below The proband's brother, III.4. (DS220268).
Note ptosis,flattened frontonasal angle, ^atulate thumbs, broad great toes.

(a)

(c)

Fig.7.2.4.a-c. Family SC2. Individual II.3. (JS020248) Note (a)low set frontal
hairline and craniofacial asymmetry (b) flat forehead (c) broad thumbs.

Fig.7.2.5. Family SC2. IV.3 (SD260886). Note ptosis and hallux valgus

Fig.7.2.6. Family SC2. IV.4 (JD120588). Note broad forehead & webbing toes 4-5.

7.6.3. Family SC3
For pedigree, see Fig.7.3.1; Index case IV.1,( AP 011280). This family
was originally described by Young and Swift, [1985.]

Case History
At birth the proband, IV. 1 (AP011280), was noted to have an unusual
head shape, small clavicles and an anteriorly placed anus. At 4 years of age
she was referred to the genetic clinic because of concern regarding wide
metopic and sagittal sutures with a persisting large anterior fontanelle.
Additional findings included brachycephaly, facial asymmetry, prominent
crura of both ears, short digits with finger-like thumbs and impaired flexion at
the interphalangeal joints. When reviewed at 7 years of age. Fig 7.3.2 (right),
there were bilateral parasagittal parietal depressions and a small palpable
midline skull defect. Intraoral findings included missing upper incisors. A
unilateral preauricular pit was noted. Her motor milestones were said to
have been normal but she now required special schooling because of mildmoderate learning difficulties.
The proband's mother. III.2 (CP 290158), Fig.7.3.2.(left), seemed of
limited intellect and experienced difficulty in reading and writing. She
reported that she had required special tuition at school and recalled being
told that her own 'soft spot' had not closed until the age of 5 years and that
she also had small clavicles. Health problems included a hiatus hernia and
history of slipped disc. On examination this lady, of mildly short stature
(147cm) had a flat receding forehead (see Fig 6.3), brachycephaly, bilateral
/ ptoptosis, residual right ptosis in spite of surgery for this at the age of 12,
deviation of the nasal septum, small upper lateral incisors, prominent crura
of both ears, short fingers and broad halluces. 2 operations for an umbilical
hernia had been carried out during childhood. Palpation of her skull
revealed bilateral parasagittal parietal defects, each admitting a finger tip.
Skull X-ray confirmed the presence of bilateral parietal foramina and
prominent digital markings and a large pituitary fossa were noted .
The proband’s father was examined and found to be normal. The
proband's maternal grandmother, 11.13, and greatgrandmother, 1.1, are said
to have been affected. The whereabouts of the proband’s maternal uncle,
111.4, are not known but he is reported to be normal.
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Fig.7.3.1. Pedigree of family SC3.

1
Fig.7.3.2. Family SC3. The proband IV. 1, (AP011280), (right) and her
affected mother III.2 ,(CP290158), (left). See also Fig.6.3.

Comment
This mother and daughter have features of Saethre-Chotzen
syndrome. Their physical findings are summarised in Table 7.2.
Both the proband and her affected mother show limited intellectual
development but neither of them has at any stage shown signs of raised
intracranial pressure or developed any other serious complication of
craniosynostosis. This suggests that in some families with Saethre-Chotzen
syndrome, mental retardation may be a primary effect of the gene rather
than a secondary complication.
It is interesting that Saethre-Chotzen syndrome, a disorder
traditionally associated with craniosynostosis, may paradoxically present
with delay in closure of the fontanelles and sutures.

7.6.4. Family SC4
This family was originally reported by Thompson et al., [1984]. The
pedigree is shown in Fig.7.4.1 ; index case III.l (NC 240183).

Case History
The proband, III.l (NC 240183), was born after a normal pregnancy to
a 24 year old mother and 33 year old father. Delivery was by Caesarian
section for breech presentation at 34 weeks gestation. The birth weight was
4.14kg. At birth the forehead was markedly protuberant with palpable
thickening of the metopic suture. The nasal bridge was markedly depressed.
The skull was brachycephalic and a large midline bony defect of both
parietal bones was palpable. There was a small beaked nose, prominent
crus of the ears, small chin, hairy forehead and hypotelorism. The hands
and feet were normal. A skull X-ray showed synostosis of the coronal
sutures and of the lower part of the metopic suture, the margins of th ^ p p e r
part of the metopic suture were everted and continuous with large
symmetrical defects in the parietal bones which extended to the midline. A
CT brain scan and karyotype were normal. There were no neonatal
problems and the child was admitted at 5 months for cranioplasty and
supraorbital ridge advancement. At 21 months he had bilateral squint
corrections. At 3 years he developed raised intracranial pressure and
underwent further surgery. His developmental milestones were normal.
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Fig.7.4.2. Family SC4. The proband NC 240183 (III.l).
Note low frontal hairline, craniofacial asymmetry and overhanging
forehead.
(See Figs 6.4 and 6.10 for photographs of the proband's father, II.4
(BC 010949).

At 5V2 years of age he appeared obviously affected (Fig.7.4.2).
Bilateral parietal foramina and low set frontal hairline were noted. The
hands appeared normal apart from minimal 2-3 syndactyly on the left. The
great toes were prominent and there was marginal 2,3,4 syndactyly of the
left foot. By this time he was doing well at a normal school.
The father of the proband, 11.4 (BC 010949,) was born In Ireland, the
4th of 5 llveborn children and reported having had such a soft head that he
had been cared for In a nursing home for the first 2 years of life. He had
required an operation on his skull In early childhood. He recalled that he
had been behind at school but thought this mainly due to missed time. In the
past he had had multiple operations for congenital right ptosis which had
persisted, for deviation of the nasal septum and treatment for occasional
seizures until 19 years of age. He had also required a palate repair but the
cleft was 'said' to have been traumatic In origin. As an adult he had had an
orchldopexy for an undescended testis. Additional problems Included
deafness on the right and very poor vision In the right eye since childhood.
He reported being the shortest of the family at 163cm. His mother was
168cm and father 180cm (by report). On reviewing family photographs his
parents and siblings appeared to have normal facies.
On examination there was brachycephaly, facial asymmetry, low
frontal hairline, supraorbital recession, beaked nose, maxillary hypoplasia,
right ptosis, a notched upper lip and palpable parietal bone defects
bilaterally (see Fig 6.4). The hands and feet were normal. Intelligence was
not Impaired. A skull radiograph showed no visible sutures and
brachycephaly consistent with previous premature synostosis of at least the
coronal sutures. Large bilateral posterior parietal foramina were present
(shown In Fig 6.10).
Both the proband and his affected father had head circumferences
on/below 3rd centlle.
The proband's mother and younger sister were clinically normal.

Comment
This family has classical Saethre-Chotzen syndrome with palpable parietal
foramina. The physical findings In affected Individuals are summarised In
Table 7.2.
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7.6.5. Family SCS
For pedigree, see Fig.7.5.1; index case III.4 (JC280985).

Case History
The proband, III.4 (JC 280985), the 4th child of a healthy unrelated
couple, was born at 39 weeks gestation by assisted breech delivery, with a
birth weight of 51b. ECV had failed earlier in the third trimester. Maternal and
paternal age at birth were 27 and 44 years, respectively. The head shape
was noted to be unusual at the initial postnatal examination and paediatric
follow-up was arranged following the routine six-week postnatal check
because of obvious brachycephaly. A skull radiograph in early infancy
demonstrated bilateral coronal craniosynostosis. At 8-9 months III.4 became
increasingly miserable and difficult to passify and had evidence of raised
intracranial pressure. As a result, at 9i/2 months bifrontal cranioplasty and
supraorbital ridge advancement was performed and she has subsequently
remained well, with normal developmental progress, hearing and vision.
On examination at 2 years of age, findings included brachycephaly,
broad forehead, downslanting palpebral fissures, a high-arched palate,
mildly dysplastic, low-set ears with flattened superior margins, but minimal
facial asymmetry (Fig. 7.5.2). There was bilateral 5th finger clinodactyly, the
thumbs were long, slim and finger-like and the great toes broad and short
(also shown in Fig.7.5.2). There was no syndactyly.
Her father, 11.3, who was 46 years old and of West Indian origin,
appeared clinically normal, although head measurement showed mild
brachycephaly.
Her mother, 11.2 (SC 210158,) was obviously affected, having clear
signs of unilateral coronal synostosis, with marked facial asymmetry and
acrocephaly. Other facial features included, ptosis, low-set ears, a high
narrow palate and downslanting palpebral fissures (Fig.7.5.3). There was
clinodactyly of the right 5th finger, broad thumbs with flattened distal
phalanges, hallux valgus and minimal partial cutaneous 2-3 syndactyly of
the left hand and both feet (Fig.7.5.3). She seemed of low-normal
Intelligence. 11.2 was the 5th child and neither of her parents or any of her
siblings showed similar facial features.
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Fig.7.5.1. Pedigree of family SC5.

Fig.7.5.2. Family SC5. The proband 111.4 (JC280985).

Fig.7.5.3. Family SC5. The proband's mother, II.2 (SC210159). Note
craniofacial asymmetry, broad thumbs with flattened distal phalanges and
hallux valgus.

Of the proband’s siblings III.1 was clinically normal, whilst III.2 was
hyperbrachycephalic but otherwise normal. A third sibling, 111.3, was difficult
to classify, for although he had no craniofacial abnormalities, he was of
small stature and he had broad short halluces, (the appearance of which
was accentuated by particularly long second toes) with minimal partial
cutaneous 2-3 syndactyly of the left foot. His status was deemed uncertain.

Comment
The combination of bicoronal craniosynostosis and broad, short
halluces in the proband had led to the original diagnosis of Pfeiffer
syndrome. However, her mother’s craniofacial features were highly
suggestive of Saethre-Chotzen syndrome. The physical findings in the
proband and her mother are summarised in Table 7.3. In my opinion the
phenotype was consistent with ACS III, although the long, finger-like thumbs
were atypical. Certainly Pfeiffer syndrome seemed most unlikely.

7.B.6. Family SC6
Index case III.2 (SC040158). The pedigree is given in Fig.7.6.1.

Case History
The proband. III.2 (SC 040158), was born with an abnormal skull
shape. A diagnosis of coronal craniosynostosis was made and neurosugery
undertaken during the first year of life. She has also required surgery for
bilateral ptosis, (L) tear duct anomaly, strabismus (L) eye and release of
syndactyly (R) hand. On examination at 31 years of age she had an CPC
<3rd centile with a low anterior hairline, palpable parietal foramina, mild
craniofacial asymmetry, downslanting palpebral fissures, small unusually
shaped ears and a high palate. In the hands there was partial cutaneous
syndactyly involving digits 2-5 on the (L) and 2-3 on the (R), previous (R) 4-5
syndactyly having been surgically released. The thumbs had broad,
flattened distal phalanges and there was bilateral 5th finger clinodactyly. In
the feet there was bilateral partial cutaneous syndactyly of digits 2-3, the
great toes were short and broad with flattened distal phalanges. There was
mild hallux valgus. Unfortunately there are no clinical photographs of this
individual.
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Fig.7.6.1. Pedigree of family SC6.

The proband’s elder sister was reported to be normal. The proband’s
father was clinically normal, however her mother, 11.2, was possibly mildly
affected. She was brachycephalic with an OFC below the 3rd centile, the
great toes were broad with immobile IP joints and hallux valgus, there was
also partial 2-3 syndactyly bilaterally. The proband has 2 sons, neither of
whom appear to be affected. The proband’s maternal aunt, 11.3, has a
mentally handicapped daughter but no further information was available
about this side of the family.
The proband and her mother are both of normal intelligence.

Comment
The proband in this family had all the classical features of SaethreChotzen syndrome (see table 7.3); her mother appeared to have some
minor manifestations of SOS and so was deemed likely to be very mildly
affected.

7.6.7. Family SC7
Index Case III.1 (YA030591). The pedigree is shown in Fig.7.7.1

Case History
The proband 111.1, (YA030591), was ascertained following referral to
the genetics clinic because of unusual head shape. On examination at 3
months she appeared brachycephalic with a high forehead and flat occiput.
There was slight proptosis and some midface hypoplasia. Fig 7.7.2. The
palate was normal. There was limited elbow extension bilaterally and the
thumbs and great toes were rather broad. The proband’s 26 year old father,
11.4 (MA240465), was also clearly affected with a broad forehead and
craniofacial asymmetry (see Figs.7.7.3 & 4). He had a squint and reported
unilateral hearing loss. The paternal grandmother and one of the paternal
aunts were examined and found to be normal. The other paternal aunt
BA(unk) was mildly affected, she had a sloping forehead with a flattened
frontonasal angle (Fig.7.7.5) and broad thumbs and great toes. The
proband’s paternal grandfather EA(unk) (Fig.7.7.6) was also deemed
affected as he had a flat forehead, mild ptosis and palpable parietal
foramina.
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Fig.7.7.2. The proband.
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Figs.7.7.3.(above) and 7.7.4 (below) Family SC7. The probands father 11.4,
(MA 240465). Note broad forehead and facial asymmetry.
Fig.7.7.3 Childhood photograph. Fig.7.7.4. Facies in adulthood

Fig.7.7.5. Family SC7. The proband's aunt, (II. ). Note absent frontonasal angle

i
Fig.7.7.6. Family SC7,The proband's paternal grandfather, (I).
Note mild ptosis and flat forehead

Comment
This family were considered to have classical Saethre-Chotzen
syndrome. The physical findings in affected individuals are summarised in
Table 7.3.

7.6.8. Family SC8
Index case III.1, (GS011284).The pedigree is shown in Fig.7.8.1.

Case History
The proband, III.1 (GS 011284), was born at 39 weeks gestation by
forceps delivery following induction of labour because of maternal pre
eclampsia. The birth weight was 61b 5oz. The head shape was immediately
noted to be abnormal and a skull radiograph suggested possible (R) coronal
craniosynostosis. Review at 6 weeks confirmed craniosynostosis of the right
coronal suture with hypoplasia of the right parietal bone. There was marked
plagiocephaly (Fig.7.8.2). At 5 months she underwent (R) coronal
craniectomy and forehead advancement. Motor milestones were normal but
speech development has been somewhat delayed and she received
speech therapy. Hearing was normal but there was (R) strabismus for which
surgery was planned. On examination at 3 years 7 months there was
significant residual craniofacial asymmetry and an obvious squint
(Fig.7.8.3). There was bilateral 5th finger clinodactyly and overlapping broad
2nd toes. The thumbs and great toes were normal and there was no
syndactyly.
The proband’s younger sister. III.2 (S S I70586) is also affected. She
was born by normal vaginal delivery at term weighing 81b 6oz. A broad
forehead and abnormal fontanelle were noted at 2 days of age.
Subsequently, a diagnosis of bilateral coronal craniosynostosis was made
and at 5 months bilateral coronal craniectomy and forehead advancement
was carried out (Fig.7.8.4). Developmental progress has been normal and
there is no other significant medical history of note. Initially she was
suspected to have some hearing loss but her hearing improved
postoperatively and is now considered normal. On examination she
appeared non-dysmorphic with no obvious facial asymmetry. The only
digital anomalies were bilateral 5th finger clinodactyly and overlapping 2nd
toes.
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Fig.7.8.1. Pedigree of family SC8.

Fig.7.8.2. Family SC8. The proband, III.l, (GS011284). Note plagiocephaly.

1

Fig.7.8.3. Family SC8. The proband, III.l, (GS011284).
Note facial asymmetry.

Fig.7.8.4. Family SC8. The proband's sister III.2 (SS170586).

kl
Fig.7.8.5. Family SC8. The proband's father, II.l. (KS280759).

The girls’ mother was clinically normal apart from bilateral 5th finger
clinodactyly. Their father 11.1, (KS 280759), Fig.7.8.5, was considered mildly
affected as he had noticeable craniofacial asymmetry with a midline groove
apparent on the nose and chin. The only other findings of note included a
borderline prominent ear crus, somewhat spatulate thumbs and small (R)
3rd toe.

Comment
This family were considered to have the Saethre-Chotzen syndrome
with minimal digital anomalies. The physical findings in affected individuals
are summarised in Table 7.4.

7.6.9. Family SC9
Index case III.7, (PH 230682). The pedigree is shown in Fig.7.9.1.

Case History
The proband, 111.7 (PH230682), was the third child of a healthy
unrelated couple. She was born at term, following an uneventful pregnancy,
weighing 71b lo z. The anomalous head shape was apparent at birth and a
neonatal skull radiograph had shown bicoronal craniosynostosis. She failed
to thrive during the first 6 months. Frontal cranioplasty and supraorbital ridge
advancement was carried out at 7 months of age. Further surgery was
undertaken at 3 Vz years with remodelling of the forehead and supraorbital
region. Postoperative complications included bitemporal GSF collections, a
CSF leak and streptococcal infection. A peritoneal shunt was temporarily
inserted. Motor milestones were normal but speech development delayed.
Bilateral conductive hearing loss was corrected by grommet insertion. At 6
years of age she had mild learning difficulties and was myopic. On
examination the proband had a prominent, wide forehead with a low frontal
hairline, depressed nasal bridge and flat midface (Fig.7.9.2). There was mild
craniofacial asymmetry. The ears were small, posteriorly rotated and the
right crus prominent. The palate was high arched and there was
malocclusion with mandibular prognathism. The hands were normal apart
from short incurving 5th fingers. All the toes were broad especially the great
toes and there was slight cutaneous 2-3 syndactyly.
The proband’s two older male siblings. III.5 and III.6, were examined
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Fig.7.9.1. Pedigree of family SC9

Fig.7.9.2.
Family SC9.
The proband,
111.7, (PH230682).

and found to be normal. Her father, 11.3, had mild craniofacial asymmetry
and deafness of the (R) ear; while her mother, 11.2 (JH100648), was
brachycephalic with some facial asymmetry, myopia, a widow's peak and
broad great toes. The father and all 3 children had OFCs above the 97th
centile.

Comment
The proband had been originally ascertained as a case of Pfeiffer
syndrome according to her medical records. However, on review it was felt
that her clinical findings were more suggestive of the Saethre-Chotzen
syndrome. Both of her parents had some craniofacial asymmetry but on
balance her mother was considered likely to be a mildly affected gene
carrier. The physical findings in affected individuals are summarised in
Table 7.4.

7.6.10. Family SC10
Index case IV.4; (LW160278 ). The pedigree is shown in Fig.7.10.1.

Case History
The proband, IV.4; (LW160278 ), was born at term weighing 61b 13oz
following an uneventful pregnancy and delivery. Syndactyly and unusual
head shape were noted at birth and a tentative diagnosis of Apert syndrome
made. Acrocephaly was striking in early photographs but this had become
less obvious with time and no surgical intervention had been necessary
(see Fig.7.10.2). Acrocephaly is clearly evident in the skull radiograph
(Fig.7.10.3). Developmental progress has been completely normal.
Persistent tearing from the eyes has been a continual problem which has
not improved with probing. The dentition is disordered with taurodont teeth.
Examination findings at 10 years of age included mild acrocephaly with a
flat forehead and widow’s peak (Fig.7.10.4 a&b). The teeth appeared broad
and misplaced and the palate intact. The (L) ear was abnormal with a small
external auditory meatus, prominent crus and overturned helix (Fig.6.5). The
thumbs and all distal phalanges were broad and there was marginal 5th
finger clinodactyly. In the feet there was cutaneous 2-3-4 syndactyly and the
great toes were broad and short. The digital anomalies are shown in Fig
7.10.5 (a&b).
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Fig.7.10.1. Pedigree of fa m ily SCIO.

Fig.7.10.3. F a m ily SCIO. S kull radiograph o f the proband, IV.4, aged 10 yrs.
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Fig.7.10.2. Family SCIO. The proband IV.4. (LW160278). Note acrocephaly
and prominent ear crus.

p

(b)

(d)

(f)

Fig.7.10.4 a-f Family SCIO. a-b) The proband IV.4 c-d) The probands mother III.3 ) e-f) The proband's maternal grandfather II.3

1

&

Fig.7.10.5. Family SCIO (a-f). Hands and feet, a-b) the proband IV.4. c-d) the
proband's mother, III.3. e-f) the proband's grandfather II.3.
Note broad thumbs, broad great toes and syndactyly.

The mother, III.3, and maternal grandfather, 11.3, of the proband were
both known to have webbed toes and a history of similar dental problems to
the proband. On examination the proband's mother, III.3 (L W 120551) was
noted to have a flat forehead with a lowish hairline and widows peak. There
was mild craniofacial asymmetry (Fig.7.10.4 c&d). The ears were marginally
low set but otherwise normal. No other craniofacial anomalies were
apparent. The upper dentition could not be assessed as the teeth had been
extracted some years before, the lower teeth appeared broad, several had
been removed. In the hands; the thumbs were normal but the distal
phalanges of fingers 2-5 were broad with large rounded nails and there was
bilateral 5th finger clinodactyly. In the feet there was bilateral partial 2-3
syndactyly, the great toes were fairly broad but not short (Fig.7.10.5 c&d).
She had required corrective surgery for a squint in early childhood and over
recent years had become long sighted. She was of normal intelligence.
The proband's grandfather, 11.3 (GC 190215), had a mildly
asymmetrical face with a flat forehead, broad nasal bridge and widows peak
(Fig.7.10.4.e&f). The ears were normal. He was not aware of any visual or
hearing problems. The dentition could not be assessed as a total dental
clearance had been carried out many years ago. The hands appeared
normal, but in the feet the great toes were broad and short and there was
bilateral syndactyly involving toes 2-3 on the (R) and 2-4 on the (L)
(Fig.7.10.5 e&f).
The proband’s father, brother, grandmother and maternal aunt were
examined and found to be normai.

Comment
This family clearly appeared to have a dominant form of
acrocephalosyndactyly with some resemblance to Saethre-Chotzen
syndrome, however the taurodontism seems unique, no other known ACSIII
family having similar dental problems. The clinical findings in affected family
members are summarised in Table 7.4.

7.6.11. Family SC11
Index Cases AB 031282 (III.2) and CB 120980 (III.l). Fig.7.11.1 shows the
family pedigree.
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Fig.7.11.1 Pedigree of family SCll.

Fig 7.11.2.(a-b). Family SC 11.11.7, Father of index cases AB031282 (111.2)
and CB 120980 (Ill.l)

Fig.7.11.3. Family SCll. The proband, III.l (CB120980)
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Fig.7.11.4.FamiIy SCll. The proband's brother, III.2 (AB031282).

Fig.7.11.5. Family SC ll. Hands of III.2 (AB031282). Note syndactyly.

Fig.7.11.6. Family SC ll. Feet of III.2 (AB031282). Note syndactyly.

Case History
The proband, 111.1 (CB 120980), was born to apparently healthy
unrelated Caucasian parents; the paternal and maternal ages being 22
years and 19 years respectively. An unusual head shape was noted at birth
and at 6 V2 years of age she had reconstructive craniofacial surgery for
coronal craniosynostosis. On examination at 8 years of age she had a flat
forehead, palpable parietal foramina, low frontal hairline, eplcanthic folds
and a prominent right ear crus (Fig.7.11.3). The thumbs were normal but she
had transitional palmar creases, marginal 2-3 syndactyly on the left.
Incurved 4th fingers and lax finger joints. There was partial cutaneous 2-3
syndactyly in the feet with an overriding 3rd toe on the right and bilaterally
broad great toes.
The proband's younger brother. III.2 (AB 031282), was born at term
following an uneventful pregnancy. Unusual head shape and small
fontanelles were noted at birth. There were no neonatal problems. He was
referred to a neurosurgical centre for assessment and follow-up. A skull
radiograph at 4 years was reported to show bicoronal craniosynostosis and
hypertelorism. At the age of 5 years he had frontal reconstruction with
supraorbital ridge advancement. There have been no visual or auditory
problems. He had required speech therapy but was coping In a normal
school. On examination at 6 V2 years of age he had a flat occiput and
prominent forehead, with a depressed nasal bridge, deep set eyes, low set
frontal hairline and facial asymmetry (Fig.7.11.4). Hypertelorism and a high
arched palate were noted. Loss of his deciduous teeth was considerably
delayed. Digital anomalies included partial cutaneous syndactyly of the
hands and feet, broad, marginally valgus great toes and bilateral 5th finger
clinodactyly (Figs.7.11.5 & 7.11.6).
The proband's mother, 11.6, and her two daughters, from a second
marriage, were normal on examination.
The father, 11.7 (PB 010658), however appeared affected with
palpable heaped coronal sutures, marked supraorbital depressions, a low
frontal hairline and maxillary hypoplasia (Fig.7.11.2). He reported excessive
tearing from the right eye. The palate, ears and hands were normal. The feet
were broad with broad short great toes and marginal 2-3 syndactyly
bilaterally. He had unusual clicking wrists.
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As a child he had had learning difficulties and been unemployed for
much of his adult life, although at one stage had worked as a mortuary
technician. In 1964 he was involved in a road traffic accident and
craniosynostosis was evident when his skull was X-rayed (this radiograph
has unfortunately been destroyed). This was not followed up and he
remained unaware of the diagnosis even after his children presented with
the same condition. He has suffered from recurrent headaches for many
years, this has been extensively investigated and no cause found. A CT
brain scan apparently did not show any changes suggestive of raised
intracranial pressure. Interestingly his daughter had headaches and a CT
scan, said to be normal, although the intracranial pressure was found to be
raised intermittently when monitored.
He commented that he suffered from neck problems, astigmatism, recurrent
boils and excessive sweating.
His daughter, 111.3, from a second marriage appeared normal.

Comment
The most likely diagnosis in this family was considered to be SaethreChotzen syndrome, although the craniofacial findings were not classical
(see Table 7.5 for clinical summary). Family SC11 illustrates that although
obvious abnormalities may be apparent to a trained observer, some affected
individuals are unaware of any problems. It is interesting that one of the
proband's father's complaints was of recurrent boils as recurrent skin sepsis
has been documented in a case of Saethre-Chotzen syndrome and
defective neutrophil chemotaxis demonstrated [Etzioni et al., 1990]. Further
investigation was not, however, possible in our patient.

7.6.12. Family S C I2
Index Case IV.4 (AJ251283). The pedigree is shown in Fig.7.12.1.

Case History
The proband, IV.4 AJ 251283, had been ascertained because of
unilateral coronal craniosynostosis. Craniofacial asymmetry had been
apparent at birth and follow up arranged. At 4 months she was reviewed
because of constant screaming and a diagnosis of craniosynostosis and
raised intracranial pressure made. Within a week she unden/vent (L) coronal
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craniectomy. At 2 V2 years of age further surgery was carried out with
forehead advancement and skull reconstruction. She has (L) strabismus
and significant bilateral hearing loss for which she has aids. Developmental
progress has been normal apart from some speech delay considered
secondary to her hearing loss.
On examination she had a broad forehead with hypertelorism and a
degree of midface hypoplasia (see Fig.7.12.2 c&d). There was minimal
residual craniofacial asymmetry. The nose was beaked and the palate high
arched with crowded dentition. The ears were posteriorly rotated.
Strabismus of the (L) eye was apparent. The hands and feet were normal.
The proband's mother, III.2 (JJ 121261), a 27 year old cleaner of low
normal intelligence, was also affected. She had apparently been ill and
listless for several months during infancy but no specific diagnosis was ever
made. At 3-4 years it was realised that she was lip reading and aids were
subsequently recommended for significant hearing loss..
Examination findings included acrobrachycephaly, slight ptosis,
deviation of the nasal septum, mild maxillary hypoplasia and a high arched
palate (Fig.7.12.2 a&b). The ears were unremarkable. There were no digital
anomalies apart from bilateral 5th finger clinodactyly. A skull radiogragh
taken after craniosynostosis had been diagnosed in her daughter revealed
some evidence of premature sutural fusion with cortical thickening.
The proband’s father was found to be normal.
The proband’s sister, IV.3 (ZJ 310382), although considered normal
by the family was almost certainly a gene carrier as she had obvious
craniofacial asymmetry and hyperbrachycephaly (Fig7.12.3). Other findings
included epicanthic folds and bilateral 5th finger clinodactyly.
The proband’s maternal grandmother, 11.1, and maternal uncle, III.4,
were normal. However, her maternal grandfather, 11.2, and maternal aunt,
III.1, were possibly very mildly affected. The maternal aunt had an
asymmetric facies but no other abnormal findings. The maternal grandfather
(Fig 7.12.4) had a prominent right ear crus, mild facial asymmetry, broad
thumbs and great toes, but he was not brachycephalic. He acknowledged
some hearing loss which had been considered mild industrial deafness.
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Fig.7.12.1 Pedigree of family SC12.

Fig.7.12.2- Family SC12.a-b) The proband's mother, III.2, (JJ121261)
c-d) The proband, IV.2, (AJ251283). Note broad, prominent forehead.

Fig.7.12.3. Family SC12. The proband's sister, IV.3 (ZJ310382).

Fig.7.12.4. Family SC12. The proband's grandfather, II.2.

Comment
This family were considered most likely to have Saethre-Chotzen
syndrome, although not all the findings were classical; of note, affected
individuals seemed to have particularly broad foreheads. The clinical
findings in affected family members are summarised in Table 7.5.

7.6.13. Family S C I3
Index case III.2 (DW 230367). See Fig.7.13.1 for pedigree.

Case History
The proband III.2 (DW 230367) was the second child of an unrelated
couple, maternal and paternal ages at birth being 22 and 25 years
respectively. An elder male sibling had no problems. She was born
weighing 81b 1oz at 41 weeks gestation by spontaneous vaginal delivery.
There were no neonatal problems but In early infancy she failed to thrive
and was admitted for investigation at the age of 4 months. A diagnosis of
bilateral coronal craniosynostosis was made and neurosurgery performed at
9 months. Motor milestones were mildly delayed but speech development
was normal and there were no learning difficulties at school. Bilateral squint
repairs were performed at 9 years of age. Hearing loss was detected on the
left and an aid was recommended but never used. She reported
tremendous difficulty in buying shoes because of exceptionally broad feet.
On examination at 22 years of age, clinical findings included
brachycephaly with a broad flat forehead, downslanting palpebral fissures,
anteverted nostrils, a high palate, mandibular prognathism, broad hands
and feet with bilateral 2-3 toe syndactyly, a short (L) 5th finger with an
additional crease and an overriding (L) 4th toe (Figs 7.13.2 & 7.13.3),
The proband's father, 11.1 (AB240343), had had significant hearing
loss from early childhood such that he attended a school for the deaf. He
was also long-sighted. He had suffered from epilepsy since the age of 13
years which was well controlled with medication. Other significant medical
problems included severe osteoarthritis, particularly of his cervical spine, a
history of colitis for which he took prednisolone daily and surgery in the past
for small bowel polyps. Following a serious accident he had been retired
from work because of permanent damage to the lower limbs. He now
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required mobility aids to get around the house.
On examination at the age of 46 years, clinical findings included a flat
forehead, facial asymmetry, flattened frontonasal angle, mild mid-face
hypoplasia, deviation of the nasal septum and a very high narrow palate
with overcrowded dentition (Fig 7.13.4). The pinnae were unusual in shape
but the crura normal. There were no abnormalities in the hands, but his feet
were short and broad with pes cavus. The great toes were particularly
broad, the (L) 3rd toe hypoplastic and there was mild partial 2-3 toe
syndactyly bilaterally.
11.1 was reported to look very similar to his own father who had also
been deaf. Certainly there was a striking resemblance between them in the
family photographs that were available.
The proband's mother, 11.2, was brachycephalic with a flattened
frontonasal angle and a high narrow palate (Fig.7.13.5). There was a single
(R) palmar crease, tapering fingers, bilateral partial cutaneous 2-3
syndactyly in the feet, slightly short great toes and a hypoplastic 4th toe.
The proband was married with 2 healthy children neither of whom
had any clinical findings suggestive of a craniosynostosis syndrome. The
proband’s brother was not available for examination but looked normal in a
series of photographs taken from early childhood to adulthood.

Comment
This family was classed as having a Saethre-Chotzen-like
craniosynostosis syndrome. However, they were by no means classical and
of particular note, both the proband and her affected father had OFCs
between 90-97th centiles, with wide broad foreheads and strikingly broad
hands and feet. These findings are very similar to those reported in family
S C I4, see Table 7.6. Although the proband’s father was clearly affected, it is
important to note that some of her mothers clinical features were also rather
suggestive of a craniosynostosis syndrome.
Following the birth of the proband, her parents had elected to
terminate a subsequent pregnancy rather than take the risk of having
another affected child, although originally they had planned to have a larger
family.
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Fig.7.13.1. Pedigree of family SC13.

Fig.7.13.2. Family SC13. The proband III.2 (DW 230367).

Fig.7.13.3. Family SCI3. (L) foot of proband. Note mild webbing and overriding 4th toe.

Fig.7.13.4. Family SC13. The proband's father, II.l (AB240343).

Fig.7.13.5. Family SC13. The proband's mother II.5.

7.6.14. Family S C I4
Index cases III.1 (MS180279) and 111.2 (AS010981). The pedigree Is shown
in Fig.7.14.1.

Case History
The proband, III.1 (MS180279), was the first born child of a healthy
unrelated couple. The pregnancy was uneventful and the delivery normal at
37 weeks gestation. At 2 hours of age she was transferrred to the neonatal
unit because of respiratory distress and feeding difficulty. On examination
the head shape was found to be abnormal. The initial problems resolved
rapidly and she was discharged. However, she became increasingly
distressed over the next few weeks. A diagnosis of bilateral coronal
craniosynostosis (more severe on the right side) was made and initial
surgery carried out at 2 months. Between 5 and 6 months she developed
hydrocephalus and a shunt was inserted. Early motor milestones were
delayed and remedial help is now required at school. She has a mild
hearing deficit and visual problems relating to difficulty in focusing.
The proband’s younger brother, III.2 (AS010981), is also affected. He
was born close to term weighing 91b 3oz. Abnormal skull shape was noted
at birth and bicoronal craniosynostosis confirmed shortly afterwards. He has
been followed regularly but surgical Intervention had not been necessary by
the time of assessment at 7 years of age. Early motor milestones had been
normal but speech was delayed and subsequently he has needed both
speech therapy and remedial help at school. He has particular problems
with his grip due to exceptionally broad but short fingers and requires
special pencils at school. A squint correction had been carried out on the (R)
eye.
On examination III.1 (Fig.7.14.2) appeared plagiocephalic with
marked supraorbital flattening on the right. There was a widows peak and
broad nasal bridge. In the hands the digits were short and stubby but
otherwise normal. Similarly, in the feet the toes were all short and broad and
there was partial cutaneous 2-3-4 syndactyly.
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Fig.7.14.1. Pedigree of family SC14.

Fig.7.14.2. Family SC14. Proband III.1,(MS180279). Note high, wide forehead,
craniofacial asymmetry and broad great toes.

n.

Fig.7.14.3. Family SC14. Individual IIL2, (AS010981). Note broad forehead,
beaked nose, brachydactyly and short broad halluces.

Fig.7.14.4. Family SC14. II.4, father of index cases. Note broad forehead,
mild facial asymmetry and broad short great toes.

The pro band s brother, III.2, AS010981 (Fig.7.14.3) had similar clinical
findings, although he had little craniofacial asymmetry. The forehead was
flat and extremely broad and the nasal bridge depressed. There was a
widows peak, residual strabismus in the (R) eye, a high narrow palate, short
stubby fingers and toes with partial cutaneous 2-3-4 toe syndactyly. The
great toes were both broad and short.
Although not known to be a gene carrier until after the birth of his 2
affected children, the father, 11.4 (PS 210256), was clearly mildly affected
(see Fig.7.14.4) and gave a history of learning difficulties at school. On
examination there was obvious craniofacial asymmetry with a depressed
nasal bridge, a high palate and small ears. The fingers and toes were broad
and there was bilateral 2-3-4 syndactyly in the feet. A (R) squint correction
had been carried out during childhood.

Comment
This family, with a mildly affected father and 2 affected children, were
considered to have a Saethre-Chotzen-like syndrome. However, none of
them had truly classical Saethre-Chotzen findings, (see table 7.6 for clinical
summary). Of particular note they had strikingly broad large foreheads,
unusual in Saethre-Chotzen syndrome, none had parietal foramina, ptosis,
lacrimal duct anomalies or a Saethre-Chotzen profile.

7.6.15. Family S C I5
Index case III.2 (AO 170575); the pedigree is shown in Fig.7.15.1.
Unfortunately no photographs of this family are available.

Case History
The proband. III.2 (AO 170575), was ascertained through a general
genetic clinic. The referral had been made because of short stature, hearing
loss, a cardiac murmur and an interesting family history.
The proband's maternal aunt, 11.3 (DA 121058), had required surgery
for coronal craniosynostosis. She was short, myopic, partially deaf and had
a squint. There was midface hypoplasia and slight proptosis. She had been
developmentally delayed and had required remedial help at school.
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Fig.7.15.1. Pedigree of family SC15.
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The proband's mother, 11.2 (B0030255), was also of short stature and
she too had some hearing impairment. She had undergone corrective
surgery for a squint in the past. Her dentition was abnormal with many
missing teeth and malocclusion. She had short 5th fingers.
The proband’s paternal uncle, 11.4 (CA 140560), was not available for
examination but was described as having an abnormal skull shape,
scoliosis, squint, speech problems and a history of epilepsy.
The maternal grandmother of the proband ,1.1 LA(unk), was extremely
short and had small hands with some webbing between digits 2-4 and
incurved 2nd fingers. She also had 2-3 syndactyly in the feet. There were no
obvious craniofacial anomalies.
The proband’s father, brother and maternal grandfather were
examined and found to be normal.

Comment
The proband’s maternal aunt and maternal uncle clearly had features
of a dominant craniosynostosis syndrome; she, her mother and maternal
grandmother were all considered to be mildly affected. The family were
considered to have a Saethre-Chotzen-like craniosynostosis syndrome,
although the affected aunt certainly also had some rather Crouzon-like
features. The physical findings of affected family members are summarised
in Table 7.8

7.6.16. Family PF1
Index case IV.8 (KL131077). The pedigree is shown in Fig.7.16.1.

Case History
The proband, IV.8 (KL 131077), had originally been ascertained
shortly after birth because of an unusual skull shape. Examination of
photographs from that time showed a boy with obvious acrocephaly (see
Fig.7.16.2). He had required surgery for coronal craniosynostosis at the age
of 3 months.
He was seen again at the ages of 10 and 17 years. At 17, the head
shape was no longer so striking although the forehead was still prominent.
Other findings of note included downslanting palpebral fissures, strabismus
of the (R) eye and a high palate (Fig.7.16.3). The thumbs were broad and
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there was apparent symphalangism of the distal interphalangeal joints of
2nd and 5th fingers (Fig.7.16.4). There was cutaneous syndactyly of the
second and third toes bilaterally and the halluces were unusually broad
(7.16.5). He was of normal intellect.
The proband’s father, brother and half brother were examined and
found to be normal.
The proband's mother, III.5 (CL 220354), had no cranial
manifestations of acrocephaly but had partial cutaneous syndactyly of the
2nd, 3rd and 4th toes and large great toes (Fig.7.16.6.).
Her sister, III.3 (JG 150651), who had been born with left talipes, was
similarly affected (Figs.7.16.7 & 7.16.8). She had required surgery in
adulthood for deviation of the nasal septum. Both of her children were
clinically normal.
The proband's maternal uncle. III.7 (JP 081058) was affected too. On
examination he was found to be brachycephalic with a high forehead,
myopia and high arched palate. Like his sisters, he had marginally broad
thumbs and partial cutaneous syndactyly of the 2nd, 3rd and 4th toes with
large halluces. This man had decided against having a family because of
the risk of a child being born with similar problems to his nephew.
The proband's maternal grandfather, 11.2 (DP), had quite a high
forehead but his facial features were otherwise unremarkable (Fig.7 16.7.).
He had partial cutaneous syndactyly of the 2nd and 3rd toes and large
halluces (Fig.7.16.8 ). His brother, 11.6 (RP130235) and niece 111.13 (DP)
were found to have normal facies and similar foot deformities on
examination. Another niece, 111.14 (CP), was said to be affected but did not
wish to be examined. His 3 other siblings were normal. His mother had
apparently had similar feet.
In all affected family members examined there was no visible joint
crease between the middle and terminal phalanges of some digits. The
dermatoglyphic findings were unusual and have been reported in detail
elsewhere [Baraitser et al., 1980].
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Fig 7.16.2. Family PFl. The proband, IV.8, (KL131079).

.
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Fig.7.16.3. Family PFl. The proband, IV.8 (KL131079) aged 17yrs.

Fig.7.16.4. Family PFl. Hands of the proband IV.8. Note broad thumbs and mild webbing.

\
Fig.7.16.5. The proband's feet. Note broad halluces and partial cutaneous syndactyly of toes 2-3.

\i

Fig.7.16.6.
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The
proband's
mother,
III.5
(CL220854).
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of toes 2-4
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Fig.7.16.7. Family PFl. a-b) The proband's grandfather, II.2 (DP)
c-d) The proband's maternal aunt III.3 (JG150651).

(a)

(c)

\

(b)
(d)
Fig.7.16.8. Family PFl. Flands and feet of the proband's grandfather II.2 (a-b) and maternal aunt III.3 (c-d)

Hand radiographs showed fusion between the middle and terminal
phalanges of fingers 2-5 in the proband’s mother and maternal aunt, and in
the thumb of the maternal grandfather. X-rays of the proband’s hand in
infancy were reported as normal apart from 5th finger clinodactyly. In the feet
the changes included medial deviation and partial fusion of the phalanges
of the great toes.

Comment
In this family transmission of webbed toes had occurred over three
generations without noticeable acrocephaly before a child was born with the
full acrocephalosyndactyly syndrome. The pedigree was originally reported
as having Pfeiffer syndrome by Baraitser et al., [1980]; however Cohen
[1986] has stated that the anomalies described in this family more closely
resemble those of Jackson-Weiss syndrome rather than Pfeiffer syndrome.
The main deformities seen in affected individuals were 2-3 syndactyly
of the toes, broad varus great toes and symphalangism. The thumbs were
normal or minimally broadened. Certainly the foot abnormalities described
in combination with the finding of acrocephaly in the proband would be
consistent with Pfeiffer syndrome but the thumbs are not classical in any of
the affected family members seen.

7.6.17. Family PF2
Index case lll.1(JL061084). The pedigree is shown in Fig. 7.17.1.
Case H istory.

The proband, lll.1(JL061084), was born at 42 weeks gestation,
following an uneventful pregnancy, to a healthy non-consanguineous
couple. Maternal and paternal ages at delivery were 36 and 33 years
respectively. The family history was unremarkable. Labour was induced but
failed to progress and delivery was by emergency LSCS. The birth weight
was 8 V 2 lb. Severe proptosis was immediately evident and the proband
was admitted to the neonatal unit for assessment. The feet were unusual
with broad, short great toes and partial cutaneous syndactyly. There were
considerable feeding difficulties and long term tube feeding was necessary.
At 6 weeks of age neurosurgery was undertaken with frontal advancement
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and orbital enlargement. Postoperatlvely there was evidence of increasing
hydrocephalus and a shunt was inserted. Over the following 6 months the
shunt blocked repeatedly necessitating 2 revision procedures. At 1 year of
age a second craniofacial advancement with midface advancement was
performed. Tube feeding was necessary for 13 months, from 13-15 months
the proband managed oral feeds but at 15 months tube feeding once again
became necessary following repeated episodes of croup. Adenoidectomy
was undertaken, but because of continuing respiratory problems a
tracheostomy was fashioned at 18 months. The proband remained
exclusively tube fed until the age of 3Va years; following tonsillectomy he
managed small quantities of solid food but continued to require top-up tube
feeds at 4V2 years. Motor milestones were delayed; the proband sat
independently at 1 year, cruised around the furniture at 3-3^/z years and
subsequently learnt to walk with a frame. Speech therapy was needed in
order to teach him to speak with the tracheostomy, but at 6 years he had
been placed in a normal primary school and was managing quite well. At
birth, a cardiac murmur was noted with electrcardiographic evidence of right
ventricular hypertrophy. The murmur has since disappeared and there have
been no major concerns from the cardiological point of view. He has
significant hearing impairment for which he is aided and has required
surgery for strabismus. The clinical findings are given in Table 7.8 and
illustrated in Figs.7.17.2-7.17.5.
The proband's mother and father were considered clinically normal.
The proband has two healthy half sisters, who were reported to be
unaffected but examination was not possible.

Comment
The proband in this family appeared to have severe Pfeiffer
Syndrome with an almost cloverleaf skull anomaly. Originally the proband’s
father had been considered to be a mildly affected gene carrier because of
marginally broad great toes, but on review he appeared essentially normal,
and the proband was deemed likely to be a fresh mutation.
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Fig.7.17.2. Family PF2. The proband, III.l (JL061084), aged 15 months.

Fig.7.17.3. Family PF2. The proband's feet.

Fig.7.17.4. Family PF2. The proband, III.l, aged 4 years.

Fig.7.17.5. Family PF2. The proband (lateral view).

7.6.18. Family CZ1
Index case IV.2 (PG 120580). The pedigree is given in Fig 7.18.1.

Case History

^

®

The proband, IV.2, (shown in Fig.7.18.2), is the second child of a
healthy nonconsanguineous couple. She was born at term with a birth
weight of 81b 5oz. Aside from a threatened miscarriage in the first trimester
the pregnancy had been uneventful. At birth she was noted to have an
unusual head shape and to closely resemble her father. A diagnosis of
probable Crouzon syndrome was made. She cried continuously for the first
8 weeks and underwent surgery shortly afterwards because of raised
intracranial pressure. She had one febrile convulsion at 18 months of age.
At 8 years she complained of recurrent headaches and the intracranial
pressure was found to be mildly raised. Further neurosurgery was
performed with remodelling of the forehead and supaorbital ridge
advancement. Her motor milestones were normal, but speech development
somewhat delayed; however school progress has been satisfactory to date.
There are no major visual or auditory problems.
The proband's father, III.l (NG280649), (see Fig.7.18.3) had also
required neurosurgery in early childhood but no details were available.
Apparently there had been concern about him from early on, as he had
been an irritable but sleepy baby; however he was not aware of the
diagnosis of craniosynostosis until after the birth of his affected daughter. He
has had considerable visual problems with discordant eye movements and
lack of binocular vision.
The proband’s paternal uncle, III.2 (AG280651), was seen and was
obviously affected (Figs.7.18.4 & 7.18.5). Although he reported that he was
unaware of his status, he acknowledged that the main reason why he had
not had a family was the potential risk of having a child with similar problems
to his niece.
The proband’s sister, mother and paternal grandmother were all
clinically normal. It was evident from family photographs that the pro band’s

^

paternal grandfather, 11.4, had also been affected (see Fig.7.18.5).
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Fig.7.18.4. Family CZl. The proband's paternal uncle III.2 (AG280651).
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(a)
(b)
Fig.7.18.5. Family CZl. a) The proband's paternal grandfather, 11.4.
b) The proband's father III.l (NG280649), shown left, with his parents and brother

Examination findings In the proband included turhbrachycephaiy,
mild proptosis, a broad nasal bridge, mild 5th finger clinodactyly and
minimal partial cutaneous syndactiy of the 2nd and third toes. There was no
striking craniofacial asymmetry and the midface was not obviously
hypoplastic. The proband’s father was of similar appearance, although
proptosis was more marked and in addition he had noticeable craniofacial
asymmetry. The proband’s uncle was also clearly affected although he did
not permit a full clinical examination. Neither he nor his affected brother had
any digital anomalies. Both were of normal intelligence.

Comment
The affected members of this family had many features of Crouzon
syndrome although none were absolutely classical. From the series of
photographs provided it seems that the father’s problems continued to
progress in adulthood with deteriorating vision and an increasingly
dysmorphic facial appearance.

7.6.19. Family CZ2
Index cases IV.2 (AR081280) and IV.6 (AA031179). The pedigree is shown
in Fig.7.19.1.

Case History
A large Pakistani family was ascertained, in which a total of four
children with craniosynostosis had been born to two consanguineous,
closely related couples.
The eldest affected child, IV.6 (AA031179), had classical features of
Crouzon syndrome (see Fig.7.19.2). He had initially presented with severe
pro ptosis and papilloedema. There was multiple suture synostosis with
premature fusion of the metopic, coronal and sagittal sutures. At the age of 2
years 3 months he had been admitted for combined craniofacial correction;
a decompressive craniotomy was undertaken together with immobilisation
of the frontal bones and supraorbital ridge advancement. He has required
special schooling because of developmental delay.
His sisters IV.7 and IV.8 had not had any problems but his brother,
IV.9 (EA201285), (shown in Fig 7.19.3), was also affected. The unusual
head shape was noticed at 8 months and craniosynostosis evident on X-ray.
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Corrective surgery with bicoronal craniectomy was undertaken at 2 V 2 years.
On examination at the age of 3 years findings included a ridged metopic
suture, flat occiput, mild exophthalmos, prominent ears, a sloping forehead,
upslanting palpebral fissures and mild proptosis.
The youngest of the sibship, IV. 10, was only 4 months of age and had
not had any radiological investigations. On examination the anterior
fontanelle was small and the occiput flat, the ears were prominent and the
thumbs and great toes broad and rather short with flattened ends. It seemed
likely that she too was affected
Two cousins, IV.2 (AR081280), shown In Fig.7.19.4, and IV.4
(SB180686) (Fig.7.19.5), were also affected. Craniosynostosis was
diagnosed in IV.2 at the age of 2 years by which time there was evidence of
papilloedema and a bilateral decompressive craniotomy was necessary. He
is currently making satisfactory progress at normal school. The younger of
his two sisters, IV.4, was also affected with fusion of the coronal, sagittal and
lambdoid sutures. By 18 months she had raised intracranial pressure and
corrective surgery was carried out.
All four affected children had broad great toes with valgus deformities.
Other variable clinical features included mild syndactyly of the fingers and
toes, clinodactyly, prominent crura, abnormal dentition and short stature
III.7, the mother of IV.6 and IV.9 was microcephalic and seemed
somewhat slow. On examination, findings Included mid-face hypoplasia,
hallux valgus and contractures of fingers 4 and 5 on the right. 111.8, the father
of IV.6 and IV.9, was a tall thin man with large hands and feet. The thumbs
and great toes were particularly big and there was fifth finger clinodactyly on
the left.
III.2, the brother of III.7 and father of IV.2 and IV.4, appeared relatively
normal although he was noted to have a large prominent nose, broad, short
great toes and mild 2-3 toe syndactyly. His wife, III.l, had mild craniofacial
asymmetry with deviation of the nasal septum, a flat occiput and broad
halluces.
The parents (11.3 and 11.4) of III.7 and III.2 were examined, neither was
obviously affected although 11.3 had unusual feet with mild 2-3 toe
syndactyly, an overriding 4th toe with apparent symphalangism.
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Fig.7.19.2. Family CZ2. Index case IV.6 (AA031179).
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Fig.7.19.4. Family CZ2. Individual IV.2 (AR081280)

Fig.7.19.5. Family CZ2. Individual IV.4 (SB180686).

Comment
This family was not typical of any of the described craniosynostosis
syndromes and a precise diagnosis was not made. The combination of
craniosynostosis with broad, valgus great toes, 2-3 syndactyly, abnormal
incisors and a prominent ear crus is suggestive of ACS III. However
proptosis is unusual in ACS III and IV.6 appeared to have classical Crouzon
syndrome. There was some similarity to the pedigree described by Jackson
and Weiss. The findings in the parents were difficult to interpret, II 1.7 seemed
likely to be affected, III.8 was probably normal, but the status of III.1 and III.2
could not be determined with certainty. Given the highly consanguineous
nature of the pedigree it is possible that IV.2, IV.4 and IV.9 are heterozygotes
for the CRS gene and IV.6 homozygous. If this were the case then III.8 and
III.2/ill. 1 would have to be non/minimally manifesting gene carriers. This
assumes a mixed model inheritance pattern for CRS in this pedigree.

7.6.20. Family CRS 1
Index case (ED071085), see Fig 7.20.1

Case History
The proband, (ED071085), was noted to have an unusual head
shape at birth and a diagnosis of bicoronal craniosynostosis made.
Corrective neurosurgery was undertaken in infancy. Other significant
findings incuded 2-3-4 finger syndactyly and a high arched palate.The
proband had significant learning difficulties and required special schooling.
The proband’s mother (also seen in Fig.7.20.1) had very mild partial
cutaneous syndactyly of fingers 3-4 and toes 2-3, a broad high forehead and
a prominent right ear crus. She seemed somewhat slow. Several of her
siblings were reported to look similar.
The proband’s maternal uncle had a history of significant learning
difficulties and her male first cousin (JC170184) was obviously
developmentally delayed. On examination JC170184 had a fragile-X-like
phenotype, but his karyotype was normal with no evidence of fragile-X. He
has recently been reinvestigated and found to have the trinucleotide repeat
associated with Fragile-X. Family studies to detemine the fragile-X status of
key family members are underway.
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Fig.7.20.1. Family CRSl. The proband (ED071085) shown with her mother.

Comment
The proband had bicoronal craniosynostosis and, at first, was thought
to have ACS III, with her mother assumed to be a mildly affected gene
carrier. However, after detailed review this diagnosis was rejected, as many
of the proband’s features were not classical of ACS III and none of the
proband’s relatives had Saethre-Chotzen-like facies. The degree of
hypertelorism in the proband was rather reminiscent of craniofrontonasal
dysplasia, but there was no clearcut diagnosis to be made and so it was felt
that the family could not be classified. It has since come to light that this is a
Fragile-X pedigree and it is interesting that another Fragile-X family with
similar features has since come to attention. The significance of these
observations is uncertain.

7.7. A S u m m a r y OF THE CLiNrcAL D a t a FOR THE S a e t h r e - C h o t z e n
(ACS III) AND P f e if f e r P e d ig r e e s
Tables 7.1 - 7.6 summarise the clinical findings observed in affected
individuals from families SCI - S C I5 with Saethre-Chotzen syndrome.
Anthropometric data is given in table 7.7. The clinical manifestations in
affected members of the Pfeiffer pedigrees PFl and PF2 are documented in
table 7.8.
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Table 7.7. Saethre-Chotzen Families.
ANTHROPOMETRY: Data for affected individuals.
Patient

Eye Spacing

Age

Cephalic

Interpupillary
on
centile

yrs

Inner Canthal
centile
on

R D 1 40 65 3
D S220168
JS 0 20228
SD 260886
JD120588

35
21
60
2
1

3.1
3 .0
3 .2
2 .8
2 .8

50th
2 5 -5 0 th
5 0th
7 5-97 th
7 5 -9 7 th

5 .9
6 .0
6 .0
4 .8

PB 010658
CB 120980
A B 031282

31
8
6

3 .8
3 .5
3 .4

SC 210158
JC 260985

30
3

SC 040158

Circumference
on
centile

Index

-

75-90 th
75th
75th
50th
-

51.1
5 4 .0
5 1 .0
4 8 .4
4 7 .8

<3rd
<3rd
<3rd
3rd-50th
5 0 -9 0 th

8 0 .3
7 4 .7
8 5 .3
7 6 .2
7 6 .7

> 9 7 th
> 9 7 th
97th

7 .0
5 .5
6 .0

> 9 7th
75th
> 9 7 th

5 4 .8
5 0 .0
52

2 5 -5 0 th
3 rd -10th
5 0th

/
/
/

2 .7
2 .7

3rd-25th
5 0 -7 5 th

5.1
4 .7

3rd-25th
2 5-50 th

5 1 .5
4 6 .9

<3rd
3rd

7 2 .5
8 3 .0

31

2 .8

25th

5 .5

2 5 -5 0 th

52

<3rd

7 5 .8

K S280759
G S011284
S S I 70586

28
3
2

3 .5
2 .7
2 .5

7 5-97 th
50th
2 5 -5 0 th

6 .5
4 .8
4 .8

7 5-97 th
50th
5 0 -7 5 th

5 6 .6
48
47.1

5 0 -7 5 th
3rd
3rd

/
/
/

JH100648
PH 230682

6

2 .2
3 .4

<3rd
> 9 7th

5.1
5 .9

3rd-25th
>9 7th

5 6 .2
5 5 .0

7 5 -9 0 th
>9 7th

8 4 .2
7 8 .6

A B 240343
D W 230367

46
22

2 .5
3 .5

<3rd
7 5 -9 7 th

5 .5
7 .0

25th
> 9 7 th

57
56

9 0th
9 0-97 th

8 0 .3
8 6 .9

G G 1 9 02 15
LW 12 0551
LW 160278

73
37
10

4 .4
2 .7
2 .9

> 9 7 th
3rd-25th
50th

6 .9
5 .6
5 .2

>9 7th
2 5 -5 0 th
25th

57
5 3 .4
5 1 .8

90th
10-25th
10-25th

7 7 .2
7 5 .5
7 9 .6

PS210156
M S I 80279
A S010981

32
9
7

3 .3
3 .3
2 .8

75th
75 -9 7 th
2 5 -5 0 th

6 .5
5 .9
5 .2

>9 7th
>9 7th
50th

5 8 .2
5 0 .8
5 1 .4

> 9 7th
10th
2 5 -5 0 th

74.1
79.1
8 3 .0

JJ121261
A J251283
Z J 3 10382

26
4
6

2 .2
2 .8
2 .3

<3rd
<3rd
3rd

4 .8
3 .8
3 .5

<3rd
<3rd
<3rd

58
55
5 2 .6

> 9 7 th
> 9 7 th
5 0 -7 5 th

8 1 .5
7 8 .9
/
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7.8. S a e t h r e - C h o t z e n F a m i l i e s A n a l y s i s

and

D iscussion

of the

C l i n i c a l D ata .

15 of the 20 study families were considered to most closely resemble
the Saethre-Chotzen syndrome. In the 15 families there were 20 index
cases, of whom 5 were male and 15 female. In all 50 living affected
individuals (20M;30F) were identified within the 15 families. 25/50 had
definite evidence of craniosynostosis and 18/25 had had surgical
intervention. 31/50 affected individuals had needed one or more surgical
procedures as a consequence of Saethre-Chotzen syndrome. 13/50 had
required >2 surgical procedures, of whom 7 had had >3 operations (see
table 7.9).
Of the 50 identified affected individuals, 18 had inherited the SaethreChotzen gene from their father and 24 from their mother, the remaining 8
probably representing new mutations. Of 18 who had required surgery for
craniosynostosis, 7 (39%) had inherited the gene maternally and 10 (56%)
paternally, 1 being a new mutation ie: 7/24 (29%) of maternally transmitted
cases required neurosurgery as compared to 9/18 (50%) paternally
transmitted cases. This observation was not statistically significant (0.1<
p>0.05) using

8/10 who required ptosis repair and 6/7 with lacrimal duct

problems had inherited the gene maternally ie: 8/24 (33%) maternally
transmitted cases required ptosis repair and 6/24 (25%) had lacrimal duct
problems compared to 1/18 (5.5%) of paternally transmitted cases, however
the numbers are small and the observations not statistically significant using
Fishers exact T-test, p=0.225.
Table 7.10 shows the number of index cases, number of affected relatives
and the total number of individuals with each of the complications. Most
occurred in index cases and not affected relatives. The complications
generally appeared random but showed apparent clustering with some
pedigrees. No correlation was found between learning disability and
microcephaly.
Of the 32 affected adults ascertained by the study 15 had been
completely unaware of any problems until either the time of the study or the
birth of an affected child. 11 knew that they were gene carriers and were
reasonably well informed about the clinical variability of the condition, while
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6 others considered that they might be gene carriers, but had little idea
about the implications. There was no definite evidence of anticipation,
however, overall the trend in most families down the generations was of
increasing severity, although this could well be due to ascertainment bias.
The disorder was considered sufficiently severe by the study families
for there to be a demand for prenatal diagnosis (PND) and women were
definite that they would opt for prenatal diagnosis if available. 5/7 had
decided against having further children in the absence of PND and 1/7 had
opted for a termination rather than continue with an at-risk pregnancy.
Several others expressed an interest in PND but did not plan to alter their
reproductive decisions in the absence of a test.
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Table 7.9. Saethre-Chotzen syndrome.
Surgical Procedures in the Study Cases
Operation

No. of Cases
(n=50)

Total No.
1 or more
32
>2
13
7
>3
Craniosynostosis surgery
18
Ptosis repair
8
Tear duct probing
7
Squint repair
10
Correction nasal septum
1
Palate repair
1
Syndactyly release
1
Osteotomy for hallux valgus
1
Umbilical hernia repair
4
Orchidopexy
3/20M
Anal dilatation
1

Frequency
(%)
64
26
14
36
16
14
20
2
2
2
2
8
15
2
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Table 7.10. Saethre-Chotzen syndrome.
Complications in affected individuals.
Complication

Craniosynostosis (C /S )
C /S Surgery
Raised ICP
Ptosis
Ptosis Surgery
Tear Duct Anomaly
Strabismus
Epilepsy
Deviation Nasal Septum
Intellectual Handicap
Special School/Unit
Remedial Class
Motor Delay Only
Speech Therapy
Borderline IQ
Hearing Impairment
Aided
M ild
Umbilical Hernia
Undescended T estis
Cardiac Murmur
Cleft Palate
Delayed Dentition
Scoliosis
Restricted Neck Movt.
Limited Elbow Movt.
Short stature
Anal sten osis
Recurrent Skin Sepsis

No. Index Cases
(n=20)

No. Affected Relatives
(n=30)

No. A ll Cases
(n=50)

18
16
6
3
3
4
7
3
2
4
1
3
2
5
1
5
3
4
1
1
2
0
1
0
2
1
1
1
0

7
2
0
7
5
5
5
0
10
7
2
5
0
1
1
6
2
2
3
3
0
1
2
1
2
0
7
0
1

25
18
0
10
8
9
12
3
12
11
3
8
2
6
2
11
5/11
6/11
4
4/20M
2
1
3
1
4
1
8
1
1
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Chapter 8
LINKAGE STUDIES OF THE
ACROCEPHALOSYNDACTYLY
SYNDROMES AND 7P MARKERS.
Evidence for linkage of the Saethre-Chotzen
syndrome to distal chromosome 7p.
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Chapter

8
LINKAGE STUDIES OF THE

ACROCEPHALOSYNDACTYLY SYNDROMES AND 7P
MARKERS.
E v id e n c e

fo r l in k a g e o f t h e

S

aethre- C hotzen syn d r o m e, an

AUTOSOMAL DOMINANT CRANIOSYNOSTOSIS SYNDROME, TO DISTAL
CHROMOSOME 7 P.

8 .1 .

In t r o d u c t i o n

The Saethre-Chotzen syndrome (acrocephalosyndactyly type III) is
one of the most common autosomal dominant craniosynostosis syndromes.
In Saethre-Chotzen syndrome there is evidence of high but incomplete
penetrance and very variable expression.The clinical features of the
Saethre-Chotzen syndrome and other non-Apert acrocephalosyndactylies
are discussed in detail in chapter 6. Many of the clinical findings do occur in
other craniosynostosis syndromes but the overall pattern of anomalies in the
Saethre-Chotzen syndrome is distinctive.
This study was undertaken with the aim of determining the
chromosomal localisation of the mutation(s) giving rise to the SaethreChotzen syndrome (ACS 111) and related disorders as the first step towards
identification of the gene defect(s) responsible for the non-Apert
acrocephalosyndactyly syndromes.
Literature reports of patients with structural alterations of the short arm
of chromosome 7 have suggested that 2 or more genes for craniosynostosis
may be situated in this region (see chapters 2 and 5). Craniosynostosis
appears to be consistently associated with deletion of one of two specific
and separate regions, either deletion of part of band 7p21/proximal 7p22 or
deletion of 7p13-p14. The clinical features observed in several of the cases
of partial 7p monosomy are reminiscent of the non-Apert
acrocephalosyndactyly syndromes and therefore chromosome 7p was
considered a candidate location for the Saethre-Chotzen (ACS III) gene.
Linkage studies, using a panel of DNA probes spanning the short arm
of chromosome 7, are reported in a series of non-Apert
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acrocephalosyndactyly pedigrees, with the key areas of interest being 7p13
and 7p21.
8 .2 .

M a t e r i a l s AND M e t h o d s

8.2.1. Family Material
Molecular genetic studies were undertaken in 14 British families with
apparent autosomal dominant non-Apert acrocephalopolysyndactyly in
order to address the question of whether abnormal genes at one or more
loci cause this group of syndromes. Relevant family members were
examined (by LB ) and blood samples taken for analysis from 96
individuals, 47 of whom were affected. The clinical findings in the study
pedigrees are reported in detail in chapter 7. Two further families were
referred from abroad for inclusion in the linkage study.
The pedigrees of the 16 study families are shown in Fig.8.1.
Ten were classified as having classical Saethre-Chotzen syndrome, five a
Saethre-Chotzen-like non-Apert acrocephalosyndactyly syndrome but
without ptosis, parietal foramina, low set frontal hairline or lacrimal duct
stenosis and one Reiffer/Jackson-Weiss type acrocephalosyndactyly. No
families were ascertained with “classical” Reiffer syndrome.

8.2.2. Chromosome Analysis
Chromosome analysis [G-banded of cultured lymphocytes] was
performed on one affected individual from each family using standard
techniques. In all cases the chromosomes were normal.

8.2.3. Chromosome 7 probes
The chromosome 7-specific probes used, including both cloned
human genes and randomly generated DNA segments are listed in Table
8.1 along with restriction fragment length polymorphisms (RFLP) and
locations.
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Table 8.1. The chromosome 7p probes used in this study.
DNAprobe

H G M symbol

Cytogenetic

Enzyme

location

RFLP size
(kb)

pHER-A64

EGFR

7pl2-p l3

StuI;XbaI

20/13.7; 12/10

CRI-R944

D7S69

7pl3

MspI

4.0/3.0

CRI-P137

D7S65

7pl3

TaqI

3.7/2.7,1.0

G-80

D7S373

7pl3-pl5

TaqI

7.0/6.5

pVllSPRS

TCRG

7pl4-pl5

TaqI

4.1/3.7

G-98

D7S410

7pl4-p21

TaqI

0.9/0.8

HOX1.4

D7S441

7pl4-p21

B g lll

4.3/ 3.14.2

pB2.15

IL6

7pl4-p21

M spI,BglI

7.5/4.0, 7.6/S.7

pJ5.ll

D7S10

7pl4-pter

MspI

S.8/5.5

pRMU7.4

D7S370

7pl4-pter

MspI

55/13

TS194

D7S150

7pl5-pter

TaqI

1.5/1.0

TM102L

D7S135

7pl5-pter

TaqI

12.0/8.5

MS31

D7S21

7p22

H in fl

Many

8.2.4. DNA analysis
Genomic DNA was isolated from lymphocytes by standard techniques
and 5pig was digested with the restriction endonuclease determining the
polymorphic characteristic of the specific probe [Maniatis et al., 1982]. The
resulting fragments were separated by electrophoresis on a 0.8% agarose
gel and transferred to a nylon membrane [Hybond-N, Amersham PLC] by
Southern blotting [Southern, 1975]. The probes were labelled with^zp-dCTP
by random oligonucleotide-primed synthesis of the probe insert [Feinberg
and Vogelstein, 1984]. Hybridisation conditions were as described by
Maniatis et al., [1982] and washing was performed at 65C in 2xSSC.

8.2.5. Linkage Analysis
Two-point linkage analysis and multipoint likelihood calculations
were computed using the LINKAGE program package [Lathrop et al , 1984].
A Lod score of at least 3 was considered evidence of genetic linkage and
the Lod score of -2.0 taken as an exclusion boundary. The families were
analysed initially as a group and then with two non-ACSIII-like pedigrees
(15 and 16) excluded.
8.3.

Results

Pairwise Lod scores for equal male and female recombination
fractions between ACSIII and each of the chromosome 7 markers are shown
in Table 8.2. ACS III was clearly not linked to markers from proximal 7p in
the vicinity of the Greig Cephalopolysyndactyly Syndrome locus. However,
results obtained with 2 of the more distal markers pRMU7.4 (D7S370)
[Myers et al.,1988] and pJ5.11 (D7S10) [Cooper et al , 1985] show evidence
for linkage to the putative ACS locus. The highest two-point value was for
pJ5.11 with a maximum Lod score of 3.35 at 0=0 when all the family data
were analysed together. Tight linkage to pp2.15, TS194 and TM102L was
excluded, however the exclusion limits are narrow. There was no evidence
for linkage to HOX 1.4 or MS31.
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Table 8.2. Pairwise lod scores between ACSIII and 7p marker loci.
R e c o m b in a tio n
Probe

MO

F r a c tio n

0.01

0.05

0.10

0.20

0.30

0.40

All families 1-16
ApHER-A64

-Inf

-1.30

-0.64

-0.38

-0.16

-0.06

-0.01

CRI-R944

-inf

-10.46

-5.53

-3.47

-1.59

-0.70

-0.24

CRI-P137

-Inf

-2.25

-0.95

-0.48

-0.14

-0.03

-0.00

G80

-Inf

-6.13

-2.71

-1.38

-0.32

0.04

0.10

p V IIS P R S

-Inf

-6.91

-3.53

-2.15

-0.93

-0.36

-0.08

G98

-Inf

-9.48

-4.79

-2.95

-1.37

-0.63

-0.23

H0X1

-Inf

-9.73

-4.98

-3.05

-1.32

-0.51

-0.12

P32.15

-Inf

-2.82

-1.33

-0.70

-0.18

-0.01

0.01

pJ511

3.35

3.28

2.98

2.60

1.82

1.04

0.38

PRMU7.4

-Inf

1.78

2.19

2.11

1.64

1.03

0.41

T S 194

-Inf

-3.89

-1.64

-0.76

0.10

0.07

0.05

TM102L

-Inf

-2.39

-0.52

0.13

0.50

0.43

0.18

MS31

-Inf

-21.02

-10.33

-6.15

-2.62

-1.11

-0.38

Pediarees 1- 15 n 6 omittedi
pJ511

2.46

2.41

2.20

1.92

1.35

0.79

0.30

PRMU7.4

3.09

3.02

2.74

2.39

1.68

0.98

0.35

Pedigree 15 with a possible Pfeiffer-like syndrome was uninformative
for pJ5.11 and pRMU7.4. Pedigree 16 showed the only recombination
between the disease locus and pRMU7.4 but there was no recombination
with pJ5.11 (Lod = 0.9 at 0=0). There was no linkage to other 7p markers in
this family. This pedigree is phenotypically distinct from the others, with
features suggestive of Pfeiffer / Jackson-Weiss syndromes.
Given the possibility of heterogeneity the data was reanalysed with
pedigrees 15 and 16 excluded and a maximum Lod score of 3.00 obtained
with pRMU7.4 at 0=0; the two-point value for pJ5.11 being 2.39 at 0=0. The
data generated a Lod score of 1.23, with no recombination events observed,
between probes pJ5.11 and pRMU7.4. There was no evidence for linkage of
either probe to any of the other DNA markers used in this study. Multipoint
analysis using LINKMAP setting pRMU7.4 and pJ5.11 lOcM apart gave a
maximum combined Lod score of 5.00 at the pJ5.11 locus when all 16
families were analysed and of 4.2 between pJ5.11 and pRMU7.4 when
pedigrees 15 and 16 were omitted.
8 .4 . D is c u s s io n

The results of linkage analysis using conventional biallelic markers
support localisation of a non-Apert ACS locus on the distal short arm of
chromosome 7 in the 7p21 region, demonstrating significant Lod scores for
pRMU7.4 and pJ.511 with or without inclusion of pedigrees 15 and 16. The
only recombinant in this study with the linked probes involved pRMU7.4 in a
family resembling Pfeiffer / Jackson-Weiss syndrome. The other Pfeiffer-like
pedigree was uninformative. All of the remaining pedigrees are compatible
with a diagnosis of Saethre-Chotzen syndrome (ACS III).
The linkage analysis presented excludes the homeobox gene Hox1.4
(a member of the Hox A cluster) as a candidate gene for ACS III.
Of other genes mapping to 7p, KOX 3 [Seite et al., 1991] (another zinc finger
gene) and Platelet Derived Growth Factor-A [Tsui and Farrall, 1991] could
also be considered potential candidate genes for human craniodigital
syndromes.
More detailed linkage studies of classical ACSIII families, to refine the
localisation of the ACSIII locus, are currently being undertaken using
dinucleotide (CA)^ repeats mapping to distal 7p. Using this approach in a
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refined patient group, the finding of significant linkage between SaethreChotzen syndrome and distal 7p markers has been corroborated, with
maximum lod scores, Z^ax of 5.57 at a recombination fraction of 0.05 with
D7S488, and 4.74 at a recombination fraction of 0.05 with D7S493 [van
Herwerden et al., 1994]. Similar results are emerging from others
investigating separate patient cohorts [Lewanda et al., 1994].
The recent observation of two reciprocal chromosome translocations
associated with Saethre-Chotzen syndrome, each with one breakpoint in
distal 7p, provides cytogenetic evidence to support localisation of ACSIII to
this region [Reid et al., 1993; Reardon et al., 1993]. The 7p breakpoint cited
by Reid et al., [1993] is 7p22 whilst in the other report it is given as 7p21.2
[Reardon et al., 1993]. Another case, described as non syndromal
craniosynostosis (albeit with some features suggestive of Saethre-Chotzen
syndrome), has been found with a breakpoint in 7p15.3 [Tsuji et al., 1994]. It
remains to be seen whether, as discussed by Reid et al., [1993], the
difference in breakpoints reflects possible molecular heterogeneity or the
limits of cytogenetic resolution. Three further families with independent
chromosome translocations segregating for Saethre-Chotzen syndrome
have since been reported [Wilkie et al., 1995]. Rose et al., [1994] reported
the outcome of fluorescent in situ hybridisation studies on four patients with
Saethre-Chotzen syndrome associated with apparently balanced
translocations involving band 7p21.2 and different reciprocal chromosomes.
They showed that in all four patients the breakpoints in 7p are situated
within a 6cM region flanked by the genetic markers D7S488 and D7S493.
Further linkage studies in the Jackson-Weiss/Pfeiffer pedigree
(pedigree 16) have shown that this dominant form of acrocephalosyndactyly
does not map to the ACS III region on 7p [van Herwerden et al., 1994] (see
also Chapter 9). The finding that this dominant form of craniosynostosis and
ACS III are not allelic disorders provides clear evidence of genetic
heterogeneity among the non-Apert acrocephalosyndactylies.
Crouzon syndrome, a clinically distinct form of dominant
craniosynostosis, does not map to the region of 7p defining the SaethreChotzen focus either [Reardon et al., 1994a] (see Chapter 10). However, it
remains possible that other rarer craniosynostosis syndromes may be allelic
to ACS III and that some forms of sporadic craniosynostosis may prove to be
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caused by mutations of the ACS III gene.
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Chapter 9
SUBSEQUENT MOLECULAR GENETIC
STUDIES IN
NON-ACS III STUDY FAMILIES
C o n firm a tio n th at S a e th re-C h o tzen sy n d r o m e a n d P fe iffe r
S y n d ro m e are g e n e tic a lly d istin c t e n titie s

267

Chapter 9
SUBSEQUENT MOLECULAR GENETIC STUDIES IN
NON-ACS III STUDY FAMILIES

CoNFiRMATiONTHAT S
S

aethre- C hotzen syndrome and

P feiffer

y n d r o m e a r e g e n e t i c a l l y d i s t i n c t e n t i t i e Su

9.1. Ba c k g r o u n d

In chapter 8 Saethre-Chotzen syndrome (ACS ill) was shown to be
localised to chromosome 7p21-22, but there were two study families,
pedigrees 15 and 16, omitted from the final analysis as both were
considered to have a Pfeiffer-like phenotype rather than ACS III. Pedigree
15 with a possible Pfeiffer-like syndrome was largely uninformative for key
7p markers whilst pedigree 16 showed the only recombination between the
disease locus and pRMU7.4, but there was no recombination with pJ5.11
(Lod = 0.9 at 0=0). However, there was no linkage to other 7p markers in
this family.
Given the clinical similarities between Pfeiffer Syndrome (PS) and
ACS III, it has been questioned whether PS is genetically distinct from ACS
III, or an allelic disorder. The finding of a recombinant in pedigree 16 with
pJ5.11 hinted at the possibility of genetic heterogeneity and prompted
further molecular genetic studies to localise the gene responsible for
craniosynostosis in this family.
9 . 2. M a p p i n g OF

the g e n e for c r a n io s y n o s t o s is i n the

P f e i f f e r -l i k e

FAMILY ( p e d i g r e e 1 6 ) TO THE C ENT ROMERI C R E G I O N OF C H RO MOS OM E 8 .

Family PFI (pedigree 16) was phenotypically distinct from the others,
with features suggestive of Pfeiffer/Jackson-Weiss syndromes (see chapter
7). As medially deviated broad thumbs and great toes are the characteristic
and distiguishing features of Pfeiffer syndrome (PS), PS was considered the
most likely diagnosis in this family although the thumb abnormalities
observed were not classical.
Additional linkage studies in this Pfeiffer-like pedigree confirmed that this
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dominant form of acrocephalosyndactyly does not map to the ACS III region
on 7p [van Herwerden et al., 1994]. In collaboration with M.Muenke and
colleagues pedigree 16 has since been included in a cohort of PS families
and typed for a total of 14 microsatellite markers saturating the
pericentromeric region of chromosome 8, following support for linkage with
DNA markers from chromosome 8 in some of the other PS families in the
study. This kindred gave the highest two-point lod score, 3.61 with D8S87 at
zero recombination, of all the PS families in the study cohort. Fig 9.1 shows
the genotypes for family PFI (pedigree 16) with four DNA markers from the
centromeric region of chromosome 8. Full details of the chromosome 8
linkage studies performed in this and the other PS kindreds have been
reported by Robin et al., [1994]. Subsquently, Muenke et al., [1994] have
shown that one particular mutation in the fibroblast growth factor receptor-1
gene (FGFR1), which maps to 8p, is responsible for PS in the families linked
to chromosome 8 (including kindred PFI, pedigree 16). This C755G
mutation, lies within exon 5 and results in a change of proline to arginine
within the putative extracellular domain of FGFR1. (See chapter 10 for
further details of FGFR gene mutations and craniosynostosis syndromes.)
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Fig.9.1. The genotypes for family PFl with 4 DNA markers from the centromeric region of chromosome 8

9 .3 . U p d a t e ON OTHER STUDY
MUTATIONS IN FAMILIES

PF2

f a m il ie s :

AND

Id e n t i f i c a t i o n o f

FGFR2

gene

CZ1.

9.3.1. Family PF2
The proband, index case lli.1(JL061084) In this family was
considered likely to represent a sporadic case of Pfeiffer syndrome (see
Chapter 7 for full clinical details).
Recently, Rutland et al., [1995] reported point mutations in the
fibroblast growth factor receptor-2 (FGFR2) gene, which maps to
chromosome 10q25, in seven sporadic Pfeiffer syndrome patients, including
the proband in family PF2 (case 2 in the publication). FGFR2gene
mutations have also been discovered in PS families not linked to
chromosome 8 [Schell et al., 1995].

9.3.2. Family CZ1
This family were considered to have atypical Crouzon craniofacial
dysostosis (CFD), (see chapter 7). Classical CFD has been shown to be due
to FGFR2 gene mutations [Reardon et al , 1994b] (see chapter 10) and
recently a novel FGFR2 mutation has been demonstrated in all affected
individuals in this kindred [Reardon et al ,in preparation].

9.3.3. Other study families
As yet the mutational basis of the craniosynostosis in family CZ2 has
not been elucidated. Affected individuals in family S C I5 had a variable
phenotype, some appeared very Crouzon-like whilst others most closely
resembled individuals with Saethre-Chotzen syndrome. FGFR2 would be
well worth looking at in these individuals.
9 .4 . S

ummary

The genetic basis of the non-ACSIII acrocephalosyndactylies has
recently been clarified (see chapter 10 for detailed discussion). Several of
the original study families considered not to have Saethre-Chotzen
syndrome (ACS III) have been studied by colleagues and in some the
mutations responsible identified.
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Chapter 10.
CONCLUSION
Molecular genetic analysis of dominant craniodigital syndromes in
man is helping to shed light on the mechanisms involved in both normal and
abnormal craniofacial and limb development. The gene penetrance is high
in all of these autosomal dominant disorders, thus facilitating mapping of the
gene loci by linkage analysis. There is, however, considerable intra- and
interfamilial variability of expression and potential heterogeneity may be a
problem in pooled data sets. Nevertheless, the process of unravelling the
molecular basis of a number of these disorders, in particular, some of the
dominant craniosynostosis syndromes, is progressing rapidly.
The craniosynostosis syndromes are a clinically heterogeneous
group of disorders and given the complexity of the processes of suture
formation and closure, it is not surprising that mutations in a considerable
number of different genes are proving to be responsible for premature
sutural fusion. Locus heterogeneity for the craniosynostoses has recently
been demonstrated, with genes for a number of these syndromes being
mapped to different chromosomes (4,5,7,8 and 10) [Holloway et al., 1995;
Jabs et al., 1993; Brueton et al., 1992; Robin et al., 1994; Preston et al.,
1994; Li et al., 1994].
Chromosome 7p has emerged as a region rich in developmental
genes and appears to be the location of at least 2 craniosynostosis loci. In
this thesis it is shown that 2 distinct craniosynostosis syndromes, GCPS and
ACS III, both map to the short arm of chromosome 7 at 7p13 and 7p21-p22,
respectively.
Several other dominant craniosynostoses have now been mapped
elsewhere and the molecular basis for five of these disorders (Apert,
Crouzon, Pfeiffer, Jackson Weiss and the ‘Boston type'" craniosynostosis
syndromes) has recently been elucidated (see below).
Genetic studies in a single large 3-generation family with a novel AD
form of craniosynostosis (Boston-type) [Warman et al., 1993] led to the
identification of a craniosynostosis locus at 5qter [Muller et al., 1993]. A
mutation in the homeodomain containing gene, MSX2, which maps to distal
5q, has since been found to be responsible for this unusual type of
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cranlosynostosis [Jabs et al., 1993].
The Msxfamily of vertebrate Hoxgenes was originally isolated by
homology to the Drosophila msh (muscle segment homeobox) gene. In
vertebrates the expression of Msx/and Msx2 is observed in many embryonic
c

tissues which use epithejfial-mesenchymal interactions during
morphogenesis. In the mouse, transcripts of Msx2 have been localised to
calvarial sutures and it has been postulated that they may be part of the
osteogenic front [Jabs et al. ,1993]. Msx2 is also expressed in the limb bud
and It has been suggested that this gene may induce limb outgrowth. MSX2
is likely to have a role in intercellular signalling and may well be important in
the differentiation of osteoprogenitor cells.
The initial mapping studies on Crouzon craniofacial dysostosis (CFD)
showed no evidence for linkage to either chromosome 7p or 5q [Lewanda et
al., 1994; Reardon et al., 1994a] and so a search was undertaken for other
genes that could possibly have a role in the pathogenesis of
cranlosynostosis. This candidate gene approach proved successful in
identifying the locus for CFD. As several developmental genes were known
to map to chromosome lOq, this region was chosen for analysis and linkage
established between CFD and 3 loci spanning a 13cM interval at 10q25-26
[Preston et al., 1994]. The various candidate genes on distal lOq, including
PAX2 anà FGFf?2 were then evaluated.
The importance of members of the fibroblast growth factor receptor
(FGFR) gene family in human skeletal development had been highlighted by
the recent demonstration that mutations in the transmembrane domain of
FGFR3 cause the most common genetic form of dwarfism. Achondroplasia,
[Shiang et al., 1994]. The FGFR2gene, which maps to 10q25.3-26 was
therefore considered a very interesting candidate for CFD, particularly as
previous studies In the mouse had shown Fg/ir2 expression in the
craniofacial region during osteogenesis. Consequently, Reardon et al.,
[1994b] focussed their attention on FGFF2 and succeeded in demonstrating
that mutations in FGFR2 cause Crouzon syndrome.
There are at least 9 members of the FGF gene family in mammals and
all are closely structurally related. Cellular responses of FGFs are mediated
through cell surface receptors with intracellular tyrosine kinase domains, the
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FGF receptors (FGFRs). 4 mammalian FGFR genes are known but for each
several different FGFR isoforms may be generated by alternative splicing
(for review see Mason [1994]). The largest isoforms of all 4 FGFRs have 3
extracellular immunoglobulin-like domains, (designated immunoglobulin
loops l-lll in order of their increasing proximity to the plasma membrane).
The most distal loop (loop I) appears to be dispensible for FGF mediated
signalling function. Mutually exclusive alternative splicing of exons encoding
the c-terminal regions of immunoglobulin loop III generates the 11lb and Ilie
(BEK) isoforms of FGFR2. This results in proteins that are differentially
responsive to FGF-7 (lllb isoform) and FGF-2 (lllc isoform). The 2 isoforms
differ, not only in their ligand-binding specificities, but also in their
developmental expression patterns. From studies in the mouse it appears
that Bek is preferentially expressed during osteogenesis. It is of interest that
the FGFR2 mutations Identified in Crouzon patients have all been in the B
exon of the third immunoglobulin-like domain in the extracellular portion of
FGFR2. The alternatively spliced B exon is exclusively expressed in the BEK
product. Bek(Fgfr2) is expressed both in the developing craniofacies and
limb bud [Orr-Uretreger et al., 1993] and so FGFR2 also seemed an obvious
candidate for other cranlosynostosis syndromes, in particular those
associated with digital anomalies eg: Apert acrocephalosyndactyly and
Jackson-Weiss syndrome.
The gene for Jackson-Weiss syndrome was mapped to chromosome
lOq [Li et al., 1994] and Jabs et al., [1994] subsequently discovered a
consistent mutation in the B exon of FGFR2 in 11 affected individuals from
the original Amish family that defined this form of cranlosynostosis.
Molecular studies in a South Australian pedigree initially considered to have
Jackson-Weiss syndrome [Adep et al., 1994] excluded linkage to
chromosome lOq and localised the gene responsible for cranlosynostosis in
the family to chromosome 4p16, in the vicinity of the FGFR3 gene [Holloway
et al.,1995]. Given that the cranlosynostosis syndrome in this kindred was
not allelic with Jackson-Weiss syndrome, the Australian family have been
reclassified as having cranlosynostosis Adelaide type.
It was also found recently that specific missense substitutions
(Ser252Trp or Pro253Arg) of adjacent amino acids of FGFR2 are
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responsible for the great majority of cases of Apert sydrome [Wilkie et al.,
1995]. Both mutations affect the peptide linkage between the second and
third immunoglobulin loop.
Following the demonstration of linkage of Pfeiffer syndrome to the
pericentromeric region of chromosome 8 In some pedigrees [Robin et al.,
1994], another member of the FGFR gene family, FGFR1 ( which maps to
8p12), has also become implicated in the pathogenesis of cranlosynostosis.
A search led to the identification of FGFR1 gene mutations in this group of
Pfeiffer families (including family PF1 of the study group reported in this
thesis) [Muenke et al., 1994]. The mutation results in a Pro252Arg
substitution which affects the link between the second and third
immunoglobulin loops of FGFR1. In 7 of 14 Pfeiffer patients without this
FGFR1 mutation Rutland et al., [1995] found mutations in FGFR2. Somewhat
unexpectedly the mutations observed in 6 of the 7 were discovered to be
identical to those reported in classical Crouzon syndrome [Reardon et
al.,1994b]. Given that the Crouzon and Pfeiffer phenotypes usually breed
true the finding of the same mutations in unrelated individuals giving
different phenotypes is intruiging and yet to be explained.
There is undoubtedly compelling evidence that the FGFR genes play
a crucial role In normal craniofacial development, however there are almost
certainly other key genes still awating discovery. The molecular basis of the
autosomal dominant craniosynostoses mapping to chromosome 7p remains
largely undefined. The demonstration that the protein coding region of the
human GL/5 gene is disrupted in two GCPS translocation cases [Ruppert et
al., 1990] and the finding of GH3 deletions in Xt, the mouse model for GCPS
[Hui and Joyner, 1993; Vort kamp et al., 1992] strongly suggest that GLI3., a
zinc finger gene of the GLI-KruppeRamWy, is likely to be the gene
responsible for GCPS. However, no specific GU3 mutations have as yet
been characterised in affected individuals with normal karyotypes. In the
case of Saethre-Chotzen syndrome (ACS III), although the disorder has now
been localised to chromosome 7p by both linkage studies and by
cytogenetic means, the mutational basis of the phenotype awaits
elucidation.
The FGFRs, with their intracellular tyrosine kinase domains are

276

structurally somewhat similar to the cell surface receptors for other growth
factors including platelet derived growth factor and epidermal growth factor.
It is interesting to speculate that mutations in the genes for these receptors,
both of which map to chromosome 7p, may also be responsible for human
malformation syndromes and PDGFR could be considered a candidate
gene for ACSIII.
During the past couple of years there has been an explosive increase
in the pace of research in this field and the swift progress that has been
made in mapping and identifying the genes for craniosynostosis syndromes
has given rise to a new, rapidly evolving, genetic system of classification for
this group of disorders, based on the different gene defects responsible (see
Table10.1). This new knowledge of the molecular aspects of the
craniosynostosis syndromes is helping to resolve some of the diagnostic
dilemmas previously debated, for instance whether to lump together or split
syndromes.

Table 10.1. Molecular genetic system of classification for the
craniosynostosis syndromes
Locaiisation

Gene

4p16

?

Craniosynostosis Boston type

5q34-q35

MSX2

Greig Cephalopolysyndactyly

7p13

GLI3

Saethre-Chotzen

7p21-p22

?

Pfeiffer

8p11.2-p12
10q25.3-q26

FGFR1
FGFR2

Apert

10q25.3-q26

FGFR2

Crouzon

10q25.3-q26

FGFR2

Jackson-Weiss

10q25.3-q26

FGFR2

Syndrome
Craniosynostosis Adelaide type

The first exciting insights regarding the molecular pathogenesis of
human craniosynostosis syndromes have emerged but much of the story
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waits to be unfolded. Some of the key genes (eg: FGFR1 and FGFR2) have
recently been identified but their developmental roles, which are likely to be
complex, for the most part remain undefined and the functional relationships
between the different genes involved are not yet understood. Further
studies, using transgenic mice and gene targeting technology, will need to
be employed to determine the precise mechanisms of action of the
causative mutations. Hopefully these exciting discoveries will ultimately
prove to be of benefit to individuals with craniosynostosis and their families,
without whom the work would not have been possible.
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Appendix: Methods and Materials
E X P E R IM E N T A L M E T H O D S
1. Transform ation of competent cells
1.

A single colony o f R C o li strain 1046 was taken from an agar plate and grown
up in 20mls L-broth overnight in a shaking incubator at 37C.

2.

The L-broth was divided between 2 glass Corex tubes and then le ft on ice fo r
30 minutes.

3.

The centrifuge and rotor were precooled to 4C. 50mM CaCl2 was prechilled on
ice.

4.

The cells were spun at 8K, 4C, fo r lOmins.

5.

The cells were made competent by sw iftly pouring o ff the supernatant, draining
the pellets, adding 2.5mls chilled sterile 50mM CaCl2 to each tube and m ixing
the contents quickly by sw irling. The cells were resuspended by pipette and the
contents o f the two tubes were then combined.

6.

The cells were then stored at 4C overnight before use,

7.

lOng plasmid DNA were added to 100ml 1046 cells and le ft on ice fo r 30
minutes.

8.

The sample was then placed in a 42C waterbath fo r 1 minute, removed and le ft
at room temperature fo r 10 minutes.

9.

L-broth was added to a final volume o f 1ml and the sample incubated at 37C fo r
1.5 hours.

10.

10ml,100ml and 300ml volumes o f transformed cells were plated on L-agar
plates containing 50/^g/ml am picillin. The plates were incubated overnight at
37C and then stored agar side up at 4C.

Reagents
L -B ro th

1 litre

Bactotryptone

lOg

Bactoyeast extract

5g

Sodium Chloride

lOg

Glucose

Ig

2. Large scale preparation of plasma DNA
1.

A 10ml culture was grown overnight from a glycerol stab in L broth w ith
25mg/ml A m p icillin or lOmg/ml Tetracycline (as dictated by the plasmid), in a
37C shaker bath

2.

This 10ml culture was used to inoculate 500ml o f L broth and the culture
incubated fo r a further night.

3.

The sample was transferred to a GSA bottle and spun at lO K fo r 15 mins at 4C.
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4.

The pellet was loosened and 10ml solution I plus 5mg/ml lysozyme added. The
mixture was le ft at room temperature fo r 5 mins.

5.

Then 20mls solution II were added and the m ixture le ft on ice fo r 10 mins.

6.

15mls solution III were added next and again the mixture was le ft on ice fo r 10
mins.

7.

The sample was divided between two 30ml Corex tubes and spun at lOK, fo r
30mins at 4C.

8.

The supernatant was transferred to new Corex tubes, 0.6 volumes isopropanol
added to each, and the samples le ft at room temperature fo r 15 mins before
spinning at lOK fo r 30 mins at room temperature.

9.

Each pellet was washed w ith 70% ethanol, dried and then dissolved in lOmls
TE. Ig /m l CSCI2 was added and the sample mixed well. 0.8ml ethidium
bromide (lOm g/m l) was added next and the sample spun at 8K fo r 20 mins.

10.

The resulting solution was transferred to an ultracentrifuge tube, topped up w ith
liq u id paraffin and sealed. The sample was spun at 45K fo r 20hrs at 20C. This
gave 2 bands, the lower being the closed circular plasmid DNA.

11.

The DNA band was recovered and transferred to a centrifuge tube and ethidium
bromide extracted w ith isobutanol.

12.

The aqueous phase was diluted in 3 vols o f water and the probe DNA
precipitated overnight at room temperature w ith 2 volumes o f ethanol.

13.

The sample was spun at lO K fo r 30 mins at 4C.

15.

The resulting pellet was washed in 70% ethanol, dried, resuspended in 1ml TE
and the DNA concentration measured by UV spectrophotometry.

3.
1.

Retrieval of insert from plasmid
lOmg o f plasmid DNA was digested w ith 40u o f appropriate enzyme fo r
approximately 2hrs and then the enzyme was heat inactivated fo r 5 mins and
quenched on ice.

2.

Loading buffer (10% by vol [20% Ficoll, lOOmM EDTA, bromophenol blue])
was added and the sample electrophoresed in a 50ml low melting point agarose
gel (1%), containing 2.5 //I ethidium bromide (lOm g/m l). A known amount o f
lambda DNA marker and uncut plasmid were also run .

3.

The gel was photographed on a U V transilluminator. The amount o f insert D NA
was estimated by comparing the insert and lambda bands or calculated from the
known vector and insert sizes given that lOmg had been digested.

4.

The insert band was excised, excess agarose trimmed and the weight o f gel
determined.

5.

The gel was dissolved in 3mls dH20/g gel by boiling fo r 7 mins and the insert
was either used immediately or stored at -20C and reboiled fo r 3 minutes prior
to use.
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4.

Extraction of Genomic D N A

Preparation of D N A from whole blood
1. Blood sample
Blood was collected into EDTA (0.5M , pH 8.5) tubes and stored at -70C.
2. Lvsis
The blood was thawed at room temperature. 10ml blood was mixed w ith 90ml
lysis buffer (0.32M Sucrose, lOmM Tris-H C L pH 7 .5 ,5mM Magnesium
Chloride, 1% Triton x 100) at 4C.
3. Collection o f nuclei
The sample was then centrifuged at lOK, 4C, fo r 10 minutes.
4. Proteolysis
The pellet was gently resuspended in 4.5mls 0.75M NaCl, 0.024M EDTA pH
8.0. 0.5ml 5% SDS, and 2mg/ml Proteinase K was added and the sample
incubated at 37C fo r 3 hours or at 55C overnight.
5. Phenol purification
The sample was mixed gently w ith 5ml phenol, spun at lO K fo r 10 minutes and
the aqueous phase removed (including the interface). The phenol purification
step was repeated, the second aqueous layer put aside and the two phenol layers
pooled.
6. Re-extraction o f phenol
5ml TE buffer was added to the pooled phenol layers, the sample mixed and
spun at lO K fo r 10 minutes. The aqueous phase was removed and purified w ith
one phenol step. The aqueous phase was then combined w ith that put aside in
step 5 and an equal volume o f chloroform:isoamyl alcohol (24:1) added. This
was spun at 8K fo r 5 minutes, the aqueous layer removed and the step repeated.
7. Precipitation o f DNA
The aqueous phase was divided equally between two universal tubes each
containing 0.5ml 3m NaAc, llm ls 99.4% ethanol, which were le ft at 4C fo r
approximately one hour. Each tube was inverted, the DNA hooked out w ith a
bent sealed pasteur pipette, washed in 70% ethanol and allowed to dry. Once
dry the D NA was dissolved in 1ml lOmM Tris, Im M EDTA, pH 7.5 (TE).
DNA samples were stored overnight at 4C and D N A concentration measured the
follow ing day by uv spectrophotometry o f a 1:40 dilution at 260nm.
Preparation of D NA from whole blood using the D NA extractor.
1. Blood sample
Blood was collected into EDTA tubes and stored at -70C.
2. Lvsis
The blood was thawed at room temperature overnight at 4C. 10ml blood were
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mixed w ith 50ml o f lysis buffer (0.32M sucrose, lOmM Tris-H C L pH 7.5,
5mM magnesium chloride, 1% Triton xlOO) at 4C.
3. Collection o f nuclei
The sample was spun at 4K, room temperature, fo r 15 minutes in a bench top
centrifuge.
4. Preparation o f the pellet
The pellet was washed w ith lOmls o f phosphate buffered saline (PBS) and
spun at 4K fo r 5 minutes. The pellet was the resuspended in 0.5ml PBS and
loaded on the DNA extractor.
Disposal of blood waste
A ll blood waste was treated w ith Chloros prior to disposal.

5. Restriction enzyme digestion
Components of the reaction mix
DNA solution (5/^g)
Restriction enzyme (6u///g DNA)
lOx restriction buffer (high/medium/low salt according to enzyme)
Spermidine (0. IM )
Distilled water to 30ml
M ethod
1.

D istilled water was added to the DNA solution in a sterile Eppendorf tube and
the contents mixed by gentle tapping.

2.

3.0ml o f the appropriate lOX restriction buffer was then added to the tube and
again the contents mixed thoroughly.

lO X restriction endonuclease buffers
B uffer

NaCl

Tris-H C L

MgCl

D IT

H IG H

IM

500mM

lOOmM

lOmM

M EDIUM

500mM

lOOmM

lOOmM

lOmM

LOW
3.

lOOmM
lOmM
lOOmM
In itia lly one third o f the total amount o f restriction enzyme was added to the
-

reaction mix.
4.

The digest was the incubated at the appropriate temperature fo r a minimum o f 6
hours.

5.

1ml spermidine was added 20 minutes into the reaction, (although not when
low -salt buffers were used).

6.

The remaining enzyme was added in two further aliquots.

7.

The reaction was stopped by the addition o f 0.5M EDTA (pH 7.5) to a final
concentration o f lOmM.
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6. Agarose Gel Electrophesis.
1.

0.8% agarose gel was prepared in 250mls IX E-buffer, (lO X - In 9L, 435.6g
Tris, 147.6g sodium acetate, 66.6g EDTA, pH adjusted to 7,2 w ith acetic acid),
w ith 12.5}4\ o f ethidium bromide (lOm g/m l) added to the molten gel.

2.

Electrophoresis was performed in IX E-buffer containing 0.5mg/ ml o f
ethidium bromide.

3.

10% loading buffer (20% Ficoll, lOOmM EDTA, bromophenol blue) was added
to the restriction digests and the contents o f each tube mixed.

4.

The samples were then loaded to the gel and a radioactive lambda marker was
loaded into a well adjacent to the samples.

5.

Typically the gel was run at 35-40 Volts overnight.

7. Southern Blotting (Transfer of D N A to Nvlon Membranes)
1.

Following photography o f the gel on the uv transilluminator, it was washed in
denaturing solution (in 9L, 789g N aC l, 545g T ris, conc. H C l to pH6).

2.

A Southern blot was then set up as follows:

a.

A glass plate (slightly bigger than the gel) was supported in a large tray fille d
w ith 20x SSC (in 9L, 1579.5g N aC l, 794g sodium citrate).

b.

A filte r paper w ick (Whatman 3mm) was placed over the glass plate, into the
20x SSC and wetted w ith 20x SSC.

c.

The gel was then carefully positioned on top o f the filte r paper.

d

Hybond N or Hybond C-extra membrane (Amersham International), presoaked
in 3x SSC, was positioned on top o f the gel and covered w ith 2 layers o f
presoaked 3 M M Whatman paper.

e.

Wads o f paper towels were layered evenly on top o f the filte r paper and a glass
plate and large weight placed on top o f the towels.

f.

The gel was blotted overnight or longer.

3.

The blot was then dismantled and the gel lanes marked on the filter.

4.

The filte r was washed fo r 15 minutes in 3x SSC blotted dry on 3mm Whatman
paper and then, sandwiched between 2 layers o f Whatman paper, baked fo r 2
hours at 80C to bind the D NA to the filter.

8. Prehvbridization and hybridization procedures
For Hybond N
a.

Solutions

100 X Denhardt’s solution:
2% w/v F icoll (400,000)
2%w/v pol yvi nyIpy rol idone
2% w/v bovine serum albumin (Fraction V)
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Prehybridization solution:
50ml 0.2M phosphate buffer (pH 6.8-V.5)
40ml 20x SSC
10ml lOOx Denhardt’s solution
2ml salmon sperm DNA
4m l 10% sodium pyrophosphate
2ml 10% SDS
made up to 200mls w ith distilled water.
b.

Prehvbridisation.
The filte r was sealed in a bag w ith 15ml o f prehybridisation solution and
incubated fo r at least 2 hours at 65C w ith shaking.

c.

Hybridisation.
The filte r was removed and placed in a new bag. Radioactively labelled probe
(see below fo r labelling procedure) was added to hybridisation solution (as
prehybridisation solution plus 10% dextran sulphate) preheated to 65C. The
solution was carefully added to the bag, bubbles removed and the bag sealed.
Hybridisation was performed at 65C overnight in a shaking water bath.

For Hybond C-extra
The method was essentially the same as fo r Hybond N although the
composition o f the prehybridisation and hybridisation fluids differed.

Prehydridisation solution:
62.5mls 20x SSPE
12.5mls Denhardt’s solution
12.5mls SDS(20%)
made up to 250 mis w ith double distilled water.
20x SSPE:
3.6M N aC l,
0.2M sodium phosphate,
0.02M ED TA pH 7.7.
The filte r was prehybridised at 65C fo r 1 hour and then hybridised at 65C
overnight in a shaking water bath.
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9. P reparation o f probe by o lig o la b e llin g (Feinbcrg & Vogelstein, 1984)
1.

DNA fragments were cut from plasmid / phage by restriction digest and
separated on a 1% low melting point agarose gel.

2.

The excised band was boiled for 7 minutes in 3ml water/g of gel in an
Eppendorf tube. The probe was stored at -20C, reboiled for 3 minutes before
use and then cooled at 37C for 15-60 minutes.

3.

The labelling reaction was set up as follows:
DNA (30-50ng),
10 ml oligolabelling buffer (OLB),
2ml 10 mg/ml BSA,
50mCi a32p dCTP,
5ml Klenow fragment D N A polymerase (3-9U//<l)
in a total volume of 50/^1.
The oligolabelling reaction mix was incubated at 37C for 3 hours or overnight at
rœ m temperature.

Oligolabelling buffer:
Solution 0: 1.25M Tris-HCl, 0.125 M M gCl 2(pH 8, stored at 4C)
Solution A: 1ml solution 0, 18/^1 B-mercaptoethanol, 5ml dATP, 5ml dTTP, 5ml
dGTP dissolved in 0. IM TE.
Solution B: 2M HEPES pH 6.6 (stored at 4C)
Solution C: Hexadeoxyribonucleotides evenly suspended in T E at 90 O D
units/ml.
Solutions A,B, and C were mixed in the ratio 100:250:150. The oligolabelling
buffer was kept at -20C.

10. Separation of labelled probe from unincorporated radionucleotides
1.

Preparation of Sephadex G50: 3g Sephadex were mixed with 300ml 3x SSC,
and autoclaved. The upper layer of 3x SSC was replaced with fresh 3x SSC.

2.

A 1ml syringe was plugged with a small amount of polymer wool and air
bubbles removed with 3 X SSC. Sephadex G50 sluny^ was added to the syringe
until the level stabilised.

3.

The syringe was placed in a centrifuge tube and spun at 17- 18K for 5 mins. The
3xSSC was discarded, more Sephadex added and the spin repeated. This
procedure was repeated until a well packed column formed.

4.

The column was washed with 3xSSC prior to use.

5.

An Eppendorf tube was placed into the centrifuge tube to collect the probe.

6.

50ml of 3xSSC was added to the probe which was loaded on the Sephadex
column and spun at 17-18K for 5 minutes.
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7.

The Eppendorf tube was retrieved and the sample count measured (0.5 x 10^
counts per minute per ml of hybridisation fluid necessary).

8.

The radioactively labelled probe was boiled for 5 minutes and then quenched on
ice prior to use.

Competition
When the probe required competition the following prcx^dure was carried out
after spinning through the column:
1.

The probe volume was made up to 400ml with 3xSSC.

2.

1 }4g of total human D N A was added and the sample mixed well.

3.

The probe plus competitor D N A was then boiled for 10 minutes prior to adding
the hybridisation Huid.

11. Washing Down
Hybond N
1.

The follow ing solutions were prepared:
2xSSC, 0.1%SDS
IxSSC, 0.1%SDS
0.5xSSC,0.1% SDS

2.

The filter was removed from the bag and placed first in 2xSSC,0.1%SDS at
65C for 30 minutes, then in lxSSC,0.1%SDS for 15minutes and thirdly in
0.5xSSC 0 .1%SDS for 15 minutes. The aim was to achieve final counts of 25cps on a hand held monitor. A further wash in O.lxSSC 0.1%SDS was carried
out if necessary.

Hybond C-extra
1.

The following solutions were prepared:
2xSSPE, 0.1%SDS
O.lxSSPE, 0.i% S D S

2.

The filters were removed from the bag and washed twice in 2xSSPE 0 .1%SDS
for 20 minutes at 65C. I f necessary further washes were carried out in
O.lxSSPE 0.1%SDS at 65C.

12. Autoradiography
The washed filters were blotted, mounted on intensifier screens,
covered with cling film, placed in a cassette with film and stored at -70C
overnight or longer if necessary.

13. Reuse of filters
The filter was placed in 0. IM N a O H for 20-30 minutes to remove bound probe,
rinsed with distilled water and then washed in neutralizing solutuion for 20
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