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2. ABSTRACT

Hypochondroplasia (HCH) is a genetic disorder of short stature with a wide 

spectrum of clinical severity, from short-limbed dwarfism to proportionately 

short children with diminution of the pubertal growth spurt. The invariable 

radiological feature is a lack of increase in interpedicular distance between 

lumbar vertebrae LI to L5 and with short pedicles. 73 children with clinical 

and radiologically proven HCH were screened for the C1620A and C1620G 

mutations in the fibroblast growth factor receptor 3 (FGFR3) gene. Both 

these mutations resulted in an asparagine to lysine substitution in codon 540 

(Asn540Lys) of the proximal tyrosine kinase domain of FGFR3. In mutation 

negative patients (n=45), single strand conformation polymorphism analysis 

was performed to screen for sequence variants in the tyrosine kinase and 

transmembrane domains of FGFR3 gene.

28/73 (38%) patients were heterozygous for the C l620A mutation and these 

patients had severe HCH with disproportionate short stature. No patient in 

this study had the C1620G mutations or mutations in the transmembrane 

domain described in Achondroplasia (ACH). The mutation negative patients 

although short, were not obviously disproportionate and presented later with 

short stature relative to their family height. A sequence variant, a nucleotide 

insertion in intron 12 was found in a small proportion of mutation negative 

patients and in normal individuals, presumably reflecting a sequence 

polymorphism with no functional significance.

The patients were divided into C1620A mutation positive (group 1) and 

C 1620A mutation negative groups (Group 2) and the responses to



recombinant human growth hormone (r-hGH) therapy was analysed in both 

groups. The majority were prepubertal at the start of treatment (88%). 16 

patients in Group 1 and 22 patients in Group 2 received r-hGH at a median 

dose of 30U/mVweek (16-44 U/mVweek). Responses to r-hGH therapy 

between 1 -5 years were significant in both groups, with children under 10 

years of age having a significantly better response. This response was 

predominantly due to an increase in the length of the back in the mutation 

positive group, thus accentuating the existing disproportion. In the mutation 

negative group, there was a more proportionate growth response. The 

response to growth hormone therapy in ACH was also analysed and 

compared with responses to r-hGH therapy in HCH. The C1620A positive 

HCH group had a similar response to r-hGH therapy when compared to 

ACH. The phenotype within these two groups was also similar. However, 

the severity of short stature and disproportion in children with C 1620A 

positive HCH was less severe than those with ACH.

Genotyping of patients with HCH permits the definition of patients into 

C l620A positive and negative groups. This allows critical examination of 

the efficacy of growth hormone treatment of what is otherwise a rather 

heterogeneous group of patients, defined by radiological parameters alone. 

Further analysis of the 2.5kb mRNA performed in other centres has not 

identified any further mutations in FGFR3 in the C l620A mutation negative 

group. Future collaborative work with other centres will be needed to clarify 

the situation in these patients and whether they have mutations in FGFR3 or 

in other genes.
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6. AIMS AND OBJECTIVES

AIM

This is a study of Hypochondroplasia -  a genetic cause of disproportionate

short stature. The aim of this study was to:

• Define the Hypochondroplasia (HCH) phenotype with respect to 

auxological and radiological criteria

• To screen for common mutations in the Fibroblast Growth Factor 

Receptor 3 gene (FGFR3) and to evaluate the role of mutation 

analysis in the postnatal diagnosis of Hypochondroplasia

• To establish the prevalence of these common mutations in our cohort 

of children.

• To analyse the response to recombinant human growth hormone 

therapy in children with Hypochondroplasia and Achondroplasia 

(ACH)

• To determine the relationship between genotype and phenotype and 

whether this relationship can be used to identify patients who will 

benefit from growth hormone therapy.

OBJECTIVES

• Recruit cases for this study from paediatric growth clinics at the 

Middlesex Hospital and Great Ormond Street Childrens Hospital in 

London. To collect sequential, longitudinal growth data pre 

treatment and during treatment with recombinant human growth
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hormone (r-hGH). To collect this growth and other data from 

documentation in growth cards and the clinical notes. Accredited 

measurers in the growth clinics will be responsible for collection of 

auxological data.

• Develop assays for detection of defined FGFR3 mutations (Cl 620A 

and C1620G) in Hypochondroplasia.

• To screen the Tyrosine Kinase Domain and Transmembrane Domain 

of FGFR3 in mutaion negative patients, by Single Stranded 

Conformational Analysis (SSCP) in the first instance, with 

subsequent sequencing of SSCP variants.

• Establish and maintain a clinical database of all children in this 

study. This will include details of diagnosis, genotyping data, 

auxological parameters including height, sitting height, subischial 

leg length, height velocity, calculation of standard deviation scores 

of the above, onset of r-hGH therapy, dose and side effects.

• Information from this database will be used to analyse the response 

to growth hormone therapy, genotype-phenotype correlations, to 

assess the value of mutation analyses with respect to r-hGH response 

in common mutation positive groups and others. In addition, r-hGH 

treatment in ACH and HCH will also compared.
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7. INTRODUCTION

7.1 Classification O f Skeletal Dysplasias

The human chondrodysplasias are a genetically and phenotypically 

heterogenous group of disorders. They result in developmental abnormalities 

in chondro-osseous tissue and the majority affects linear bone growth. The 

International Classification of Osteochondrodysplasias (1992) is currently 

based on the characteristic radiological features of this group of disorders. 

The variability in clinical criteria and also in the natural history of skeletal 

dysplasias, led to inconsistencies in classification which resulted in 

diagnostic inaccuracies (Aleck et al., 1987). Phenotypic classification was 

therefore, not included in the revised classification in 1992. The new 

International Classification Of Ostechondrodysplasias (1992) includes 

information on mode of inheritance, the gene localisation and the defective 

proteins where available.

Chondrodysplasias are classified into three major groups: defects in 

tubular/flat bone and axial skeleton; disorganised development of cartilage 

and fibrous tissue (enchondromatosis and fibrous dysplasia) and idiopathic 

osteolysis. The major groups are further subdivided and then sub grouped to 

include over 150 types of Ostechondrodysplasias.

15



Skeletal dysplasias are inherited in an autosomal dominant fashion with 

100% penetrance, although, the majority are due to de novo mutations 

(Murdoch et al., 1970; McKusick et al., 1973; Mckusick 1978; Mckusick 

1997). The sporadic nature of the disease and the lack of a large number of 

familial cases for linkage analysis made molecular characterisation of 

chondrodysplasias difficult. However several genetic loci for the commoner 

skeletal dysplasias have now been identified (Horton 1997a) and 

surprisingly, for a complex process such as skeletal development, the 

number of genes involved is relatively few (Horton 1996 a; Horton 1997 a; 

Horton 1997 b).

7.2 Skeletal Development Of Long Bones

The skeleton is formed from connective tissues and shares their mesodermal 

origin with muscle and vascular tissue. Local mediators of bone growth 

include insulin-like growth factor II, acidic and basic fibroblast growth 

factors, platelet derived growth factors and bone morphogenetic proteins. 

Other mediators of bone growth include interleukins, tumour necrosis 

factors, interferons, colony stimulating factors and prostaglandins. During 

osteogenesis, cartilaginous bone is enveloped by highly vascularised 

connective tissue. This is known as the perichondrium and consists of two 

layers, an inner layer with collagen filament secreting chondroblasts and an 

outer tougher fibrogenic layer. Chondrocytes within the inner layer of the 

perichondrium have the potential to divide and secrete collagen. The
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chondrocytes facilitate the process of interstitial bone growth whereby, there 

is cartilage expansion with increase in bone length and diameter. During the 

process of remodeling and bone growth, the cartilaginous tissue is replaced 

by bony tissue and ossification centres are formed. Subsequently, bone 

mineralisation follows with deposition of predominantly carbonate and 

phosphate salts of calcium. The bone that is initially formed at the 

ossification centre is trabeculated, and eventually replaced by cortical bone. 

Despite the continuing process of cartilage being replaced by bone, as 

ossification occurs, cartilaginous growth is mainly responsible for the 

increasing length of long bones (Kember 1978; Sisson 1971).

Bone growth and maturation is a continuous process with bony destruction 

by osteoclasts and subsequent new bone formation by osteoblastic activity. 

The cartilaginous growth plate that enables bone length increase, is itself 

held in place and protected from damage due to shearing forces by the 

perichondrium that surrounds it. The chondrocytes within the epiphyseal 

growth plate are organised within layers depending on their stage of 

maturation. The four zones within the growth plates are the germinal, 

proliferative, hypertrophic and calcification zones. The cells within the 

germinal layer are the progenitor or stem cells. The matrix in this layer has 

type II collagen fibrils that inhibit calcification and this zone is highly 

vascularised (Kember 1960). The chondrocytes within the proliferative 

zone are organised in columns and the majority of cell replication occurs in 

this zone with subsequent clonal expansion of chondrocytes. The width of

17



the growth plate reflects the rate at which cell division occurs and as a result 

the rate of longitudinal bone growth. Within the hypertrophic zone, the 

amount of type II collagen fibril secretion is reduced and is replaced by type 

X collagen production, which is specific for precalcifying and calcifying 

cartilage. The cells in this zone stop dividing, mature and have a high level 

of mineralisation, with increasing levels of alkaline phosphatase. Finally, in 

the calcification zone of the growth plate, there is poor vascularisation and 

increase in matrix calcification. The rate of ossification eventually overtakes 

cartilage formation and is restricted to cartilage present in articular surfaces 

and the cartilaginous growth plates being replaced by bone only after the 

adolescent growth spurt. The cells subsequently degenerate and are 

incorporated into metaphyseal bone (Ohlsson et al., 1993; Sisson 1971; 

Kember 1978).

Enchondral ossification is the process by which cartilage is converted to 

bone. It has been shown in Achondroplasia (ACH), the commonest genetic 

form of short stature in man, that there is defective enchondral ossification 

of the growth plates of long bones. During development, bone initially 

forms at the ossification centres within the diaphysis and subsequently the 

growth plate is differentiated at either end. After the pubertal growth spurt, 

the growth plate becomes thinner and is eventually resorbed and bone 

formation is completed. This process of closure of growth plates is not 

uniform and occurs at different time scales within the skeleton. Although 

several hormones including thyroid (Thomgren et al, 1973; Lewinson et al,
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1989) and sex hormones (Frantz et al., 1965; Bourguinon 1988) are needed 

for normal bone growth, growth hormone has a dominant effect in 

longitudinal bone growth (Ohlsson et a l, 1992; Ohlsson et a l, 1993).

A good understanding of the pathogenic mechanisms in 

Osteochondrodysplasias is important and might improve the classification of 

skeletal dysplasias and aid in diagnosis, prognosis and genetic counseling. It 

would also contribute to the understanding of normal enchondral growth.

The pathogenesis of skeletal dysplasias was studied by Stanescu and 

colleagues (Stanescu et al., 1984; Stanescu et a l, 1982a; Stanescu et al., 

1982b; Maroteaux et al., 1980). Histochemical, immunohistochemical, 

electron-microscopic, and microchemical studies on cartilage growth plates 

revealed specific abnormalities suggestive of a specific biochemical defect.

In pseudoachondroplasia, non-collagenous protein accumulated in the rough 

endoplasmic reticulum of chondrocytes and a proteoglycan species that 

normally is present in the extracellular matrix, is not seen. The accumulated 

material was stained with antibodies against the core protein of 

proteoglycan. This showed that the abnormal core protein of proteoglycan 

species was not properly transferred to the Golgi system (Stanescu et al., 

1982a; Stanscu gf a/., 1982b). In Kniest syndrome, intracytoplasmic 

accumulation of metachromatic material, dilatation of rough endoplasmic 

reticulum, and an abnormal gel-electrophoretic pattern of cartilage 

proteoglycans suggested an abnormality of cartilage proteoglycan 

metabolism. Abnormalities related to degradative lysosomal processes of
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proteoglycans in chondrocytes were found in spondylometaphyseal dysplasia 

(Stanescu et al., 1984). An abnormal organization of type-II collagen was 

found in fibrochondrogenesis. In diastrophic dysplasia, an abnormal 

organization of collagen was found in areas of inter territorial matrix, around 

many degenerated cells and in the lacunae of cells without ultra structural 

signs of degeneration (Stanescu et al. 1982b).

The histological and biochemical changes in growth cartilage of 

homozygous ACH complemented similar studies of underlying cartilaginous 

defects in heterozygous ACH (McKusick 1978). Homozygous 

achondroplasia is a rare and severe form of achondroplasia, which affects 

25% of children bom to heterozygous ACH parents. The homozygous 

variant is usually lethal but they have occasionally survived beyond infancy 

(Hall et al., 1969 b; Pauli et al., 1983). Prenatal diagnosis is possible in this 

condition (Bellus et al; 1994). Severe defects of growth cartilage of long 

bones, absence of regular column formation, minimal proliferation and 

hypertrophy of cartilage growth cells, abnormal vasculature and irregularly 

arranged hypertrophic cells interspersed with resting cartilage and thin 

epiphyseal lines have been described in homozygous achondroplasia 

(Aterman et al., 1983). Similar studies in heterozygous ACH have shown 

abnormal collagen organisation (Stanescu et al., 1970; Stanescu et al 1972; 

Ponseti et al 1970; Maynard et al., 1981). These studies showed that apart 

from the growth plate cartilage in tibia and femur that were abnormal, the 

epiphyseal cartilage, vertebral growth plates and the ileac crest growth plate

20



were in fact morphologically normal in appearance. In summary, there are 

several differences in the development of the skeleton in ACH and are as 

follows: normal vertebral body height due to the normal vertebral and iliac 

crest growth plate cartilage. The sacrum and vertebral pedicles are short as 

these usually grow during enchondral ossification and this is known to be 

defective in ACH. The interpedicular distance is narrow due to the 

shortening of the sacrum (Langer et a l, 1967). Anterior wedging of the 

upper lumbar vertebrae results in thoracolumbar kyphosis.

It was postulated that in ACH there might be abnormalities of a growth 

factor or its receptor, resulting in a specific defect in cell proliferation in the 

growth plate cartilage (Stanescu et al., 1990). Recent studies have shown 

that mutations in fibroblast growth factor receptor 3 (FGFR3) gene disrupt 

enchondral ossification of bone and will be discussed in more detail later.
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7.3 Achondroplasia (ACH) and ACH Like Diseases

These diseases are characterised by abnormalities in the long bones of the 

skeleton, which include disproportionate short stature of varying severity. At 

the severe end of the spectrum is Achondroplasia (ACH) and Thanatophoric 

Dysplasia (TD). At the milder end, with a varied clinical spectrum, is 

Hypochondroplasia (HCH). Those with a severe phenotype resemble ACH 

and the milder ones present with varying degrees of short stature and 

delayed puberty.

The term achondroplasia meaning total absence of cartilage was first used 

by Parrot in 1878. The incidence of achondroplasia is 1 in 26,000 and it is 

inherited as an autosomal dominant trait with 100% penetrance, although 

80% of cases are sporadic (Francomano et al., 1988; Murdoch et a l, 1970; 

Oberklaid et al., 1979). Increasing paternal age at the time of conception 

has been observed to be associated with an increasing incidence of ACH, 

suggesting de novo mutations of parental origin (Thompson et al., 1986; 

Penrose 1955). Homozygous ACH rarely survive beyond infancy although 

there are reports of a few cases surviving into childhood (Pauli et al., 1983).

Achondroplasia is characterised by rhizomelic dwarfism, macrocephaly, 

bulging forehead, marked lumbar lordosis, genu varum, trident hands and 

hyperextensibility of most joints (Dawson et al., 1980; Mckusick et al..
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1973; McKusick 1978; Maroteaux et a l, 1964; Oberklaid et al., 1979; Scott 

Jr et a l, 1976). The fiat nasal bridge and midface hypoplasia is a result of 

the defective growth of the skull and face (Ponsetti et al., 1970).

The radiographic findings include a short base of skull, a small foramen 

magnum, narrowing of the entire length of the spinal canal with a decrease 

in vertebral bodies dimensions and squared iliac crests with a narrow sciatic 

notch (Oberklaid et a l, 1979; Hecht et al., 1986; Hecht et al., 1989 a; Hecht 

et al., 1989 b). The long bones have flared metaphyses and the metacarpals 

are of the same length, which gives the characteristic "trident" hand 

(Wynne-Davies et al., 1981; Ponsetti et al., 1970). The iliac crest growth 

plates in children with achondroplasia were noted to be shorter than that of 

age matched controls (Horton et al., 1978; Horton et al., 1977). Defective 

chondrocyte proliferation and enchondral bone formation as discussed 

previously, result in disruption of bone development in achondroplasia 

(Ponsetti., 1970; Horton <7/., 1978; Stanescu a/ 1984; Stanescu gf <7/.,

1990), with the intramembranous and periosteal ossification appearing 

normal.

Thoraco lumbar kyphosis due to anterior wedging of the upper lumbar 

vertebrae is associated with increased neurological complications (Cohen et 

al., 1967; Hall et a l, 1988). An abnormal posture during early infancy with 

inadequate support to the back, associated with muscular hypotonia, is said 

to worsen the kyphosis. Computerized tomographic dimensions of the
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foramen magnum of achondroplastic individuals were compared to 

standards established for normal individuals. This demonstrated that the size 

of the foramen magnum in children with achondroplasia were small at all 

ages, particularly in those with serious neurologic problems (Hecht et al., 

1985, Hecht et ah, 1989b). Therefore, it was suggested that measurement of 

the foramen magnum might identify achondroplastic individuals at high risk 

of developing neurologic complications.

The severely deranged growth plates of the long bones of the upper and 

lower limbs and in particular the humerus and the femur, result in the 

disproportionate short stature with significant shortening of the proximal 

parts of the long bones. The bowing of legs often seen in ACH and in 

severe HCH, is due to the discrepancy in the growth of the tibia and fibula 

with the fibula growing more than the tibia (Ponseti et al., 1970).

The final height achieved in males and females with achondroplasia ranges 

from 118 - 145cms and 112 -  136cms respectively. The mean birth length 

has been reported as 47.8cms in boys and 47.1cms in girls (Hertel et al., 

1994; Horton et al., 1977; Horton et al., 1978) and the mean head 

circumference in these children is usually greater than two standard 

deviations above the mean of normal children (Dawson et al., 1980). The 

frequency of ACH in comparison to other skeletal dysplasias, made it 

possible to derive disease specific achondroplasia growth charts using 

auxological measurements from 400 children with ACH (Horton et al..
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1978). These growth charts consist of centiles for total height, height 

velocity and for upper and lower segment measurements. Body proportions 

are usually described as sitting height (SH) and subischial leg length (SILL), 

which is calculated by subtracting sitting height from standing height 

(Tanner et a l, 1978). The body proportion measurements are useful in 

describing skeletal dysplasias with disproportionate short stature of varying 

severity (Hertel et al., 1994). Disease specific growth charts for the majority 

of other skeletal dysplasias are currently unavailable and more data on 

anthropometric data would be useful and help in the evaluation of the 

natural history of these conditions and to assess response to growth hormone 

therapy (Okabe et a l, 1991; Horton et al., 1992, Hagenas et al., 1996).

Thanatophoric dysplasia (TD) is a lethal disorder and was described as a 

distinct clinical entity in 1967 and resembles more closely to homozygous 

ACH with respect to the phenotype, histochemical and radiological features 

(Maroteaux et al., 1967). TD is at the severe end of the ACH disease 

spectrum and is divided into types I and II depending on the severity of the 

cloverleaf skull and the presence or absence of significantly short and 

curved femurs. Affected children usually die almost immediately after birth 

due to respiratory failure, resulting from abnormally shaped ribs with a 

significantly reduced thoracic cavity (Kaufman et al., 1970; Shah et al., 

1973).
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7.4 Hypochondroplasia: Diagnosis

Hypochondroplasia (HCH, MIM 146000) is inherited in an autosomal 

dominant fashion with complete penetrance. However in most cases there 

are no affected family members apart from the index case and presumably 

this represents spontaneous de novo mutations. It is one of the milder 

variants of chondrodysplasias resembling ACH and the incidence of HCH is 

unknown. There is a wide spectrum of disease severity, with affected 

individuals presenting with short stature, mild shortening of proximal ends 

of the upper and lower extremities and normal facial appearance (Beals 

1969; Dorst 1969; Murdoch 1969; Hall 1969 a; Walker et al, 1971; Frydman 

et a l, 1974). As the more severe cases of HCH are mistakenly diagnosed as 

ACH, it is important to carefully define the clinical and radiological 

phenotype. This is necessary to prevent further unnecessary investigations 

and more importantly to reduce parental anxiety, as a diagnosis of ACH has 

a different prognosis when compared to HCH. The ultimate height potential 

in HCH ranges from 127cms to 152cms (Beals 1969).

Neurological complications like hydrocephalus and spinal stenosis are well 

recognised in ACH (Cohen et al., 1967; Hall 1988) but are uncommon in 

HCH (Beals 1969, Hall et a l, 1979)
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In 1973, McKusick reported a child bom to parents, one with ACH and the 

other with HCH and described a phenotype that differed from classical ACH 

and heterozygous HCH. He postulated that ACH and HCH may be allelic 

disorders. Since then there have been further reports of compound 

heterozygosity in children bom to parents with ACH and HCH (McKusick 

1973). Comparison with achondroplasia - clinical presentation, radiology 

and complications are shown in Table 1.

In both ACH and HCH, an attenuation of the pubertal growth spurt has been 

demonstrated which has been restored in some cases by the administration 

of growth hormone (Appan et a l, 1990; Bridges et al., 1994; Bridges et a l, 

1991; Hindmarsh et a l, 1991).

7.4.1 Phenotype

The severe end of the spectmm of HCH is characterised by rhizomelic short 

stature, relatively normal spine and a short stocky build. They have mild 

frontal bossing but in the majority of cases the head circumference and 

facial appearances are normal and this helps in differentiating HCH from 

ACH

(Hall et al 1979; Beals 1969; Glasgow et a l, 1978, Maroteaux et al., 1983). 

Macrocephaly as an occasional clinical feature has been reported (Beals 

1969; Frydman et al., 1974; Newman et al., 1975). They also lack the mid 

face hypoplasia seen in ACH. The exaggerated lumbar lordosis is much less

27



evident in HCH, when compared with ACH. Neurological abnormalities 

including spinal stenosis and nerve root compression seen in ACH (Horton 

et a l, 1995; Horton et al., 1977; Horton et al., 1978; Oberklaid et al., 1979, 

Mckusick 1978; Wyrme-Davies et al., 1981) have not been reported in HCH. 

At the severe end of the spectrum of HCH, varying degrees of lumbar 

lordosis, broad hands and feet are reported (Beals 1969; Glasgow 1978). 

Mild ligamentous laxity has been described in these patients although motor 

development is normal (Beals 1969) and as with ACH, cognitive function is 

preserved in the majority of cases (Glasgow et al., 1978).

A diagnosis of the severe form of HCH is made at an average age of 22 

months (Hall et al., 1979; Beals 1969), whereas ACH is a diagnosis that is 

most often made soon after birth. In most cases of HCH, the disease is 

sporadic with unaffected parents. However, the clinical and radiological 

features of HCH in familial and non-familial cases have not been different.

7.4.2 Radiology

Skull

The radiological appearances of the skull are usually normal in HCH. 

Occasionally they may have mild frontal bossing (Heselson et aL, 1979; 

Specht et al., 1975).
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Hands and Feet

At the severe end of the spectmm of HCH, equal and generalised shortening 

of the metacarpals and proximal and distal phalanges has been documented. 

This is in contrast to ACH in whom the second to fourth metacarpals and the 

proximal phalanges are shortened.

Spine

Several radiological abnormalities in the spine have been described in HCH. 

Vertebral changes include posterior scalloping of the lumbar vertebral 

bodies with shortening of the anteroposterior diameter of the vertebrae but 

the height of the vertebral bodies is maintained (Heselson et al 1979;

Specht et al 1975).

The interpedicular distance is measured on posteroanterior views from 

lumbar vertebrae LI to L5. In normal individuals, the interpedicular distance 

increases in a cephalocaudal direction from LI to L5. If the interpedicular 

distance remained unchanged or decreased from LI to L5, this is considered 

abnormal. In HCH, in addition to other radiological abnormalities described, 

the majority of cases demonstrated this unchanged interpedicular distance 

(Hall et al 1979; Beals 1969; Heselson et al 1979). This feature is also seen 

in heterozygous ACH.
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Pelvis

Shortening of iliac bones, short femoral necks and shallow articulation of 

the sacrum are documented abnormalities of the pelvis in HCH. This gives 

the pelvis a squared configuration on x-rays (Heselson et al., 1979). 

However, in comparison to ACH, the femoral neck is only slightly shorter 

and broader and in most of the milder forms of HCH they appear normal 

(Scott et al., 1976).

Long Bones

Shortening of the tubular long bones is observed in HCH. The degree of 

proximal shortening depends on the increasing severity of the disease. In 

most cases there is a generalised shortening of the long bones, without 

rhizomelic predominance (Hall et al., 1969a).
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TA BLE la

Comparison Between ACH And HCH

Achondroplasia Hypochondroplasia

Age at presentation At birth or soon after variable

( 1 year to puberty)

Inheritance autosomal dom inan t. 

majority sporadic

autosomal d om inan t. 

majority sporadic

Incidence lin  26,000 unknown

Estimated mutation rate 1.4x10'" 

(Gardner 1977)

unknown

Allelism Yes Yes

Predicted height

males 118-145cms 127- 152 cms (males 

and females, Beales 

1969).

females 112-136 cms

Phenotype

Rhizomelic short stature always variable

Frontal bossing present absent

Mid face hypoplasia present usually absent

Genu Varum usually present rare (severe group)

Puberty growth spurt attenuated attenuated
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TA BLE lb

Comparison Between ACH And HCH

ACH HCH

Radiology

Skull macrocephaly normal head size

Odontoid hypoplasia present absent

Lumbar spine narrowing between 

L1 to L5 ( majority-60%)

parallel between 

L1 to L5 (invariable)

Vertebral body dimension decreased decreased (variable)

Hands short metacarpals normal hands

lleac crest squared normal

Neck of femur splayed metaphysis short

Long fibula invariable 2/3rd (severe group)

Thoracolumbar kyphosis usually present absent

Lumbar lordosis invariable variable

Spinal stenosis variable severity absent

Complications

Neurological symptoms frequent Rare

Respiratory problems common Absent

Learning disability uncommon uncommon
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In summary, the following radiological features are considered major criteria 

in the diagnosis of HCH. These include normal skull with occasional frontal 

bossing, a generalised shortening of the tubular bones, narrowing or 

unchanged interpedicular distance between lumbar vertebrae LI to L5 with 

anteroposterior shortening of the lumbar pedicles.

A firm diagnosis of HCH can be extremely difficult, especially in the milder 

cases, despite the clinical and radiological features described above. 

Therefore, in addition to having a high degree of suspicion, an experienced 

radiologist needs to review the x-rays to confirm the diagnosis in the milder 

cases.

Recently, the disease loci for achondroplasia and hypochondroplasia were 

mapped to the short arm of chromosome 4. Mutations in the fibroblast 

growth factor receptor 3 gene has been described in both ACH and HCH 

(Velinov et al., 1994; Bellus et al 1995a., Bellus et al 1995b; Bonaventure 

1996 a &b).
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7.5 Fibroblast Growth Factors and FGFR genes

Fibroblast growth factors (FGFs) are a family of multifunctional growth 

factors with pleiotropic effects on several cell types including mesodermal 

and neuroectodermal cells (Anderson et a l, 1988; Burgess et al., 1989; 

Mitrani et a!., 1990; Thompson et al., 199\). FGFs have been shown to play 

an important role in embryonal development including cellular growth, 

differentiation and migration and in angiogenesis (Pasquale et al., 1989; 

Pasquale 1990; Mitrani et al 1990; Musci et al 1990; Reid et al., 1990; 

Patstone et al., 1993; Peters et al., 1993). Acidic and basic fibroblast growth 

factors are implicated in the development of the central nervous system 

(Anderson et al., 1988; Burgess et al., 1989). The purification of the acidic 

and basic FGFs was facilitated by their affinity for heparin, which is a 

hallmark of all FGFs, and there are at least eighteen of these heparin-binding 

growth factors reported (Burgess et al., 1989). Although acidic and basic 

FGFs share a significant degree of structural similarities, they are 

distinguished from each other by their expression patterns. In addition, these 

growth factors exert their effects on the various developmental processes by 

binding to different but homologous high affinity cell surface receptors with 

intracellular tyrosine kinase domains known as fibroblast growth factor 

receptors (FGFRs) (Dionne 1990; Partanen 1990a; Partanen 1990 b; Keegan 

1991a). For example, FGFs 1,2,4,8 and 9 are shown to specifically bind to 

fibroblast growth factor receptor 3 (FGFR3) (Chellaiah et a i,  1994;
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Hecht et al 1995a; Omitz et al 1996; Santos-Ocampo et al., 1996). They 

regulate the growth and differentiation of cells through complex signaling 

pathways.

Fibroblast Growth Factor Receptors (FGFRs) are developmentally regulated 

transmembrane proteins. The FGFRs constitute a new family of tyrosine 

kinase receptors (Dionne 1990; Johnson et a l, 1990; Hattori et a l, 1990). 

Four fibroblast growth factor receptors (FGFR 1 to 4) have been described 

(Givol D., 1992). They are membrane bound glycoproteins and share 

structural homology and have three immunoglobulin like extracellular 

domains, a transmembrane domain and an intracellular proximal and distal 

tyrosine kinase domain (Pasquale 1990).

The mouse FGFRs was mapped to murine chromosomes 8, 7, 5 and 13. 

Comparative gene mapping in the mouse and human fibroblast growth 

factor receptor genes revealed significant sequence homology. The 

homologous human loci of fibroblast growth factor receptor genes 1 to 4 are 

chromosomes 8pl 1.2 - pl2, 10q25.3 - q26, 4pl6.3-pl5, 5q34-q35 

respectively (Avraham et a l, 1994).

FGFRs have previously been identified in chicken (Lee et al., 1989) and 

mouse (Reid et al., 1990). The fibroblast growth factor receptor family 

genes cloned in chicken include cekl, cek 2 and cek 3 (Lee et al., 1989; 

Pasquale 1990) and the respective murine genes described were fig, flg-2
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and bek (Reid et a l, 1990; Safran et al., 1990; Mansukhani et al 1990; Raz 

et al., 1991; Avivi et al., 1991; Avivi et al 1992 a; Avivi et al 1992 h)). The 

human homologue of flg  and bek were FGFRl and FGFR2. The human 

homologue of the chicken gene cek 2 (Pasquale et al., 1989; Pasquale 1990) 

was identified and named FGFRS (Keegan et al., 1991a; Keegan et al., 

1991b; Keegan et al., 1993). FGFRS showed 90% homology with cek 2 

gene and 9S% homology with the murine homologue flg-2 (Keegan et al., 

1991 a). FGFRS was shown to bind to both acidic and basic fibroblast 

growth factors (Keegan et al., 1991 b). FGFR 4, the fourth receptor 

belonging to the same FGFR family binding to acidic but not basic growth 

factors has also been described (Partanen et al., 1991).

The four FGFRs have a high structural homology consisting of a large 

extracellular domain containing S immunoglobulin-like domains involved in 

signaling and ligand binding interactions, a single hydrophobic 

transmembrane domain and an intracytoplasmic tyrosine kinase domain 

(Partanen et a l\9 9 \ \ Givol et al., 1992; Johnson et al., 199S). The S 

immunoglobulin-like repeats in the extracellular ligand-binding domain 

have been shown to have significant sequence homology to interleukin 1, 

although the exact functional significance of this domain is unknown 

(Burgess et a l, 1989; Dionne et a l, 1990). The transmembrane domain 

securely anchors the receptor in the plane of the cytoplasmic membrane and 

hence connects the extracellular ligand-binding domain to the 

intracytoplasmic region. The juxtamembrane domain separates the
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transmembrane domain from the catalytic intracytoplasmic domain and 

consists of a sequence, which is specific to each subclass.

The kinase domain of subclass IV receptor tyrosine kinase is divided into a 

proximal half containing the ATP binding site and a distal half containing 

the catalytic site and is separated by insertions of almost 100 hydrophilic 

amino acid residues varying in length in different receptors. The inserted 

sequence has an important role in the modulation of receptor interactions 

with cellular substrates and the tyrosine kinase domain plays an important 

role in both signal transduction and in early and delayed cellular responses 

(Ullrich et al., 1990). Any alteration in the consensus lysine sequence 

results in inactivation of the tyrosine kinase activity.
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FIGURE 1

Structure And Organisation Qf Human FGFRS

ij271 ! 5 I
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Figure 1 demonstrates the structure and organisation of FGFR3.

The intronic sizes are shown above the arrows and the exons numbers are 

shown below.
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The ligand binding sites of the FGFRs is confined to the extracellular 

immunoglobulin-like domains two and three (Avivi et al., 1993). The 

immunoglobulin domain 3 is encoded by three exons, exon Ilia encodes the 

N-terminal half and exon Illb or IIIc encodes the C-terminal half. This has 

been noted in both FGFRl, 2 and 3, whereas FGFR4 was devoid of exon

mb.

Alternate splicing and variable affinity of specific ligand -receptor pairs 

results in diverse fibroblast growth factor signaling (Chelliah et al., 1994; 

Avivi et al., 1993). The activation of the kinase domain following ligand 

binding and the subsequent conformational alteration of the extracellular 

domain, induces receptor oligomerisation which is a characteristic feature 

seen amongst all growth factor receptors. This results in an increase in 

tyrosine kinase activity and ligand binding affinity. The carboxy-terminal 

tail (C tail) interacts with the substrate binding sites of the tyrosine kinase 

domain and therefore alters the capacity to interact with exogenous 

substrates.
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FIGURE 2

FGFRs Signaling Pathway
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Figure 2 The above figure demonstrates the signaling pathway of the 

Fibroblast Growth Factor Receptors.
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The binding of the growth factors to their receptors is followed by 

intracellular tyrosine phosphorylation and the receptor aggregates are rapidly 

internalised.

Following ligand binding and dimérisation, the activated fibroblast growth 

factor receptor (FGFRs) initiate a sequence of phosphorylation, activating a 

GTP binding protein Ras and subsequent stimulation of a series of protein 

kinases and activating trancription factors e.g. Stat 1 in FGFRS. This is 

shown in Figure 2. The pathway depicted on the right of Figure 2 is a 

hypothesis that has been suggested as an alternative pathway for receptor 

signaling. The hypothesis states that the activated receptors could 

translocate directly into the nucleus and activate transcription factors by 

endocytosis. However, the role of this process in development is not yet 

known.

In summary, fibroblast growth factor receptors bind with specific ligands 

and undergo a complex process of signaling with subsequent activation of 

transcription factors. In skeletal dysplasias including Achondroplasia, 

Hypochondroplasia and Thanatophoric Dysplasia, ligand independent 

activation of the receptor and subséquents transcription regulation results in 

the varying disease severity.

Mutations in FGFR 1, 2 and 3 have been implicated in human growth, 

skeletal and developmental disorders (Perez Castro et al., 1997). FGFR4 has 

not been linked to any disease in humans or animals so far.
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7.6 Genomic Organisation of murine and human FGFRS

During the search for the Huntington Disease gene on chromosome 4, 

several novel genes were identified and included FGFRS gene. 

Subsequently, mutations in FGFRS gene were described in Achondroplasia. 

Mutations in FGFRS gene will be discussed in the next chapter.

The genomic organisation of the murine FGFRS gene was determined in 

1995 following cloning and sequencing (Perez Castro et al., 1995) 

(EMBL/Gen Bank Data Libraries: Under accession no: L42116 - L421S2). 

The genomic sequence of the human FGFRS was described in 1997 

(Avraham et al., 1994). Comparative sequence analysis of murine FGFRS 

and the human homologue has demonstrated an almost identical structural 

and genomic organisation.

Both genes (murine and human FGFRS) scan approximately 15 to 16.5 KB 

in length and consist of 19 exons and 18 introns. The boundaries between 

exons and introns follow the GT/AG rule. It has also been noted that there is 

a striking similarity in the promoter regions with conservation of several 

putative transcription factor binding sites between species, suggesting a 

significant role for these factors in transcription regulation (Perez Castro et 

at., 1997; Avraham et a l, 1994; Wuchner et a l, 1997). The translation 

initiation and termination sites are also very similar and are located in exons 

2 and 19 respectively.
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One minor and one major trancription initiation codon (ATG) in the brain 

was identified in exon 2 and one transcription termination codon (TOA) was 

identified in exon 19. The promoter sequence in both murine and human 

FGFRS were within a CpG island and did not have a TATA box. They 

shared several conserved putative transcription factor binding sites and play 

an important role in transcription regulation of FGFRS. Several binding sites 

were located in the 5' flanking region, by using the transcription factor 

database. Exon-intron boundaries were located by mapping to the cDNA 

sequence of the murine FGFRS gene (Avivi et al., 1991; Avivi et al., 1992 

a; Avivi et a l, 1992 b), which encoded a protein of approximately 800 

amino acids.

Alternate splicing and variable affinity of specific ligand -receptor pairs 

resulted in diverse fibroblast growth factor signaling and has been observed 

in the immunoglobulin III domain of FGFRs 1 to S (Zimmer et al., 199S; 

Werner et a l, 1992; Avivi et al., 1992a, Johnson et a l, 1991). The 

exon/intron structure of murine and human FGFRS was noted to be identical 

and the nucleotide sequence homology of the coding region was 85.2% 

(Perez Castro et a l, 1995). This included identical exonic sizes except in 

exon, 1 and 2 which is known to encode the 5’ untranslated region. The 

sequence homology between murine and human FGFRS introns ranges 

between 42% and 58% with the exception of certain intronic sequences 

including 1,8, 12,IS and 18. These introns form the conserved functional 

domains that include for example the transcription factor binding sites of
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intron 1. The transcription initiation site in the murine FGFR3 was 

determined by Perez Castro et al in 1995, to be upstream in comparison to 

that described by Keegan et al (1991 b) in the human equivalent, which was 

further downstream of the translation start site. Detailed analysis of the 

translation initiation site of the human FGFRS and murine sequence from 

the 5’ untranslated region (Wuchner et al., 1997) demonstrated a 69% 

sequence homology.

In 1993, cloning and sequencing of FGFR3 between exons Ilia and IIIc 

identified an alternative exon corresponding to exon Illb of FGFR 1 and 2 

(Chelliah et a l, 1994). This additional receptor isoform was shown to have 

novel ligand binding affinities. It had the hallmarks of the immunoglobulin 

binding domain and had 44% sequence homology to exon Illb of FGFRl 

and FGFR2 and 36% identity with exon IIIc of FGFR3. This splice variant 

of FGFR3 (FGFR3 Illb) binds only acidic FGFs and has the most restricted 

ligand binding properties when compared with the other fibroblast growth 

factor receptors. FGFR Illb has been shown to be expressed in murine skin 

and epidermal kératinocytes in addition to human colonic epithelium. 

Expression in colonic epithelium has been demonstrated in both colonic 

cancer derived cell lines as well as, from normal colonic tissue (Murgue et 

al., 1994). However, it has been shown that in mice, the overall expression 

of splice variants IIIc of FGFR3 is greater than exon Illb. Exon IIIc is 

expressed in the developing brain, in the spinal cord and very strong 

expression has been noted in the vertebrae and in all bony structures. Exon
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mb expression in contrast was only present in epithelial structures with no 

expression in either the brain or in bony structures (Wuchner et al., 1997).

Stimulation of fibroblast growth factor receptor 3 (FGFR3) results in a 

variety of functional effects, including regulation of epithelial cell growth 

and differentiation. In order to characterize the signaling pathway through 

which FGFR3 regulates cell growth, Kanai et al (Kanai et a l, 1997 a; Kanai 

et al., 1997 b) took cells lacking any endogenous FGFR and transfected 

these cells with the two different human isoforms, FGFR3 Illb and FGFR3 

IIIc, that result from alternative splicing of exon III of the FGFR3 gene, 

encoding the ligand binding domain. Expression of FGFR3 IIIc in stably 

transfected L6 cells conferred growth responses to several members of the 

fibroblast growth family, including fibroblast growth factors 1, 2, 4, and 6, 

whilst FGFR3 Illb-expressing cells responded only to FGFl. Activation of 

FGFR3 upon ligand binding resulted in activation of a protein kinase 

pathway. Tyrosine phosphorylation of the 66-kda protein was dependent on 

ligand activation of FGFR3, suggesting that the 66-kDa protein may play an 

important role in FGFR3-specific signaling. The activated FGFR3 was 

found to result in phosphorylation of specific phospholipases.
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7.7 FGFR Activation and Expression

The action of the fibroblast growth factors is mediated by the four fibroblast 

growth factor receptors 1 to 4. These receptors have a unique pattern of 

expression during embryogenesis. Expression of FGFR3 has also been 

shown to play an important role in various stages of development. This 

includes expression in developing bone, cochlea, brain, spinal cord (Colvin 

et a l, 1996) and stages of hair growth cycle, particularly during the phase of 

active hair growth (Rosenquist et al., 1996). Colvin et al demonstrated that 

mice that were homozygous for a targeted disruption of FGFR3 gene 

developed abnormalities of the bones and inner ear. The skeletal 

abnormalities included spinal problems including kyphosis, scoliosis and 

overgrowth of long bones and vertebrae. Inner ear defects included severe 

abnormalities in the cochlea resulting in profound deafness. These findings, 

in addition to studying the phenotype of achondroplasia, suggested that 

activation of FGFR3 would result in the phenotype of achondroplasia 

(Colvin et al., 1996). FGFR3 expression was also present in the hair cells of 

the cochlea in the inner ear but was not seen in the sensory epithelial cells of 

the inner ear.

FGFR3 has a different pattern of expressivity when compared to the other 

FGFRs i.e. 1,2 and 4. FGFR3 expression in the germinal epithelium of the 

neural tube occurs between 9.5 to 16.5 days. However, after birth and in the 

adult brain, expression of FGFR3 was diffuse and localised to
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predominantly the glial cells. This is distinct from the expression of FGFRl 

in neuronal cells.

Outside the developing brain, FGFRS expression is predominantly present in 

the developing long bones. During enchondral ossification, FGFRS was 

exclusively expressed in the resting cartilage of the developing bone. In 

contrast to FGFRl and 2, FGFRS expression was not present in other 

epithelial and mesenchymal tissues. This suggests that FGFRS is unique in 

its expression pattern and has a specific role to play during embryogenesis 

(Peters et a l, 199S). This early data suggests that FGFRS activation is likely 

to have resulted in the phenotype of achondroplasia and other skeletal 

dysplasias including hypochondroplasia, that results in rhizomelic short 

stature. Activated FGFRS in growth plate cartilage has been shown to result 

in stunted mice, with hypoplasia of the axial skeleton and craniofacial 

abnormalities. It was demonstrated that enchondral ossification of bone was 

inhibited by the activated FGFRS, which caused disruption in growth plate 

chondrocyte differentiation and proliferation (Naski et a l, 1998).

The mouse model of achondroplasia has been developed by disrupting 

chondrocyte proliferation in growth plates as a result of ligand independent 

activation of FGFRS. This model confirmed the hypothesis that the 

phenotype of ACH, is a result of a gain of function of FGFRS (Wang et al., 

1999; Li et a l, 1999). Similarly, mutations resulting in thanatophoric 

dysplasia type II, have been shown to result in ligand independent
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activation of the tyrosine kinase receptor of FGFR3. Mutant TDII FGFR3 

have been shown to specifically activate transcription factor Stat I, resulting 

in nuclear translocation of Stat I and this mutant receptor also induces cell 

cycle inhibitor p21 (Su et al., 1997). The resultant effect is cell growth 

arrest. This was also demonstrated in tissues of dead TDII fetuses but not in 

tissues from normal fetuses. The activation of Stat I and induction of cell 

cycle inhibitor P21 has therefore been postulated as the cause of growth and 

developmental abnormality in TDII. Similar experiments performed in the 

mouse model of ACH have confirmed activation of Stat I and p21 cell cycle 

inhibitors, which resulted in inhibition of chondrocyte proliferation.

Activated FGFR3 targeted to the plasma membrane, results in proliferation 

of quiescent cells and morphologically transformed fibroblasts (Webster et 

al., 1997). This suggested that expression of highly activated FGFR3 has 

the potential to transform cells morphologically and can potentially be 

tumorigenic. This was further emphasised by the expression of FGFR3 

found in 55% of human Kaposi’s sarcoma tumour tissues that were 

examined. Cells transfected with FGF cDNA was injected into thymic mice. 

Nodular lesions developed at the injection site, which showed a high 

expression of FGFR3, the histology of which was similar to Kaposi’s 

sarcoma (Li et al., 1998). FGFR3 expression is essential for the normal 

development of a number of diverse tissues. Li et al have also demonstrated 

the potential tumorigenic role of human FGFR3 although the relevance of 

this in context to skeletal dysplasia is unclear.
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Although there are limited studies with respect to the function of the 

mutations in FGFR3 resulting in HCH, it has been shown that a similar 

mechanism described in ACH, results in the severe phenotype of HCH 

(Webster et al., 1996).

7.8 The Genetics of Skeletal Dysplasias

In the past 6 years, there have been major advances in the understanding of 

the molecular genetics of skeletal dysplasias (SD), with several loci for 

chondrodysplasias being identified (Muenke et a\., 1995). In 1994, 

mutations in FGFR3 were identified in ACH (Shiang et al., 1994; Rousseau 

et al., 1994). Subsequently mutations in FGFR3 have been identified in 

other skeletal dysplasias included within the achondroplasia disease 

spectrum. This includes Hypochondroplasia (HCH) and Thanatophoric 

Dysplasia (TD). The mutations of FGFR3 resulting in ACH and HCH will 

be discussed separately in the next chapter.

Other gene loci that have recently been shown to have mutations that cause 

human chondrodysplasias include the collagen related genes, parathyroid 

hormone related protein receptor genes and those that influence the transport 

and metabolism of sulfate ions in relevant cells which includes the 

arylsulfatase E gene and diastrophic dysplasia sulfate transporter gene. The 

collagen genes encode proteins that occupy cartilage matrix which include 

collagen molecules II, IX, X and XI and cartilage oligomeric matrix protein
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(COMP), that are involved in signal transduction in growth plates (Horton 

1997a).

Cartilage Oligo Matrix Protein Gene Mutations (COMP)

COMP is a member of the thrombospondin family of proteins and is found 

mostly in the extracellular matrix of cartilage and to a lesser extent in other 

connective tissues including ligament and tendon. The COMP mutations are 

predominantly heterozygous and map to regions of the gene encoding the 

calmodulin repeats. These repeats are important elements of the molecule 

binding calcium, which is necessary for the correct folding of the molecules 

(Horton 1997a).

Mutations in the COMP gene were found in Pseudoachondroplasia, a 

disease that is similar but not identical to ACH (Horton et al., 1995; Horton 

et al., 1996 a; Horton et al., 1996 b; Francomano et al 1996 b; Horton et al., 

1997 a; Horton 1997 b).

At the same time that Pseudachondroplasia was mapped to chromosome 19, 

linkage to this locus was also established in the Fairbanks Type of Multiple 

Epiphyseal Dysplasia. Subsequently genomic analysis from these patients 

showed mutations in the COMP gene and these diseases are considered 

allelic and presumably share common pathogenic features (Ikegawa et al., 

1998). The mutations act either by dominant negative effect or by
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haploinsufficiency. It disrupts the normal COMP synthesis and secretion 

leaving abnormally folded molecules.

Collagen 2A1 Gene Mutations (COL2A1)

Mutations in the type II collagen genes account for most 

Spondyloepiphyseal Dysplasia and spondyloepiphyseal dysplasia-like 

clinical disorders. Mutations in the C0L2A1 gene tend to be dispersed 

throughout the gene unlike mutations in the FGFR3 gene, which are 

restricted to a few highly mutable codons.

The cartilage collagen fibrils have several types of collagen molecules. 

Mutations in several collagen genes have shown to result in skeletal 

dysplasias. Mutant collagen molecules are incorporated into the extracellular 

matrix of cartilage, resulting in disruption of protein formation. Mutations 

in C0L2A1 gene were first reported in 1989, in a large family with 

Spondyloepiphyseal Dysplasia (Horton 1997a).

Mutations are dispersed throughout the collagen gene and now there are at 

least 30 mutations described in the literature. All mutations have been 

heterozygous involving only one of the two alleles. Subsequently, mutations 

in this gene were described in Stickler and Kniest Dysplasia (Horton et al., 

1997). Mutations in C0L2A 1 gene resulting in Spondyloepiphyseal 

Dysplasia and Stickler Dysplasia, are dispersed across the whole gene as
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shown in figure 3. Genotype-phenotype correlations are yet to be described

in these skeletal dysplasias.

The mutations have a dominant negative effect at the molecular level. 

Mutations in Kniest Dysplasia have been shown to interfere with splicing of 

the mRNA transcripts, resulting in partial or complete deletions of exons 

that encode parts of the triple helix. This disrupts the assembly of the 

collagen molecules.
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Figure 3

COL 2A1 Gene Mutations

Stick Stick Stick
SED-loSED-lo SED-lo SED-lo

SEDc V SEDc 
Kn \  \  \  Kn \ Hyp

COL2A1 Gene

a1 (II) Chain

N Pro N Tel Triple Helix G tel G Pro

The above is a schematic representation of C0L2A1 mutations.

The chondrodysplasias with Spondyloepiphyseal Dysplasia (SED) or SED 

like disorders with mutations in the C0L2A1 gene are depicted above.

Abbreviations:

C pro, carboxy propeptide; C tel, carboxy telopeptide; Kn, Kniest dysplasia 

Hyp, hypochondrogenesis; N pro, amino propeptide;

N tel, amino telopeptide; SED lo. Spondyloepiphyseal Dysplasia late onset; 

SEDc, Spondyloepiphyseal Dysplasia Congenita; Stick, Stickler Dysplasia

53



The Stickler Dysplasia mutations result in haploinsufficiency with 

premature translation stop signals. Often the reading frame of the transcript 

is shifted so that an out-of-frame STOP codon is encountered further 

downstream. The collagen chains synthesised from such transcripts are 

truncated and lack the non-collagenous C propeptide, which is necessary for 

the incorporation of collagen into the triple helical molecules. Early studies 

had revealed that ACH was not caused by mutations in Type II collagen 

genes (Francomano et a l, 1988)

In summary, C0L2A1 mutations are heterozygous mutations and act either 

through a dominant negative effect or haploinsufficiency. They introduce 

mutant collagen molecules to the extracellular matrix of cartilage by 

reducing the amount of protein in cartilage matrix. Since cartilage serves as 

an important template for enchondral ossification and type 2 collagen is one 

of the principal structures of proteins of cartilage, it follows that cartilage 

containing deficient or abnormal type 2 collagen would not function 

properly as a template.

In several instances suspected allelism has been confirmed in disorders due 

to C0L2A1 and FGFR3 mutations. However, this is surprising in 

conditions like Pseudoachondroplasia and Multiple Epiphyseal Dysplasia, 

which are very different phenotypically.
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Other genes implicated in skeletal dysplasias

Mutations in sulphate transporter gene have been implicated in Diastrophic 

Dysplasia, an autosomal recessive form of chondrodysplasia. The phenotype 

in this condition is due a loss of function of the sulphate transporter protein.

Mutations in the parathyroid hormone receptor protein has been described in 

metaphyseal chondrodysplasia, an autosomal dominant condition, with its 

phenotype resembling vitamin D deficiency rickets. Mutations in the 

Arylsulphatase E gene and SOX 9, a transcription factor gene structurally 

related to SRY (sex-determining region Y) gene have been identified in 

campomelic dysplasias. These are skeletal dysplasias associated with 

disorders of the external genitalia ranging from minor abnormalities to sex 

reversal (Horton 1997 a).
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7.8.1 FGFR3 Mutations In ACH and HCH

In 1994, the locus for ACH was mapped to a region of about 2.5mb of DNA 

at the tip of the short arm of chromosome 4 (Velinov et aL, 1994). This area 

had been previously mapped to the locus for Huntington Disease (HD). It 

was during the search for the HD gene that several novel genes were isolated 

(Gusella et a i, 1983; Thompson et a i, 1991; Macdonald et a i, 1991; Weber 

et a i, 1991). Nucleotide sequence analysis of one of these genes revealed, 

that it encoded a member of the fibroblast growth factor subfamily of 

tyrosine kinase receptors (Thompson et a i, 1991; Pasquale et al., 1989; 

Pasquale 1990). This was subsequently identified as fibroblast growth factor 

receptor 3 (FGFR3) (Dionne et al., 1990). FGFR3 was shown to be 

activated by a fibroblast growth factor which was involved in the survival of 

specific neurons that undergo degeneration in HD (Thompson et al., 1991 ; 

Murphy et al., 1990), hence making FGFR3 a candidate gene for HD. 

However, FGFR3 expression was also seen in several non-neuronal tissues 

including cartilage rudiments of developing bone, in neurons not affected in 

HD, including neurons within the substantia niagra, thalamus and cortex. It 

had also been shown to be exclusively expressed in resting cartilage during 

enchondral ossification, making it a candidate gene for achondroplasia. This 

was indeed confirmed by linkage analysis using the a  L iduronidase locus 

(Francomano et al., 1994; Francomano et al., 1995; Le Merrer et al., 1994; 

Velinov et al., 1994; Macdonald et al., 1991; Keegan et al., 1993). The 

other novel genes mapped within the same 3Mb of chromosome 4p,
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included the gene for Hurler-Schei Disease (Macdonald et al., 1991) and 

Congenital Stationary Blindness (Weber et a l, 1991, Gal et a l, 1994).

Mutations in FGFR3 were subsequently identified in ACH (Bellus et al., 

1995 a; Bonaventure et al., 1996 b). Earlier studies had postulated that the 

IGF-1 gene at chromosome 12 may be a candidate gene for short stature 

associated with hypochondroplasia (Mullis et al., 1991). This was however 

proven not to be the case, with mutations in FGFR3 being described in 

achondroplasia.
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FIGURE 4

Schematic Representation Of FGFR3 Mutations
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Abbreviations:

Ig I, II, III, Imm unoglobulin Domains I, II and III respectively; TK A, 

proximal tyrosine kinase domain; TK B, distal tyrosine kinase dom ain; TDI 

& TDII, thanatophoric dysplasia II and I; ACH, achondroplasia; HCH, 

hypochondroplasia; SADDAN, Severe A chondroplasia Developmental 

Delay Acanthosis Nigricans.
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Mutations in FGFR3, resulting in ACH, were first reported in 1994 (Shiang 

et a l, 1994; Rousseau et al., 1994). A single point mutation in FGFR3, 

resulting in G to A transition at nucleotide 1138 was identified in more than 

95 percent of the cases of ACH that they had screened. Two patients had a G 

to C transversion at the same nucleotide position. Both mutations resulted in 

a substitution of glycine to arginine at codon 380 (Gly380Arg) in the 

transmembrane domain of FGFR3 (Bellus et al., 1995 a; Bonaventure et al., 

1996 b). Novel mutations in ACH resulting in Gly375Cys and Gly346Glu 

have been reported in 3 cases of ACH (Prinos et al.,\995\ Superti-Furga et 

al., 1995; Nishimura et a l, 1995). Further studies from other countries, 

including Sweden and Japan, have confirmed the presence of the Gly380Arg 

mutations in patients with classical ACH. This further confirms genetic 

homogeneity in achondroplasia, in whom phenotypic homogeneity is also 

striking (Ikegawa et a l, 1995; Alderbom et al., 1996; Wang et a l, 1996; 

Tonoki et a l, 1995).
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HCH

Following the description of mutations in FGFR3 in ACH and linkage of 

HCH to chromosome 4 (Hecht et a l, 1995 b), subsequent studies have 

identified FGFR3 mutations in HCH, which is an allelic disorder with 

variable disease severity. Heterozygous mutations in FGFR3, with a 

cytosine to adenine (C to A) or cytosine to guanine (C to G) transition at 

nucleotide 1620 were identified in a group of HCH patients who were at the 

severe end of the disease spectrum. These mutations were shown to result in 

an asparagine to lysine substitution (Asn540Lys) at codon 540 in the 

proximal tyrosine kinase domain of FGFR3 (Bellus et al., 1995 b; Prinos et 

al., 1995). There have also been cases of HCH confirmed by radiological 

diagnosis, in whom, the common mutation in FGFR3 has not been identified 

(Prinster et a l, 1998). Other genetic causes for this group have not yet been 

described. This further confirms the genetic heterogeneity in this group of 

patients who are well known for their marked phenotypic variability.

Thanatophoric Dysplasia

At the severe end of the spectrum of ACH like disorders are thanatophoric 

dysplasia (TD) types I and II. Mutational analysis of these cases has 

demonstrated that they segregate genetically into two subtypes. Both 

subtypes result from mutations in FGFR3. TD II results from a single point 

mutation in the distal tyrosine kinase domain of FGFR3 and TDI results
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from mutations in the extracellular transmembrane domain. At present no 

case of thanatophoric dysplasia I has been shown to have mutations in the 

distal tyrosine kinase domain. These mutations in TD, remove the normal 

translation stop signal. The consequence of this mutation is a FGFR protein 

that is 141 amino acids longer than normal if translation had continued to 

the next in frame stop codon (Tavormina et al., 1995).

In summary, despite the complexity and number of skeletal dysplasias 

described so far, the number of chondrodysplasia loci implicated are 

relatively few with the majority of mutations in skeletal dysplasias being 

described in collagen related genes and the fibroblast growth receptor 3 

gene. Mutations in Fibroblast Growth Factor Receptor 3 gene cluster within 

a few codons, ie within the transmembrane and tyrosine kinase domains. 

This is in contrast to the mutations in the collagen genes, for example 

mutations resulting in Kniest Dysplasia and Stickler Dysplasia, which are 

spread throughout C0L2A1, with no demonstrable genotype-phenotype 

correlation. The majority of FGFR3 mutations result in constitutive 

activation of the receptor in the absence of ligand and studies in mice have 

shown the disease severity depends on the degree of activation of the 

receptor (Webster et a l, 1996). It is also interesting to note that Wolf- 

Hirschom syndrome, a contiguous gene disorder, is caused by different size 

gene deletions of chromosome 4pl6. In addition, although almost always 

this deletion included the region of FGFR3 to which achondroplasia is 

mapped, there have not been any cases of Wolf-Hirschom syndrome with
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clinical features of achondroplasia (Shiang et al., 1994; Altherr et al., 1997). 

This would suggest that achondroplasia phenotype is probably not due to 

haploinsufficiency and may be due to other mechanisms, like the presence of 

dominant negative effects.

More recently, a syndrome associated with severe achondroplasia, 

developmental delay and acanthosis nigricans (SADDAN) has been 

described (Francomano et al., 1996 a). A novel mutation in FGFR3 has been 

identified in some of these cases, which results in an A to T transversion at 

nucleotide 1949. This resulted in a substitution of lysine to methionine at 

codon 650. These cases, although have radiological features resembling 

thanatophoric dysplasia, survive beyond infancy and present with acanthosis 

nigricans and developmental delay. It is unclear as to the reason why this 

group of achondroplastic children develop acanthosis nigricans. They are 

not a group that were treated with growth hormone. Further studies on the 

expression of FGFR3 in skin and its effect on signal transduction are 

required.
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7.8.2 FGFR Mutations In Craniosynostosis Syndromes

FGFRl, FGFR2 and FGFR3 have now been associated with various skeletal 

dysplasias and craniofacial syndromes. Pfieffer Syndrome, an autosomal 

dominant craniofacial syndrome with craniosynostosis, syndactyly and 

deviation of the thumbs and great toes, results from mutations occurring in 

both FGFRl and FGFR2, demonstrating that this is a heterogenous 

condition (Rutland et al., 1995; Lajeunie et a l, 1995; Muenke et a l, 1994). 

FGFR2 mutations are also described in other craniofacial syndromes 

associated with craniosynostosis, including Apert Syndrome (Wilkie et a l, 

1995 b), Crouzon Syndrome (Jabs et a l, 1994; Reardon et a l, 1994) and 

Jackson-Weiss Syndrome (Jabs et a l, 1994) all of which have distinctive 

phenotypes although allelic heterogeneity has been described with these 

syndromes (Jabs et a l, 1994; Rutland et a l, 1995).

Recently, a new clinical syndrome with coronal craniosynostosis and 

variable involvement of the hands and feet with developmental delay and 

sensorineural hearing loss has been described (Bellus et a l, 1996 a). This 

phenotype was associated with a point mutation in the extracellular cellular 

domain of FGFR3 causing a cytosine to guanine substitution at nucleotide 

749. This mutation resulted in a proline to arginine substitution at codon 250 

of the FGFR3 protein.
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Mutations in FGFR3 have also been described in cases of Crouzon 

Syndrome associated with acanthosis nigricans. A G to A transition at 

nucleotide 1172 in the transmembrane domain of FGFR3, resulting in 

alanine to glutamine substitution at codon 391 of the FGFR3 protein has 

been described in these patients (Meyers et aL, 1995). Interestingly, these 

patients did not have any radiological abnormalities characteristic of the 

ACH group of disorders. The mechanism for individual mutations in 

FGFR3 resulting in specific phenotypes is at present unclear.

Further studies to understand the complex signaling pathway of these 

tyrosine kinase receptors is required to have a better understanding of this 

group of skeletal disorders.
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7.9 Growth Hormone Therapy in Skeletal Dysplasias

Growth hormone (OH) is an important regulator of linear skeletal growth, 

promoting chondrocyte proliferation (Isaksson et a l, 1988). Following in 

vitro studies, demonstrating clonal expansion of human chondrocytes in the 

presence of GH dependent insulin-like growth factor I (IGF-I), it has been 

postulated that GH increases the responsiveness of the human chondrocyte 

to IGF-I (Isaksson et al., 1988). It was therefore thought to be a suitable 

mode of treatment in achondroplasia to promote growth-plate chondrocyte 

proliferation.

Since the introduction of recombinant human growth hormone (r-hGH) in 

the late 1980s, its use in other conditions other than isolated growth 

hormone deficiency has been studied. The background to exploring the 

wider indications for the use of r-hGH arises from the understanding that 

growth hormone release does not rely on absolute stature and growth 

velocity alone (Hindmarsh et al., 1987; Albertsson-Wikland et al., 1988; 

Spadoni et a l, 1988; Saggese et a l, 1989). The asymptotic relation between 

growth velocity and growth hormone secretion suggests that those children 

who were short and secreted very little growth hormone would have the best 

response when treated with exogenous growth hormone (Hindmarsh et al., 

1987; Hindmarsh et al., 1996).

65



Growth Hormone therapy has been used in several conditions including 

skeletal dysplasias like Achondroplasia and Hypochondroplasia (Appan et 

al., 1990; Bridges et al., 1991; Horton et al., 1992; Bridges et al., 1994; 

Yamate et al., 1993; Key et al., 1996; Shohat et al., 1996; Weber et al., 

1996; Stamoyannou et al., 1997; Tanaka et al., 1998), Turner Syndrome 

(Rosenfeld et al., 1988; Rosenfeld et al., 1998; Rongen-Westerlaken et al., 

1988; Vanderschueren-Lodeweyckx et a l, 1990), Osteogenesis Imperfecta 

(Antoniazzi et a l, 1996; Cappa et al., 1991), Downs Syndrome (Anneren et 

a l, 1986; Torrado et a l, 1991) and Noonan Syndrome (Ahmed et a l, 1991), 

the one common factor being significant short stature in these conditions.

In the above studies, the use of r-hGH therapy has been shown to be 

beneficial in these cases although only the short-term response to treatment 

has been analysed. Previous studies have shown that patients with skeletal 

dysplasias were not growth hormone deficient (Nishi et al., 1993; Hagenas 

et al., 1996). Short-term treatment with high dose gro-wth hormone has been 

shown to improve height velocity (Horton et al., 1983; Nishi et al., 1993). 

Early reports of r-hGH therapy in ACH showed a sustained, proportionate 

increase in both spinal and limb growth (Hindmarsh et a\., 1991; Bridges et 

al., 1991). Follow up of these children on growth hormone, has shown 

accentuation of the existing disproportion, with increase in spinal height in 

relation to the extremities (Bridges et al., 1994).

The response to growth hormone therapy in the conditions mentioned above 

have been variable, with some conditions like Osteogenesis Imperfecta
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having no improvement in height standard deviation scores in the short 

term, whilst ACH and HCH demonstrating a favourable response to growth 

hormone therapy, at least in the short term. Similar responses to growth 

hormone therapy in Turner Syndrome and Noonan Syndrome have been 

described. Recombinant human growth hormone (r-hGH) has been shown 

to promote growth in Turner Syndrome (Ranke et al., 1983; Rosenfeld et a l, 

1998). The doses of growth hormone used were higher than that used in 

growth hormone deficiency (12-32 units/m^/week).

In the Kabi International Growth Study (KIGS) review of 1993,

923 children with Turner Syndrome were studied. 767 cases of this group 

were treated with r-hGH alone and the rest were on a combination of r-hGH 

and estrogen or oxandrolone. The first year response was significant with all 

treatment modalities. However, at three years of treatment, those on r-hGH 

alone continued to have significant increases in height velocity. In the other 

two groups treated in addition with estrogen or oxandrolone, there was a 

slowing of growth after three years of treatment. In the growth hormone 

treated group, the total height gain observed was 0.9 to 2.0 standard 

deviation scores (SDS). This response was more significant in the younger 

age group (<10 years). This response in the younger children probably 

reflects the lack of or little catch up growth that is seen amongst the older 

children on growth hormone.
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Noonan Syndrome is an autosomal dominant condition with a phenotype 

similar to Turner Syndrome. Turner Syndrome and Noonan Syndrome are 

not growth hormone deficient. Both conditions are thought to have a mild 

bone dysplasia (Caralis et al., 1974). A significant first year treatment 

response similar to that observed in Turner Syndrome, was demonstrated in 

Noonan Syndrome, using higher doses of r-hGH (Cotterril et a l, 1993). It 

was hypothesised that in both conditions there is a partial resistance to 

growth hormone and therefore higher doses of growth hormone were used to 

produce better growth rates. There are yet no final height data on these 

conditions. The KIGS data had analysed a total of 55 patients with Noonan 

Syndrome. As with Turner Syndrome, the response to treatment with r-hGH 

therapy over three years was significant and similar improvements in height 

velocity and height standard deviation scores (HV SDS and HT SDS) were 

demonstrated. The dose of r-hGH used was also similar to that used in 

Turner Syndrome and was much higher than that used in growth hormone 

deficiency (median 28units/ m^/week).

The response to r-hGH therapy in HCH was first described in our 

department (Appan et al., 1990). 20 children with a clinical and radiological 

diagnosis of HCH were treated with r-hGH therapy. The majority were 

prepubertal at the start of therapy and remained so until the end of therapy 

although the treatment period was for only a year. The age range of those 

treated with r-hGH therapy in their group was 4.3 to 12.8 years. The short

term response to growth hormone therapy in this group was encouraging
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with a significant increase in the one-year height velocity from -1.66 

standard deviation score (SDS) pre treatment to +1.62 one year after 

treatment. There was no significant dose-response observed in this study 

and there were no obvious effects on body proportions in that short duration 

of treatment period. Subsequently, Bridges et al in 1991 demonstrated a 

significant response in HCH treated with growth hormone. A total of 31 

patients were treated with r-hGH therapy over a period of one to three years. 

The height velocity standard deviation score increments over the first year of 

treatment were -0.51 to +1.58. In the next two years, although the response 

to treatment was lower, the HV SDS was maintained above + 0 SDS. 

However, the majority of these cases were pubertal, presenting with a lack 

of the normal pubertal growth spurt. Bridges et al had demonstrated that 

giving r-hGH therapy to these children, restored the pubertal growth spurt 

(Bridges et a l, 1991; Bridges et al,, 1994).

HCH cases in my study were mostly prepubertal and they will be followed 

to final adult height and the results of this data will be published when 

available.

Adverse effects due to treatment with r-hGH therapy have so far been 

relatively minimal. The common adverse events that have been previously 

reported include pharyngitis, upper respiratory tract infections, coughing, 

headache, seizures, fractures, vomiting and rash (KIGS Report 1993). 

Occasional reports of benign intracranial hypertension have also been
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reported (Malazowski et al., 1993). The metabolic problems reported with 

GH therapy included hypoglycaemia or diabetes mellitus, although both are 

very rare. There is no definitive data to support the hypothesis that growth 

hormone treatment increases the risk of malignancy or the recurrence of 

malignancy e.g. craniopharyngioma, leukaemias or tumours of the central 

nervous system (KIGS 1993).
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8. MOLECULAR MATERIALS AND METHODS

8.1 Molecular Reagents

All chemicals and reagents used in this study were of analytical grade and 

purchased from standard suppliers, unless otherwise stated.

8.1.1 Stock Solutions

lOOX Denhardts: Wighed 2g ficoll 400, 2g bovine serum albumin (BSA) 

and 2g polyvinylpyrolidene (PVP). BSA was added to 60ml dd H2O and left 

to dissolve overnight without stirring. Ficoll and PVP were added and 

stirred until dissolved. Made up to 100ml with water. 20 ml aliquots stored 

at -20°C.

0.5M EDTA, pH 8.0: Dissolved 186.Ig disodium ethylenediaminetetra- 

acetate.2H20 in 800ml of dd H2O and stirred vigorously on a magnetic 

stirrer. Added approximately 20g of NaOH pellets to adjust to pH 8.0.

Made up to 1 litre with dd H2O, after EDTA had dissolved. The solution was 

autoclaved prior to use.

IM magnesium chloride: Dissolved 20.3g MgCl2.6H20 in 100ml of dd 

H2O.
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lOM sodium hydroxide: Dissolved 40g NaOH pellet in 60ml of dd H2O (in 

a plastic beaker). Made up to 100ml with dd H2O

20x SSPE: Weighed 174g NaCl, 31.2g sodium dihydrogen phosphate.2H20 

and mixed with 40 ml of 0.5M EDTA. Adjusted pH to 7.4 with NaOH 

(approximately 6.5 ml of lOM NaOH). Made up to 1 litre with dd H2O.

IM Tris (pH7.5): 12.75g Tris-HCl and 2.36g Tris-Base dissolved in 100ml 

of dd H2O.

IM Tris (pH 8.0): 9.76g Tris-HCl and 4.6g Tris-Base dissolved in 100ml 

of dd H2O.

lOX TAE -  Mixed 48.4g Trizma base, 11.4ml glacial acetic acid and 20ml 

0.5M EDTA. Made up to 1 litre with dd H2O.

lOxTBE - (Tris-borate, EDTA buffer): Measured 121.Ig Trizma base,

51.4g boric acid and 20ml of 0.5M EDTA. Dissolved in 800ml of dd H2O on 

a magnetic stirrer. Made up to 1 litre with dd H2O.

TE Buffer: 1 ml of Tris pH 8.0 and 0.2ml 0.5M EDTA, pH 8.0 were 

measured and made up to 100ml with ddH2 0 .
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8.1.2 DNA Extraction Reagents

Lysis Buffer: 0.32M sucrose, lOmM Tris HCl (pH 7.5), 5mM MgCl2.6H20, 

1% Triton X-100. Weighed 10.94g of sucrose. Added 1 ml of IM Tris.HCl. 

(pH 7.5), 0.5ml IM MgCb and 1ml of 1% Triton X-100. Made up to 100ml 

with dd H2O and stored at 4°C.

PCR Buffer ( rapid DNA preparation buffer): with nonionic detergents 

and proteinase K.

For 100ml

5ml IMKCl

1ml IM Tris.HCl pH 8.3

0.25ml IM MgCb

1ml 1% gelatin

0.45 ml NP40

0.45ml Tween 20

Final Concentration

50mM KCl 

lOmM Tris 

2.5mM MgCb 

0.1 mg/ml 

0.45% NP-40 

0.455 Tween 20

Made up to 100ml with dd H2O, autoclaved and stored frozen in 20ml 

aliquots. When ready to use, thawed and addded 3pi of lOmg/ml proteinase 

K (Promega, Southampton, UK, diluted with dd H2O ) per 500pl of solution 

required.
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8.1.3 PCR Reagents

lOX Polymerase buffer: lOOmM Tris, pH 9.0, 500mM KCl, 1% triton X- 

100. This solution was supplied by manufacturer (Promega).

Oligonucleotide primers: Supplied by Genosys or Oswell. On receipt of 

primer, lOOpl aliquot was taken for working solution. Remainder stored 

with primer stock solutions.

Mineral Oil and Sterile Water: Stored in bijou bottles. Autoclaved before 

use.

Magnesium Chloride: 25mM stock solution supplied with enzyme.

DNTPs lOOpM concentration (Promega): Store at -70°C. Prepared stock 

solution containing 2.5mM of each nucleotide, by mixing equal volumes of 

the four nucleotides and then diluting the mixture 1 in 40 (final 

concentration 2.5mmdNTP). Pipetted 1ml aliquots in 1.5ml tubes and stored 

frozen.

Taq DNA Polymerase (Promega) : Supplied at a concentration of 5U/p,l 

in storage buffer [50mM Tris-HCl(pH 8.0), lOOmM NaCl, 0.1 mM EDTA, 

5mM dithiothreitol (DTT), 50% glycerol, 1% Triton X-100]. Stored at 

-20°C.
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8.1.4 Dot Blot reagents

Denaturing solution: Weighed 20g NaOH (0.5M) and 87.6g NaCl 

(1.5mM). Added 800ml of dd H2O to above and stirred on a magnetic stirrer. 

Made up to 1 litre with dd H2O.

Neutralising Solution: Weighed 87g NaCl and 60.5g Trizma base (0.5M). 

Made up to 900ml with dd H2O. Adjusted pH to 7.4 by adding HCl 

(approximately 36ml). Made up to 1 litre with dd H2O.

5M TMAC solution: Dissolved 500g of TMAC in 400ml dd H2O. Made up 

to 912ml with dd H2O.

TMAC Hybridisation solution:

For 100ml

60ml 5M TMAC 

5ml IMTris-HCl, pH 7.5 

0.4ml 0.5M EDTA 

3ml 10% SDS 

5ml 1OOX Denhardts

Final concentration

3M TMAC 

50mM Tris 

2mM EDTA 

0.3% SDS 

5X Denhardts

Made up to 100ml with dd H2O. Just before use, addded boiled salmon 

sperm DNA (Final concentration lOOpg/ml).

75



Wash solution: Prepared as hybridisation solution above but without 

Denhardts solution and salmon sperm DNA.

2X SSPE, 0.1% SDS: Measured 100ml 20X SSPE and 10ml 10% SDS. 

Made up to 1 litre with dd H2O.

Dot Blot Stripping solution:

For 100ml Final Concentration

50ml Formamide 50%

25ml 20X SSPE 5X SSPE

1ml 10% SDS 0.1%

Made up to 100ml with distilled water. Heated to 65°C before use.

Biogel P4 : (BioRad 150-0450) - for a 10% solution, dissolved Ig Biogel 

P4 in 10ml 2X SSPE.

8.1.5 Electrophoretic reagents and gels

lOX Bromophenol/Xylene Cyanol buffer: weighed 0.125g bromophenol 

blue, 0.125g xylene cyanol and mixed with 30ml dd H2O. Gradually added 

lOg of ficoll 400 (Pharmacia, St.Albans, UK) and then mixed continuously 

until dissolved. Made up solution to 50ml dd H2O and stored in 1 ml aliquots 

at -20°C.
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Ethidium Bromide: Dissolved 0.25g ethidium bromide in 25ml dd H2O. 

Mixed on a magnetic stirrer for several hours to ensure that the ethidium 

bromide had thoroughly dissolved. This was transferred into a universal 

container and stored in a dark place or wrapped in tin foil. Used at a 

concentration of 0.5pg/ml, i.e. 2.5pl stock solution in 50ml agarose gel.

Agarose minigels (2%): weighed Ig of agarose (Flowgen FMC 50002, 

Sittingboume, UK) in a beaker. Added 50ml of IX THE and dissolved by 

stirring on a hot plate. When the agarose solution became clear, added 2.5pi 

of ethidium bromide, mixed thoroughly and poured into a gel container with 

two 20 well combs in place. Allowed to set for approximately 30 minutes. 

The gel was immersed in a gel tank filled with IX TBE. Electrophoresis was 

performed at 100mA, 200 V for 10 to 20 minutes depending on the size of 

the DNA fragment. DNA products were visualised on an ultra violet 

transilluminator.

Formamide-dye mix (stop solution): Mixed 9.5ml deionised formamide 

(95%), 0.4ml 0.5M EDTA (pH 8.0), 5mg bromophenol blue (0.05%) and 

5mg xylene cyanol. Stored in 1.5ml aliquots at -20°C.
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(|) 174 HAE III DNA marker: (Promega). Mixed lOpi of marker stock 

solution, 20 pi lOx Bromophenol blue/ xylene cyanol/ficoll and 70pl 

distilled water (10% solution). l-2pL loaded into the wells prior to gel 

electrophoresis.

Formamide reagent (SSCP loading dye):

Solution A Final Concentration

95% formamide

lOmmol/1 EDTA

0.05% bromophenol blue 

0.05% xylene cyanol

0.1% SDS 

lOmmol/1 EDTA

5 ml formamide 

lOOpl 500mM EDTA 

250pl 1% bromophenol blue 

250pl 1% xylene cyanol 

Solution B 

50pl 10% SDS 

lOOpl 500mM EDTA 

4.3ml water

Mixed A:B :: 3.5ml: 2.5ml.

Aliquoted samples in 1ml tubes and labelled as solution F and stored frozen.

Pre-cast 48 well 10% polyacrylamide gels: (Clean gel 48s, Pharmacia 

Biotech, St.Albans, UK). Precast gels with 10% acrylamide and 2% cross 

linker were rehydrated for approximately an hour in a buffer (supplied with 

the gel).
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Double and single stranded DNA were detected by silver staining of the gels 

according to manufacturers instructions (Plus one, Pharmacia Biotech).

6% Polyacrylamide gels for linkage analysis: Easigel (Scotlab SL-9213). 

25% acrylamide/1,25% bisacrylamide, 20:1, containing 7M urea, IX TBE - 

Scot Lab SL-9213, Strathclyde, UK). Stored at 4°C. Easigel diluents 

(Scotlab SL-9260). Stored at 4°C. lOX TBE - diluted 1 in 10 with dd H2O 

for working solution, 10% dimethyldichlorosilane (Sigma D-3879) in 

chloroform, TEMED (Sigma T-7024), Ammonium persulphate (Sigma A- 

9164) - 10% solution made by weighing 0.5g in plastic bijou bottle and 

adding 5ml dd H2O. Stored at 4°C up to one week.

8.1.6 Reagents for autoradiography

Universal developer: Added 50ml of Universal developer PAC419 to 

950ml of dd H2O and mixed thoroughly. This is usually stable for one week.

Fixer: Added 200ml of Ilford Hypam 758249 to 800ml of dd H2O and 

mixed thoroughly. This is usually stable for three weeks.
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9. MOLECULAR METHODS

9.1 Rapid DNA Extraction

A single sample of lOmls of blood was collected into EDTA bottles from 

each patient and from their parents when available. DNA was isolated from 

lymphocytes in all samples, using the "rapid" preparation method (Ehrlich 

1989). 0.5 ml of whole blood (5pg DNA/0.5ml blood) was mixed with 

0.5ml of red cell lysis buffer in a 1.5ml eppendorf tube and spun at 13,000 

rpm for 20 seconds. The supernatant was decanted into 1% sodium 

hypochlorite solution and the lymphocyte pellet was resuspended in 1ml of 

the red cell lysis buffer and vortexed vigorously. The above step was 

repeated two to three times until the solution was free from haemoglobin. 

The pellet was then resuspended in 0.5ml of PCR buffer with nonionic 

detergents. To achieve enzymatic degradation of protein, three microlitres 

of proteinase K (lOmg/ml) was added to the resuspended pellet and was 

incubated at 50-60°C for one hour in a water bath. The solution was then 

placed on a heating block at 90 degrees centigrade for ten minutes to 

inactivate the proteinase K. Samples were stored at -20°C in numerical 

order.
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9.2 Optimisation of PCR

9.2.1 General principles

PCR is an in vitro technique, which enzymatically amplifies a specific 

sequence of DNA. The procedure requires a pair of oligonucleotide primers 

complimentary to the sense and anti sense sequences flanking the DNA of 

interest (Mullis et a i, 1987; Strachan 1996). The single stranded primer 

sequences of DNA anneal to the template DNA and are extended by a DNA 

polymerase in the presence of DNA precursors (the four deoxynucleoside 

triphosphates-dNTPs). The dNTPs are tagged to the 3' hydroxyl end of the 

primer and form a strand complementary to the template strand. The double 

stranded DNA so formed is then denatured to make single stranded DNA 

and the whole process is repeated in a cyclical manner and an exponential 

increase in the specific DNA sequence has been shown with 30 cycles.

Primer pairs are usually designed to contain an equal number of each of the 

four bases taking care to avoid repetitive motifs. It is important to avoid 

complementarity of the 3' (carboxy terminus) ends of the primer pair which 

would result in a 'primer - dimer' formation. This would result in extension 

of one primer by the DNA polymerase using either the other primer or itself 

as the template, resulting in the production of a short and incorrect sequence. 

The magnesium concentration is important for adequate and specific yield of 

DNA product, magnesium ions forming a soluble complex with the dNTPs
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enabling dNTP incorporation. It also stimulates the polymerase activity and 

increases the melting temperature (Tm) of the double stranded DNA and 

primer/template interaction.

DNA polymerases are enzymes, which catalyse the synthesis of new DNA 

strands, which are complementary to the denatured DNA strand of the target 

DNA sequence. The thermo stable DNA polymerase from Thermus 

Aquaticus is the most commonly used enzyme in the polymerase chain 

reaction.

9.2.2 General precautions

Primer concentrations were always taken from aliquoted portions and never 

from stock solutions. Although PCR is a robust technology, care was taken 

to prevent contamination at all steps and PCR reactions were always 

performed at specifically allocated benches away from post PCR working 

areas.

9.2.3 DNA amplification

Primer pairs were designed to amplify exons 12 to 14 encoding the entire 

tyrosine kinase domain of FGFR3.

PCR work sheet was labelled with the date, primers used, initials of 

researcher and the relevant sample numbers were documented serially.
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Master mix details, thermo cycling and the results were documented in the 

same sheet. 0.5ml sterile tubes were labeled with the sample numbers and 

the date.

All reactions were carried out in 25pi volumes.

TABLE 2 

Standard Reagents Used In PCR Reaction

Stock Solution Cone. Cone, in master mix Final Cone, per reaction

lOX Taq polymerase buffer 2.5X IX

2.5mM dNTPs 500pM 200pM

25mM MgCl] 3.75pM 1.5pM*

Sense primer 2.5pM variable

Antisense primer 2.5pM variable

Water final volume of lOpl master mix per tube.

* 1.5mM MgCl2 is the standard amount used, may be varied.

The standard reagents used in the PCR reaction with the relevant primer 

pairs in a 25 pi volume reaction.
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10% dimethylsulfoxide was used in some PCR reactions to improve the 

quality of the PCR product. To each tube, the reagents were added in the 

order of lOpl water, lOpl master mix and a drop of mineral oil. DNA (2-5pi 

of a rapid prep) was added under the oil, to a final volume of 20pl. The 

samples were spun briefly and then placed on a thermal cycler (Hybaid Ltd, 

Teddington,UK or Onmigene). They were heated to 98°C for 5 minutes to 

denature the double stranded DNA. 0.25U of Taq polymerase in 5 pi Ix 

buffer was added to each sample on reaching the annealing temperature.

This was then followed by 35 cycles of elongation at 72°C for 30 seconds, 

dénaturation at 94°C for 30 seconds and annealing for 30 seconds (annealing 

temperatures used: 60°C to 66®C). A final extension step at 72°C for 5 

minutes was included.

Optimisation of PCR included magnesium titration, varying thermo cycling, 

and different primer pairs in mutation negative patients. Magnesium was 

varied between 0.5mM to 2.0mM MgCL and annealing temperatures of 

54°C to 66°C.
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TABLE 3

Primer Pairs To Amplify Overlapping TKD Fragments In 

Mutation Negative Group

Region amplified primer pair product size 

base pair (bp)

3’end of intron 11 to the 

end of exon 14

5’ ctgagagtgggcgagttttcac 

5’

AACGTCCACAGCTTCCTCATCAG

573

3’ end of intron 11 to 

middle of intron 12

5’ ctgagagtgggcgagttttcac 

5’ gtcgggacgagacgtgggga

210

end of exon 12 to the 

middle of intron 13

5’ ATGCTGAAAGgtgaggaggg 

5’ gaggagtctgcccgacggtcc

266

end of exon 12 to the 

middle of exon 14.

5’ ATGCTGAAAGgtgaggaggg 

5’ AATGGGAACCGGCGCAT

321

beginning of intron 13 

to end of exon 14.

5’ tagcggcggtggtgccggct 

5 ’CTGATGAGGAAGCTGTGGACGTT

173

The location of each primer pair on the FGFR3 genomic DNA is shown in 

appendix 3. Exonic sequence is shown in upper case letters.
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9.4 Single Strand Conformational Polymorphism

9.4.1 General principles

Single Strand Conformational Polymorphism (SSCP) is an effective and 

simple molecular technique that enables detection of point mutations and 

sequence variations in single stranded DNA. Single stranded DNA will 

conform in a specific fashion and take up specific sequence- based 

secondary structures under non-denaturing conditions. Even a single base 

substitution will alter this conformation. The physical configuration is 

altered and is detected as a mobility difference on electrophoresis in an 

acrylamide gel. The sensitivity of this test is altered by the size of the 

product, the electrophoretic temperature, the characteristics of the gel, the 

quality of the PCR product etc. (Whittall et a l, 1995; Sheffield et al., 1993; 

Humphries et a l, 1997; Sweetman et al., 1992; Hayashi 1998).

9.4.2 SSCP Optimisation

In mutation negative patients, for each set of primer pairs shown in Table 4, 

SSCP analysis was performed spanning the TKD and electrophoresed on 

Multiphor II electrophoresis unit.
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TABLE 4

SSCP Of Overlapping Fragments Of 

Tyrosine Kinase Domain Of FGFR3

primer set A B C

primer pair S0295/ HchRl HCH F2/HCH R2 HchF3/S0296

product size 210 266 173

annealing temp(°C) 60 60 62

10% DMSO added added added

DNA 2pl 2pl 2 pi

electrophoresis 5°C 15°C 15°C

electrophoresis (min) 10 + 80 10 + 70 10 + 70

1.5 to 2|il of the PCR product was mixed with 5 to 5.5pi of formamide 

reagent, denatured at 98°C for 3 minutes and snap cooled on ice. Samples 

were loaded onto rehydrated polyacrylamide gels. Samples were 

electrophoresed for 60 to 90 minutes depending on the fragment size, i.e. at 

200 Volts, 23 miliAmps and 5 Watts for 10 minutes followed by 600 volts.
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30 milliamps and 18 watts for 50-80 minutes (or until bromophenol blue 

reached the anode). When half a gel was used, the voltage was kept the 

same and the current and power were halved. Gels were then stained with 

silver. The standard temperature used for electrophoresis was 15°C. If there 

were no sequence variations or the quality of the results was poor, a second 

run was undertaken at 4°C . The gels were wrapped in Saran Wrap and 

visualised on a light box to detect any sequence variations.

9.5 Amplification Refractory Mutation System

9.5.1 General principles

The ARMS method uses three oligonucleotide primers. One primer is 

complementary to the normal DNA and the other is complimentary to the 

mutant DNA. The third is a common primer downstream of the two primer 

sequences. A control primer pair (growth hormone {GH} primer sequences) 

is also added to each tube. As dot blot analysis involves the use of 

radioactive methods to detect mutations, it was attempted to perform the 

ARMS method to detect the C l620A mutation. The primer sequences used 

are shown in Table 5.
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9.5.2 Optimisation of ARMS Method

The primer pairs used in this method are shown below in Table 5.

Table 5

ARMS Primer Sequences

Probe Stock Primer sequence

Normal probe (T3729N) 117pM 5’ CGGGAAACACAAAAACATCATCAAC

Mutant probe (T3730M) 63p,M 5’ CGGGAAACACAAAAACATCATCAAA

Conserved (antisense) 96pM 5' TTGCAGGTGTCGAAGGAGTAGTC

The normal and mutant oligonucleotide probe differs by one nucleotide at 

the 3’ end (underlined). Growth Hormone primers (sense and antisense) 

were used in every reaction as a control.
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Table 6

Arms Master Mixes A and B

A B final conc. per reaction

1 Ox Taq polymerase 

buffer

Ix Ix lul

2.5 mM dNTPs 200pM 200pM lul

25 mM MgCb variable variable variable

normal/mutant probe 0.5pM 0.5pM 0.05pl/0.09pl

anti sense primer 0.5pM 0.5pM 0.06pl

GH (sense) 0.5pM 0.5pM 0.05pl

GH (antisense) 0.5pM 0.5pM 0.06pl

water Made up to 5pi master mix volume

Two master mixes A and B were prepared as shown in Table 6, using the 

normal and mutant probes respectively for a final reaction volume of 12.5pl 

per tube:

Each sample was labeled A and B In each tube, the reagents were added in 

the order of 4|ul water, 5pi master mix either A or B and a drop of mineral
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oil. 1 p.! of DNA was then added under the oil to a final volume of 10|il.

The samples were spun briefly and then placed in a thermal cycler. 

Optimisation of ARMS included magnesium titration and varying thermo 

cycling conditions (Thermocycler: Hybaid Ltd, Teddington,UK or 

Omnigene). After an initial step of heating at 98°C for 5 minutes, 0.25U of 

Taq polymerase diluted in 2.5p,l of IX Taq polymerase buffer was added to 

each sample at the annealing temperature. This was then followed by 35 

cycles of elongation at 72°C for (10 or 30 seconds), dénaturation at 94°C for 

30 seconds and annealing at variable temperature (54°C to 65 °C), followed 

by a final extension step at 72°C for 5 minutes.

9.6 DNA Sequencing Using Dideoxy Chain Terminating Method

9.6.1 General principles

The principle of the Sanger’s dideoxy chain terminating method (Sanger et 

a l, 1977) is that a single strand of DNA is synthesised by specific primer 

sequences and this strand length is terminated when it comes across a chain 

terminating nucleotide such as ddNTPs (dideoxynucleoside triphosphate). 

When this reaction is electrophoresed on denaturing acrylamide gels, the 

pattern of the bands show the distribution of the incorporated dNTPs in the 

newly formed DNA strand. The principle of the dye priming method is to 

incorporate a fluorescent labeled dUTP at the 3 ’ end.
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9.6.2 Sequencing Optimisation

Sequencing was performed using an automated sequencer (Vistra DNA 

sequencer 725, Amersham, Little Chalfont, UK). The DNA template was 

purified as described before with gene clean and sequenced using Texas red 

labeled primer (S0295-TR, Oswell, Southampton,UK) at a concentration of 

1 pmol/pl.

The amount of DNA was varied between l-5pl and the annealing 

temperature was varied between 50°C to 56°C. For each sample, a master 

mix was made with 5-10 pi of DNA, the labeled primer and water to 2 6 p l.

6pi of master mix was added to 4 tubes each containing one of the four 

dNTPs (i.e. A,C,G,T). A 25 pi PCR reaction was performed at 95°C for 0.3 

secs, variable annealing temperature, 72°C for 0.35 secs. A micro titer plate 

was labelled ACGT and 3pi of loading dye was loaded into each well. To 

this 8 pi of the PCR reaction mixture was added and the mixture was 

evaporated to a final volume of 3pi and loaded onto the sequencing gel.

The samples were electrophoresed at 26mA, 1.4 kilo volts for 4.5 to 5 hours. 

The data was analysed using the software provided with the Vistra 

sequencer.
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9.7 Restriction Enzyme Digestion

97.1 General principles

Restriction enzyme digestion used in the detection of mutations depends on 

the ability of each restriction endonuclease to cleave at a specific DNA site, 

usually 4-6 base pairs in length.

9.7.2 Restriction digestion of amplified DNA

A standard reaction contained 5pi of PCR product, O.Spl (5 units) of 

restriction enzyme, Ipl of appropriate lOx buffer and 3.5pi of water in a 

lOpl reaction mix, incubated for a minimum of 4 hours at appropriate 

temperatures. 5pL of the digested product was electrophoresed on a 2% gel 

and visualised by ultraviolet transillumination.

The C l620A mutation (Asn540Lys) negative patients were screened for the 

C1620G mutation (also resulting in Asn540Lys substitution) with 

restriction enzyme digestion as described, and incubated at 37°C overnight. 

The sequence variation, found in mutation negative patients on SSCP 

analysis and subsequent sequencing, was digested W\X\iApaLl (New 

England BioLabs 2U/pl) using the method described above.
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The C l620A mutation negative patients were also screened for the G1138A 

(resulting in a glycine to arginine substitution at codon 380 {Gly380Arg}of 

the transmembrane domain of FGFR3), the common ACH mutation (Shiang 

et ai., 1994). This was done by digesting the PCR product of the 

transmembrane domain of FGFR3 with restriction endonuclease Sfcl (New 

England biolabs, 2000U/ml).

9.8 Microsatelite Linkage Analysis

Microsatelite markers for FGFR3 D4S227, D4S43, D4S412, D4S1627, 

FGFR2 D10S190, DIOS 221 and FGFRl D8S278, D8S567 were used to 

perform linkage analysis in mutation negative patients. The primers were 

end labelled as follows: 5 pi of oligonucleotide sense primer (lOpmol/1), 0.5 

pi polynucleotide kinase, 1 pi kinase buffer, 0.5 pi of ^^P-dATP 

(370MBq/ml, 1 OmCi/ml, Amersham international. Little Chalfont, UK) and 

3 pi of distilled water was mixed by pipetting and incubated at 37°C for 30 

minutes. Master mixes for the PCR were prepared as described earlier. 0.1 pi 

of the antisense primer in a reaction volume of 9 pi and 1-2pi of rapid prep 

DNA were added. Following an initial dénaturation step, Ipl of labeled 

primer/ taq polymerase (per tube: 0.2 pi labeled primer, 0.05pl Taq 

polymerase, 0.75 pi of ddH20) mix was added to each tube and thermo
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cycling was similar to earlier description for genomic DNA. Varying 

temperatures were used depending on the microsatellites used.

Following thermo cycling, 8 p,l of stop solution was added to the reaction 

mixture. Samples were heated at 85°C for 3 minutes.

6% polyacrylamide gel: Two glass plates were cleaned with alcohol. The 

notched plate was sialinised (5% dimethyldichlorosilane in chloroform). The 

two plates were placed one on top of the other with a spacer (0.4mm) placed 

in-between the two plates The gel solution was prepared as follows: 20ml 

Easigel, 60ml of Easigel diluent, 640|nl of ammonium persulphate and 32pl 

of TEMED were mixed in a beaker and poured carefully in between the 

plates, care being taken to avoid air bubbles between the plates. A 45 well 

comb was inserted on the top end of the plate (notched end) and the gel was 

allowed to set for about 1 hour. The comb was removed and the plates were 

set up in a sequencing holder (Flowgen, Sittingboume,UK) filled with TE 

buffer. The excess urea was removed and the gel was pre run at 50 watts for 

15 minutes. 5-10 p.1 of sample loaded was loaded into each well and 

electrophoresed at 40 watts for 3-4 hours.
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10: RESULTS OF MOLECULAR DATA

10.1 Optimisation Of PCR For Tyrosine Kinase Domain Of FGFR3

Following DNA extraction from 73 patients with HCH and 83 of their 

parents, the tyrosine kinase domain of the fibroblast growth factor receptor 3 

gene was amplified by PCR, using published oligonucleotide primer 

sequences (Bellus et al., 1995). The amplification of the tyrosine kinase 

domain proved difficult with persistence of a doublet on amplification of the 

product. Two PCR products of very similar size were consistently obtained. 

Increasing the annealing temperature and adding 10% DMSO in the reaction 

mix resulted in a single band of the correct size.
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FIGURE 5

Annealing Temperature Optimisation

1 2 3 4 5  6 7 8 9  10 11 12 * m arker

56°C 58°C 60°C 62°C 64°C 66°C

Figure 5 shows the tem perature optim isation o f PCR product am plifying 

entire tyrosine kinase domain o f FGFR3. Lanes 1-12: DNA from normal 

controls used for optim isation experiments. Lane 13 is a DNA m arker (\>. 

The optim al annealing tem perature at which a clean product o f  the specific 

DNA sequence was obtained was 66° C.
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FIGURE 6

Magnesium Titration of PCR Product 

(Tyrosine Kinase Domain of FGFR3)

573base pair

0 0.5 mM I .OmM 1.5mM 2.0mM 2.5mM

Figure 6 Lane 1: no M gCh, lane 2: 0.5mM  M gCb, lane 3: l.OmM 

M gC b, lane 4: l.S m M M gC h, lane 5: 2.0mM  M gC b and lane 6: 2.5mM 

M gCb. Lane 7: DNA marker.

M agnesium  titration resulted in am plification o f PCR product with 0.5, 

l.Sm M  and 2.0mM  and 2.5mM  o f M g C f (figure 6). How ever 1.5mM 

M gCl] in the presence o f  10% DM SO resulted in the best product as shown 

in lane 4.

In summary, the optimal am plification conditions for specific am plification 

o f  the tyrosine kinase domain were as follows:
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25|j,l final reaction mixture contained 2ml lOX reaction buffer, 2ml of 

2.5mM dNTPs, 1.5mM MgCI2, 10pmol/fj,l of sense and antisense 

oligonucleotide primers. The selected thermo cycling conditions included 

initial dénaturation at 98°C- 5minutes, 66 °C hold at which point the 

enzyme was added, followed by 72°C- 0.3 seconds, 94°C- 0.3 seconds, 

66°C- 0.3 seconds for 35 cycles followed by a final extension at 72°C- 5 

minutes.

Results of amplification of 7 DNA samples are shown in Figure 7.
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FIGURE 7

Optimised PCR Product

1 2 5 6 7 (|)

' I iia.i .'.t' V-- i'utif'JÉ

5 7 3  bp

Figure 7 O ptim ised PCR product am plifying TKD o f FGFR3 using 

oligonucleotide prim ers S0295 and S 0296 . Lanes 1-7 dem onstrate 

optim ised PCR product in 7 HCH patients. Lane 8 is a DNA m arker (|).
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The genomic sequence (Wuchner et al., 1997) was only published after the 

start of this work and it was not possible to design other primer pairs 

without including intronic sequences. It was unclear why in the majority of 

cases, a doublet was present on amplification of the PCR product. The 

products were very close to each other and were both close to 573 base pairs 

in length. However, the lower band was much fainter than the upper band. 

Following hybridisation of the 2 products with an oligonucleotide probe in 

the TKD of FGFR3, the upper band resulted in a satisfactory signal whilst 

the lower band produced no signal. The conclusion of this experiment was 

that the smaller size product was a nonspecific amplification and the assay 

was optimised to remove this product.

10.2 Allele Specific Oligonucleotide Hybridisation (Dot Blots)

During optimisation, the membranes were initially washed in low stringency 

washes as described. The temperature of the high stringency wash with 

TMAC was optimised on normal controls as shown in Figure 8.
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FIGURE 8

Dot Blot Qntimisation

mutant probe normal probe

Figure 8a

mutant probe normal probe

I #
■ w

52° C
mutant probe normal probe

54° C

mutant probe normal probe
Figure 8c Figure 8d

# #t

56° C 60° C

Figure 8a High stringency wash with TM AC at 52°C for 15 m inutes

Figure 8b High stringency wash at 54°C for further 15 minutes.

Figure 8c High stringency wash at 56°C for further 15 m inutes

Figure 8d Optim ised dot blot washed at 60°C for 60 m inutes
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The optimised dot blot analysis for detection of the C1620A (Asn540Lys) 

mutation was as follows. The amplified PCR product was hybridised with 

C l620 (Asn 540) and A 1620 (Lys 540) radiolabelled oligonucleotide 

probes in tetramethyl ammonium chloride (TMAC) as previously described. 

The hybridised membranes were washed twice in 2XSSPE / 0.1%SDS 

(0.36M sodium chloride, sodiumdihydrogenphosphate 0.02M, 

ethylenediaminetetra-acetic acid (EDTA) 0.002M and 0.1% sodium dodecyl 

sulphate for 10 minutes each (low stringency wash) and subsequently in 3M 

TMAC at 60°C for 60 minutes (high stringency wash) and 

autoradiographed overnight.

Dot blot analysis although a robust technique, has some limitations. Care 

was to be taken when interpreting the signal intensity of the samples. 

Samples hybridised with the normal and mutant probes were always 

processed under exactly the same conditions. That is, when hybridising the 

samples, both mutant and normal probes were subjected to identical 

hybridisation and washing protocols and autoradiographed at the same time.
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10.2.1 Dot Blots for Detection of C1620A Mutation

A normal and mutant control was always included in each assay. As well as 

being scored by me, an independent observer, my supervisor, also scored the 

results.

The results were scored as follows.

Homozygous normal: signal with the normal probe only.

Homozygous mutant: signal with the mutant probe only.

Heterozygous mutant: signal of equal intensity with both the normal and 

mutant probes.

ASO hybridisation was performed in all 73 patients with HCH. An example 

of the results obtained on the HCH patients is shown in Figure 9.
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FIGURE 9

Detection Of C1620A Mutation Using Dot Blots

Lanes

1

2

3

4

5

6 

7

mutant probe normal probe 

A1620 C1620

M/N

M/N

N/N

N/N

N/N

M/N

N/N

Dot blot analysis dem onstrating heterozygous C l 620A m utation in lanes 1, 

2 and 6.
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28 (38%) of the patients with HCH were heterozygous for the Cl 620A 

mutation. There were no patients homozygous for the mutation. Of the 83 

parents screened, only 5 were positive for the C l620A mutation indicating 

that the majority of mutation positive cases were spontaneous new 

mutations. Only one of the five C1620A positive parents was severely 

disproportionate and had been misdiagnosed as achondroplasia.

10.3 Detection Of C1620G Mutation By Restriction Enzyme Digestion

The C l6200, which also results in Asn540Lys substitution, creates an Alu\ 

restriction site in the presence of the mutation (Prinos et al., 1995). The 

PCR product of the tyrosine kinase was 573 base pairs in length. In the 

presence of this mutation, the product was cut into a 340 and 233 base pair 

product, whilst the normal allele remained uncut. To act as a control for the 

integrity of the Alu\ enzyme, a lambda bacteriophage DNA was also 

digested with Alul.ln  addition, the uncut lambda DNA marker was loaded 

as control.

The results of this analysis are shown in Figure 10.
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FIGURE 10

Detection of C1620G mutation with A l i i l

m ' *:■

10 *

573 bp

Figure 10 lanes 1 to 7: patient samples, lane 8: digested lam bda control; all 

digested with Alul, lane 9; uncut lambda, lane 10: undigested normal 

control, lane 11 : DNA marker.

C 1620A m utation negative patients were screened for the C 16200 mutation. 

None o f the samples digested with Alul, thus indicating that our patient 

cohort did not have this mutation. The integrity o f the enzyme was 

confirmed with every batch by the cut lambda bacteriophage DNA as shown 

in lane 8 Figure 10.
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Digestion of the PCR fragment with Sfcl in the Cl 620A mutation negative 

patients did not reveal the G1138A mutation in the transmembrane domain 

of FGFR3, the common mutation seen in achondroplasia. Screening for 

achondroplasia was undertaken to ensure that patients with 

hypochondroplasia were not wrongly assigned as achondroplasia. The 

reverse was detected in two patients, who were initially diagnosed as ACH. 

Both patients were negative for the common mutations described in ACH 

but further genotype analysis confirmed the presence of the Cl 620A 

mutation in both patients and also in the parent of one child who had been 

misdiagnosed as having ACH.

10.4 SSCP analysis of mutation negative patients

Further studies of the mutation negative patients included SSCP analysis of 

the entire tyrosine kinase domain in three overlapping fragments, using 

oligonucleotide primer pairs that were shown in Table 4. A systematic 

search for mutations in the tyrosine kinase domain was made in the mutation 

negative group. The optimal size of PCR product for SSCP analysis is 

approximately 200-3 OObp length. Overlapping primers from the genomic 

sequence were designed to cover the entire tyrosine kinase domain, the 

product length of each fragment was 210bp, 266 and 173 base pairs 

respectively (primer sequences S0295/ HCHRl; HCHF2/HCHR2; 

HCHF3/S0296).
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Temperature optimisation of PCR was performed as described previously. 

All PCR reactions were carried out with the standard amounts of 1 OX 

polymerase buffer, 2.5mM dNTPs, IpM concentration of sense and 

antisense primers and 1.5mM MgCh.

Although the standard temperature for electrophoresis was 15°C, a sharper 

result was obtained at 5°C with primer set A. No definite sequence 

variation was noted on SSCP analysis using primer sets A (S0295/HCHR1) 

and C (HCHF3/S0296) shown in figures 11 and 12.

A definite sequence variation was noted on SSCP with primer set B 

HCHF2/HCHR2 shown in Figure 13. This sequence variation was found in 

only 4 out of 45 patients (patient id 53, 41, 68 and 50). This was not 

observed in either 20 normal controls or patients with the C 1620A mutation.
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FIGURE 11

SSCP Of Tyrosine Kinase Domain Of FGR3 at 5°C

1 2  3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 11 SSCP at 5°C of DNA from Cl 620A negative hypochondroplasia. 

Lanes 1 to 15: DNA samples from 15/45 HCH patients negative for C1620A 

mutation, amplified using primer pairs S0295/HCHR1, demonstrating no 

obvious sequence variation.
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FIGURE 12

SSCP Of Tyrosine Kinase Domain Of FGR3 at 15°C

8 9 10 11 12 13 14 15 16 17 18 19 20 21

I

Figure 12 SSCP at 15°C of DNA from C1620A negative 

hypochondroplasia. Lanes 1 to 21: DNA samples from 21/45 HCH patients 

negative for C1620A mutation, amplified using primer pairs 

HCHF3/S0296, demonstrating no obvious sequence variation.
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FIGURE 13

SSCP Sequence Variation
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Figure 13 SSCP at 15°C of DNA from C1620A negative 

hypochondroplasia. Lanes 1 to 8: DNA samples from 8/45 HCH patients 

negative for C1620A mutation, amplified using primer pairs 

HCHF2/HCHR2. Samples from lanes 6 and 7 demonstrate a sequence 

variation as shown.
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10.5 Sequencing of SSCP Variant

Initial problems encountered in Texas-Red sequencing included, excess 

secondary structure and increased active fluorescence units. Using a 

template of 1 pg and optimizing the primer template ratio to approximately 

10:1, resolved this problem. The annealing temperature of 52°C gave the 

best result and adding 5% DMSO enhanced the quality of the sequencing 

data. The final PCR reaction used wasas follows: dénaturation at 95°C, 

annealing @ 52°C, extension @ 0.35 secs for 25 cycles using Texas red 

forward primer (S0295) in a 25pl reaction volume. The sequencing of the 

SSCP variation demonstrated an insertion of a single nucleotide into intron 

12 (Illb form of FGFR3) (Keegan et al 1991b) as shown in figure 14.

The normal sequence gctcctgcacag is changed to gctccgtgcacag.

Sequencing was also performed in DNA from two patients in whom the 

SSCP sequence variation was not found and the above intronic insertion was 

not detected.
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FIGURE 14

Sequencing Of SSCP Sequence Variant

ONA Sijiii.tt-tKtei Vef ? C

Figure 14 Sequencing of SSCP variant demonstrated in the tyrosine kinase 

domain of FGFR3.

The insertion of a single nucleotide in intron 12 (Illb isoform of FGFR3) is 

shown above in a HCH patient who was negative for the C l620A mutation. 

Normal sequence: gctcctgcacag

Intronic insertion: gctccgtgcacag
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The sequence change removes a cutting site with Apa\ . That is, the 548 base 

pair PCR product that would normally cut into 2 fragments of 250 and 290 

base pairs in the wild type, is left uncut in the presence of the sequence 

change. As shown in Figure 15, samples from three patients with the 

sequence change on SSCP analysis and two controls did not cut. A further 

20 normal controls were digested W iihApaLl, of which 12 were cut as 

described above in the wild type and 8 were uncut as with the patients with 

the SSCP sequence variation. It was therefore concluded that the sequence 

change was a polymorphism of doubtful significance.
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FIGURE 15

A paL \  Digestion of SSCP Sequence Variant

(j) 1 2

Figure 15 Lanes 1 and 8 are DNA markers. Lanes 1 to 4 are normal 

controls. Lanes 5 to 7 are C1620A mutation negative and had the SSCP 

variation described previously.

As shown, lanes 3 and 4 (normal controls) and lanes 5 to 7 (mutation 

negative HCH patients) did not cut when digested with ApaLl whilst lanes 1 

and 2 (normal controls) cut into two fragments as predicted in the wild type.
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The genomic sequence of the IIIc variant of FGFR3 has since been 

published and it appears that the 4 patients described have the IIIc variant of 

FGFR3, in which there is an intronic insertion of a G in intron 12 as 

described earlier (Wuchner et al., 1997). This difference did not appear to 

have any bearing on the phenotype as these patients were mutation negative 

patients and were not disproportionate. It therefore appears that there may 

not necessarily be a difference between the two isoforms, with respect to the 

clinical phenotype. The underlying molecular cause in these mutation 

negative patients therefore remains unknown at present.
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10.6 Amplification Refractory Mutation Analysis (ARMS)

ARMS was tested as an easier method of analysing the Cl 620A mutation 

and without the need to use radioactivity. The possibility of forcing a 

restriction site and performing restriction enzyme digestion was also 

attempted. However, I was unable to find a suitable restriction enzyme to 

perform this method.

The size of the G H control product was 450 base pairs and the template 

DNA product size was 250 base pairs. Although amplification of the 

sample using the normal and mutant probes and amplification of the OH 

product was achieved without much difficulty, the ARMS method had 

numerous difficulties. The amplification was unreliable on several 

occasions. That is, there were false positive and false negative results. To 

control for this, a true positive (confirmed by dot blot) and a true negative 

(normal control) were always included in the experiments. Varied results 

were obtained when the same sample was amplified on different occasions, 

despite optimizing and maintaining the same conditions and using the same 

PCR machine. In the presence of the GH primers, there was an increase in 

non-specific amplification. However GH on its own resulted in correct 

amplification of the DNA template. Varied PCR conditions, primer 

concentrations and template amounts, still resulted in unreliable 

amplification. An example of the ARMS method after electrophoresing on 

a 2% gel is shown in figure 16.
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FIGURE 16

ARMS To Detect C1620A Mutation

Samples 1 2 3 4 5 6 7

Rimais N M N M N  M N M N M N M N M

GH product m.*, 

FGFR3 product

Figure 16 For each sample, ARMS products were loaded in the order of 

normal (N) and mutant (M) primers.

The top lane represents the GH product and should be present in all lanes.

A homozygous normal sample would be expected to give an FGFR3 band 

with the normal primer (N), likewise a homozygous mutant would see 

FGFR3 amplification only with the mutant primer (M).

In heterozygotes, amplification occurs with both normal and mutant primers. 

Sample 1 and 4 were heterozygous for the C1620A mutation with signals 

with both normal and mutant primers. Sample 2 and 5 were patient samples 

and only the GH primer pair amplified. Sample 3 and 6 are homozygous 

normal, although in sample 3 the GH primer did not amplify. Sample 7 was 

a normal control. These results were however not reproducible and 

therefore after nearly 3 months of trying to optimise this method, it was
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decided to continue the mutation analysis with the established method of dot 

blots.

10.7 Microsatellite Linkage Analysis

The genomic sequence of FGFR3 was not published during the period of 

analysis of the Cl 620A mutation negative patients. In addition, only 4/45 

patients had the SSCP variation described previously in section 10.4, which 

was presumed to be a polymorphism. Therefore it was decided to perform 

linkage analysis in the mutation negative patients with two or more 

affected family members. In C l620A mutation negative families, linkage to 

chromosome 4 was tested by microsatellite analysis. In the majority of cases 

the disease was sporadic in nature. There were 10 familial cases with either 

one parent or one or more affected siblings with HCH and linkage analysis 

was performed in 5 families in whom there was at least three affected family 

members.
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Figure 17: Example of family with HCH for Linkage Analysis

D
D 4S227 1 2

D 4S227 1 1

D 4S227 1 3 1 3

o
1 3

1 3

Figure 17 Affected grand mother, father and 3 siblings. The above family 

was negative for the common mutations of hypochondroplasia and 

achondroplasia. Linkage analysis for chromosome 4 using microsatelite 

linkage marker D4S227 was inconclusive.
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In one family, 4 half siblings had clinical and radiological features of severe 

HCH and were C l620A and C1620G mutation negative.

The mother had unfortunately died in a road traffic accident a few years 

previously; DNA linkage analysis of mum was therefore not possible. Both 

fathers were clinically unaffected.

The other families were uninformative. The limited number of familial cases 

and the number of familial cases with more than two affected family 

members made meaningful linkage analysis extremely difficult.

In summary, 28 (38%) patients with HCH were heterozygous for the 

C l620A mutation. All patients were negative for the Cl620G mutation. In 

41 (56%) patients negative for these two mutations, no other sequence 

variation including the G1138A mutation seen in ACH, was identified by 

SSCP of the transmembrane and tyrosine kinase domains of FGFR3. In all 

C1620A mutation negative cases, careful screening of the entire 

transmembrane and tyrosine kinase domain was performed. A SSCP variant 

was seen in 4 (6 %) of the mutation negative group and direct sequencing 

demonstrated a nucleotide insertion in intron 12 which introduced a cutting 

site with ApaLI. This was also present in some normal individuals, 

probably reflecting a sequence polymorphism with no functional 

significance.
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TABLE 7: SUMMARY OF MOLECULAR RESULTS

Table 7a

Summary of C1620A and C1620G mutation analyses

Cl 620 
A

positive

C l620A
negative

C1620G
positive

Patients
11=73

28/73 45/73 0/73

Parents
n=83

5/83 78/83 0/83

Table 7a; The C l620A mutation positive patients all had a severe HCH 

phenotype.
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Table 7b

SSCP in C1620A m utation negative patients

SSCP analysis 
n=45

S0295/HCHR1 HCHF3/S0296 HCHF2/HCHR2

No sequence 
variation

45/45 45/45 41/45

Sequence
Variation

0 0 4/45

Table 7b: SSCP analysis was performed in the 45 patients negative for the 

Cl 620A mutation. SSCP analysis of the entire tyrosine kinase domain was 

performed, in three overlapping fragments, using oligonucleotide primer 

pairs as shown in table 4. There were no identifiable sequence variations 

with primer sets S0295/HCHR1 and HCHF3/S0296. A SSCP variation 

was noted in 4 patients using primer set HCHF2/HCHR2. This was 

subsequently sequenced.
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11. AUXOLOGICAL DATA

11.1 Patient Details

The children in this study were from endocrine and growth clinics at The 

Middlesex Hospital and Great Ormond Street Childrens Hospital NHS 

Trust. The above hospitals are part of the London Centre for Paediatric 

Endocrinology and Metabolism and are the primary tertiary referral centre 

for endocrinology in the south east of England. Children under 12 years of 

age are seen at Great Ormond Street Hospital and those older than 12 years 

and adolescents are referred to the Middlesex Hospital. Informed consent 

was always obtained from the parents and from the children where 

appropriate. Patients presenting with short stature, relative to their family 

height or disproportionate short stature or any patient suspected to have a 

skeletal dysplasia had a skeletal survey. All patients who had a definite 

diagnosis of hypochondroplasia on radiology in the period of January 1982 

to March 1998 were included in the study. The radiological diagnosis was 

confirmed in these patients by two experienced radiologists. A single blood 

sample was taken for DNA analysis from patients with confirmed HCH and 

from their parents.

An open study of 35 consecutive children with ACH was undertaken and 

their response to growth hormone therapy was studied. Comparisons with 

respect to phenotype and response to growth hormone were made between
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ACH and HCH. The diagnosis of ACH and HCH was suspected on clinical 

grounds and confirmed by standard radiological criteria. DNA analysis was 

possible in 21 out of 35 cases of ACH in whom blood samples were 

available. The mutation analysis done previously in this group confirmed the 

common mutation in all 21 patients.

11.2 Auxological Measurements

Standard auxological measurements were made during each clinic visit. 

These included height, sitting height and weight. A database was set up 

(Microsoft Excel, version 5) of all patients with ACH and HCH. At each 

visit, the chronological age of the patient was calculated accurately as 

decimal ages (Tanner Whitehouse Growth Charts). Disease specific growth 

charts for hypochondroplasia are not available. The heights of children with 

ACH were however, plotted on ACH disease specific growth charts.

At the initial visit, height was obtained from the child and parents. The 

heights of either or both parents as available were also obtained. The 

auxological assessments were done by accredited measurers and thus the 

inter and intra observer variability was kept to the minimum. Height 

measurements were made using a wall-mounted stadiometer. SH was 

measured carefully using a wall mounted stadiometer. Subischial leg length 

was calculated as the difference between sitting height and height. Height 

velocity was calculated yearly and the value obtained was taken as the
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velocity for the midpoint of the year of observation i.e. height velocity of 

lOcms between ages 9 and 10 was reported as lOcms at 9.5 years. Weight 

was measured at each visit maintaining standard weighing procedures. 

Comparisons were made to Tanner normal standards and standard deviation 

scores were calculated for height, sitting height and height velocity (Tanner 

et a l, 1966 a & b).

SDS was calculated for each measurement using the formula:

S D S =  x iX  

SD

in which the observed value is x, X is the population mean and SD is the 

standard deviation of the population at the same age as x.

Similar measurements of height (Ht), sitting height (SH), weight (Wt), 

subischial leg length (SILL) and height velocity calculations (HV) were 

made before treatment and 6 monthly thereafter in our cohort of patients 

with achondroplasia. These measures were converted to age and sex 

appropriate SDS by comparison with normal reference standards (Tanner, 

1966 a &b).

Comparisons were made with achondroplasia patients with the G1138A 

mutation. Group 1 - ACH with G1138 A mutation. Group 2 - HCH with 

C l620A mutation and Group 3 C l620A mutation negative HCH. The
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comparisons were made to assess differences in responses to r-hGH therapy 

between ACH and the heterogenous group of HCH, presenting with varying 

degrees of disease severity.

11.3 Disproportion Score (DPS)

During my clinical examination and data collection of HCH patients, it 

became apparent that there was a phenotypic spectrum with respect to the 

disproproportion, i.e it became clear that in fact some children who had the 

radiological criteria of HCH, had shorter backs than legs, instead of the 

classical rhizomelic limb disproportion. By analysing the raw data and 

comparing SH SDS and SILL SDS, I was able to divide HCH patients into 3 

groups depending on their disproportion. A disproportion score was derived 

by subtracting SILL SDS from SH SDS.

A score of 1 (SHSDS -  SILLSDS > +1) was obtained in those who had the 

classical presentation at the severe end of the disease spectrum, with 

rhizomelic shortening, i.e. short limbs and normal or relatively spared spinal 

length.

A score of 3 (SHSDS -  SILLSDS < -1) was obtained in those cases, in 

whom the spinal length was significantly shorter than the limb length.

Score 2 (SHSDS -  SILLSDS < +1 to > -1) was obtained in whom there 

was relatively little disproportion and there was more or less an equal 

shortening of the back and limbs.
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11.4 Pubertal Assessment

Puberty was assessed according to Tanner (Tanner 1962; Tanner 1976), at 

each visit. The puberty rating was expressed as a score, which included 

development of external genitalia in boys and breast development in girls, 

pubic and axillary hair development. In boys testicular volume was 

measured using Trader’s orchidometer. The onset of puberty was rated as 

4ml testicular volume in boys and breast stage 2 in girls. For analysis the 

patients were divided into 4 groups according to the stage of puberty.

Stage 1 prepubertal, stage 2 testicular volume 4 to 6mls or breast stage 2, 

stage 3 testicular volume 8-12mls or breast stage 3-4, stage 4 testicular 

volume greater than 15 mis or onset of menarche.

11.5 Bone Age Assessment

In this study, bone age and height predictions were not performed routinely 

because the abnormal bones in ACH and HCH prevent interpretation of 

x-rays for bone ages. A similar problem is also seen in other skeletal 

dysplasias. Unlike patients with short stature due to growth hormone 

deficiency or familial or idiopathic short stature, patients with skeletal 

dysplasia have abnormal bone architecture, which makes bone age 

assessment difficult and unreliable (Cox 1996). This is particularly so at the 

more severe end of the spectrum of the disease. The inter and intra observer
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error even in the normal situation, is well documented (Breunen et al.,

1980).

As our patient cohort were heterogenous with respect to disease severity and 

bone age assessments are unreliable as discussed, comparisons were made 

with historical controls to assess the response to therapy. This has its 

limitation and with the secular trend is not necessarily the ideal way to 

assess responses to treatment. Such a method has been used to assess the 

treatment effects in other conditions and carries with it the potential of 

misrepresenting final outcomes if there has been a significant secular trend, 

as has been demonstrated in the normal population (Hindmarsh et al., 1987; 

Hindmarsh et al., 1996) and in Turner Syndrome (Taback et al., 1996;

Hertel et al., 1994; Freeman et al., 1995; Lyon et al., 1985). Historical 

comparison of data was possible with ACH in whom the phenotype was 

homogenous with little variability. Our data suggest that our subjects were 

comparable to historical controls at the time of treatment and that 

comparisons are valid. The magnitude of the secular trend in normal 

subjects is approximately 2 cms and is unlikely to be a significant factor in 

the growth outcome of these children (Freeman et al., 1995).

11.6 Growth Hormone Therapy

HCH patients growing slowly with HV SDS less than the -0.8 SDS (below 

the 25th velocity centile) were commenced on recombinant human growth 

hormone (r-hGH). The majority of patients in this study were prepubertal.
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This was therefore a different group of patients from previous studies, where 

the majority of patients presented at the time of puberty with pubertal 

growth arrest (Appan et a/., 1990). Growth Hormone was administered as 

daily subcutaneous injections at night. Dynamic growth hormone testing 

was not performed in these patients. Studies in the past, have clearly 

demonstrated that patients with skeletal dysplasias are in fact, not growth 

hormone insufficient (Bridges et al., 1994; Bridges et al., 1991). The range 

of growth hormone doses used was 16 to 44U/m^ / week with a median dose 

of 3OU/ m  ̂/ week.

A similar dose of r-hGH therapy was used in our cohort of patients with 

ACH. One needs to mention that the dose of GH used in this study is 

effectively that of a long term study of patients treated initially with either 

20 or 40U/m^/week for the first two years and some were arbitrarily 

randomised to 30U/m^/week and this largely reflects the personal practice 

within the department. However there was little difference in pretreatment 

Ht SDS within groups treated with either low or high dose r-hGH therapy in 

the HCH and ACH cohorts.

11.7 Statistical Methods

Ht, SH, SILL and HV data were expressed as SDS with respect to Tanner 

normal values (Tanner et al., 1966 a,b). SPSS v7.0 statistical package was 

used for analysis. Examination of data was undertaken to confirm normal
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distribution. Differences in group mean data were compared by one way 

analysis of variance (ANOVA) and Student Newmans Keul or Scheffe’s 

post hoc tests for multiple contrasts. . The post hoc test is set to avoid a 

type I statistical error (false positive result) to less than 5%.

This method was used to compare two or more data sets in either a single 

sample or between samples. Two way ANOVA was used to compare 

multiple data points of the same individual. To compare the variances, the 

ratio of the above two parameters is expressed as F.

Stepwise multiple regression was used to ascertain the effects of age at 

therapy and dose of growth hormone on the auxological response, this being 

expressed as a changes in both Ht and HV SDS. Lowess Locally Weighted 

Regression scatter plot smoothing procedure was used to demonstrate the 

HV SDS curves in treated and untreated patients with ACH (Cleveland et 

al., 1979). This uses an iterative weighted least squares method to fit a line 

to a specified percentage of points and the default of 50% was used in this 

study. Data are expressed as median and range in the text and shown as 

mean and SEM in the figures.
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12. AUXOLOGICAL DATA RESULTS 

12.1 Patient Details

73 patients presenting to the growth clinics fulfilled the radiological criteria 

of hypochondroplasia with decreased interpedicular distance between 

lumbar vertebrae L1-L5 with short pedicles. There were 44 males and 29 

females. The mean age at presentation was 9.4 years. The age of 

presentation in the mutation positive and negative groups were 5.8 and 

10.45 years respectively. The ACH patients were much younger with a 

mean age of 3.6 years at presentation. The majority of patients in this study 

were prepubertal at the time of data collection and start of growth hormone 

therapy. In HCH, 49 patients were prepubertal, 12 were in early puberty, 8 

patients were in mid puberty and 4 patients had a testicular volume of 15mls 

or had attained menarche.

12.2 Auxological Measurements

Patients were divided into 3 groups for comparison of auxological 

measurements: Group 1 ACH with the 01138A mutation. Group 2 HCH 

with C l620A mutation and Group 3 HCH with no mutations identified. 

There was no significant delay in the onset of puberty compared to the 

normal population in the older children in either group.
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The pretreatment baseline growth data of the 3 groups are shown in figure 

18. The children with ACH were much shorter than those with HCH, but all 

patients were significantly compromised in height with respect to family 

heights (p<0.05) as shown in figure 18. (p<0.05). lin ACH, this finding was 

almost solely due to shortening of the legs. In comparison however, there 

was a much more variable phenotype in HCH with patients presenting with 

varying degree of disproportion. Significant differences in SH SDS and 

SILL SDS were noted between the three groups (p<0.001). The mutation 

positive HCH group was very similar to the ACH group, although they were 

relatively less severe and had additional shortening of the back. Group 3 was 

associated with proportionate shortening with an almost equal reduction in 

both SH and SILL as shown in figure 18.
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FIGURE 18

Baseline Auxology In Achondroplasia And Hypochondroplasia
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Figure 18 Group 1 ACH; Group 2 HCH with C l 620A m utation;

Group 3 C l 620A m utation negative HCH patients.

Ht SDS, height standard deviation score; SH SDS, sitting height standard 

deviation score; SILL SDS subischial leg length standard deviation score 

Group 1 (ACH) and 2 (HCH) had sim ilar auxological presentations. 

However, in HCH with the com m on m utation, the severity o f rhizom elic 

short stature was less.
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12.3 Achondroplasia and Treatment With r-hGH

35 children with a confirmed diagnosis of achondroplasia were treated with 

r-hGH for a period of 1 to 6 years. The short stature in ACH was almost 

solely due to a reduction in leg length and is reflected in the decreased SILL 

SDS. Analysis of auxological data was easier because there was phenotypic 

and genetic homogeneity in analysis of this cohort. The median age of the 

group was 2.25 (1.2 to 9.3 years). They were prepubertal at the start of 

therapy and most patients remained prepubertal during the course of 

assessment of response.

Over the six year period the increase in Ht SDS was significant and this 

increase was predominantly due to an increase in SH SDS with minimal 

increase in SILL SDS (Figures 19 & 20).
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FIGURE 19

Ht SDS In Achondroplasia Over 5 Years Treatment With r-hGH
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Figure 19 Change in Ht SDS over time, during r-hGH therapy. Serial Ht 

SDS in 35 children during 6 years of treatment with r-hGH.

A progressive increase in Ht SDS from baseline to year 4 was noted (F 

46.94; p<0.001). Year five and year although different from baseline, were 

not significantly different from year 4 (p>0.05) but the numbers are small by 

then. The numbers simply reflect the increasing frequency of recruitment 

over the past few years.
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FIGURE 20

Body Proportions In ACH On Treatment With r-hGH
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Figure 20 Effect on body proportions. Stepwise year on year increase in SH 

SDS (upper panel; F26.25, p <0.01) and SILL SDS (lower panel; F9.04, p 

<0.01) from baseline through six years is shown above.
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Treatment of ACH with r-hGH exaggerated the existing disproportion that is 

already quite significant, with very short limbs and relatively normal length 

backs. It is therefore our policy now to discuss and recommend future leg 

lengthening, in addition to growth hormone therapy. In this study, there was 

no significant dose effect and this may be important, as supra physiological 

doses of growth hormone advance skeletal maturity which is not ideal for 

optimal long-term height increments.

Analysis of group having completed 5 years of GH therapy (n=9), gave 

similar results and is shown below in table 8, expressed as mean ± sem.

Table 8 ACH: r-hGH Therapy 

DATA SET OF PATIENTS ON 5 YEARS OF THERAPY, N=9

TREATMENT
YEARS

HT SDS
(mean ± sem)

SHSDS
(mean ± sem)

SILLSDS
(mean ± sem)

PRE TREATMENT -5.0 (0.30)* -1.1 (0.4)** -7.85(0.4)
ONE YEAR -4.23 (0.3) -0.70 (0.5) -6.90 (0.2)

TWO YEARS -4.02 (0.3) -0.23 (0.5) -6.67 (0.2)
THREE YEARS -3.74 (0.3) 0.53 (0.5) -6.7 (0.2)
FOUR YEARS -3.6 (0.3) 0.58 (0.4) -6.37 (0.2)
FIVE YEARS -3.5 (0.4)* 0.56 (0.4)** -6.43 (0.26)

Table 8 Progressive increase in *Ht SDS (p <0.001) and **SH SDS (<0.01) 

from baseline to year 5; SILL SDS increase from baseline to year 5 

(p=0.01), but in comparison to SH SDS this was not significant, thus 

exaggerating the existing disproportion. No significant differences between 

year 4 and 5 in HT, SH and SILL SDS (p>0.01), although small number of 

patients.
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FIGURE 21

HV SDS Changes in Achondroplasia Before And During Treatment

with r-hGH
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Figure 21 HV SDS changes before and during therapy. Lowess locally 

weighted regression plot comparing treatment HV SDS data with similar 

data before treatment and according to age and time. For three patients, 

pretreatment HV SDS is not shown, as the pretreatment HV was calculated 

at other centres.
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In the natural history of achondroplasia, it is known that after the first year 

of life there is a steady and progressive increase in height deficit. Growth 

hormone therapy, in the short term, prevented this accumulation of height 

deficit. This is demonstrated above in figure 21 of Lowess locally weighted 

regression plot.

The HV SDS, before treatment was started shows the expected steady 

decline in height velocity standard deviation scores and in contrast during 

treatment years the slope of the decline was significantly less steep. This 

was also seen when the height increments over the treatment years was 

plotted on disease specific achondroplasia growth charts (figure 22). The 

majority of our patients were quite young and a favourable response to r- 

hOH therapy over six years was noted. However, it is imperative as with 

other conditions in which growth hormone has been used (apart from true 

growth hormone deficiency, to analyse final height data prior to making any 

firm recommendations. It is encouraging to know that relatively few side 

effects to therapy have been described in the literature even with high doses 

of GH (KIGS data). In our cohort of patients one developed spinal stenosis 

at age 9, but this is a well know complication of ACH and was therefore not 

a definite complication related to the treatment with GH.
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FIGURE 22

Height Increments in Achondroplasia Over Time With r-hGH Therapy
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Figure 22 shows height increment in ACH whilst on treatment with r-hGH. 

Individual linear heights of children with ACH during treatment with growth 

hormone were plotted on disease specific ACH growth charts. The ACH 

growth percentiles (solid lines) are shown together with Tanner’s normal 

reference percentile (dotted lines). The left panel is the growth chart for boys 

and the right is for girls. Longitudinal height measurements plotted on these 

charts were continually maintained above the pretreatment percentiles.
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12.4 Mutation Positivity And Disproportion In Hypochondroplasia

Analysis of the response to growth hormone in hypochondroplasia was not 

as straight forward as with achondroplasia and similar analysis was therefore 

not performed. This was due to the genetic and phenotypic heterogeneity 

and in addition the small numbers of HCH patients within the three groups 

based on disproportion scores described previously, made meaningful 

statistical analysis difficult. Therefore for analysis of response to growth 

hormone therapy the patients were divided into mutation positive and 

negative groups and comparisons were made with the results of children 

with Achondroplasia who were treated with growth hormone.

In this study there were 28/73 patients with the C l620A mutation. 45/73 

patients were mutation negative. 16 mutation positive and 22 mutation 

negative patients were treated with r-hGH. The decision to treat depended 

on the pretreatment height velocity being less than -0.8 SD. The baseline 

auxological presentation in mutation positive and negative groups is shown 

in figure 23.
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FIGURE 23

Baseline Auxology In C1620A Mutation Positive And C1620A Negative

Hypochondroplasia

Group 1
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Figure 23 demonstrates the baseline auxological measurements in the 

mutation positive and negative groups with the majority of the mutation 

positive patients being disproportionate with short legs.
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FIGURE 24

Disproportion Score In 

Hypochondroplasia
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Figure 24 To further define the variable phenotype in HCH based on their 

body proportions, a disproportion score was derived. As m entioned 

previously, subtracting SILL SDS from SH SDS in each individual case 

derived this score. A score o f 1 (SHSDS -  SILLSDS > +1) was obtained in 

those who had the classical presentation at the severe end o f  the disease 

spectrum  with rhizom elic shortening, i.e. short limbs and normal or 

relatively spared spinal length. A score o f 3 (SHSDS -  SILLSDS < -1) was 

obtained in those cases in whom the spinal length was significantly shorter 

than the limb length and score 2 (SHSDS -  SILLSDS < +1 to > -1) was
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obtained in those cases of HCH in whom there was relatively little 

disproportion and there was more or less an equal shortening of the back and 

limbs. Disproportion scores 1, 2 and 3 are demonstrated in figure 24 

emphasizing the varied clinical spectrum of HCH. The number of patients 

in each group were as follows: DPS 1 = 19 patients, DPS 2 = 37 and DPS 3 

= 15.

In two patients SH and SILL SDS was not available as the height data were 

obtained from out-reach clinics where body proportion measurements were 

not taken. Both patients however were not on r-hGH therapy.

The patient details and number of patients on GH therapy is shown in 

appendix 15.4

Clearly, the disproportion score demonstrated phenotypic heterogeneity 

within the group of HCH, despite all of the patients having the radiological 

criteria for inclusion, i.e. a lack of increase in interpedicular distance 

between Ll to L5. This phenotypic heterogeneity with respect to the 

disproportion, will have implications in screening for other mutations within 

FGFR3 and indeed raises the additional possibility, of other genes involved 

in this condition. Responses to growth hormone therapy in individual DPS 

groups was not possible due to small numbers of cases within each group. 

Therefore response to r-hGH therapy was analysed in the C 1620A mutation 

positive and negative groups.
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12.5 Growth Hormone Therapy

38/73 patients with HCH were on r-hGH therapy. Of this group, 16 were 

mutation positive. In our cohort of patients, 88% of those on r-hGH were 

prepubertal. r-hGH was administered at a median dose of 30U/m^/week 

(16-44 U/m^/week).

The response to r-hGH over a period of 5 years were analysed in both 

mutation positive and negative groups. There was a significant response to 

therapy in both groups as shown in figure 25. This was predominantly due to 

an increase in SH with relatively little increase in SILL in the mutation 

positive group as shown if figures 26 and 27. However, there was a more 

proportionate response in the mutation negative group (Group 1 Ht SDS F 

9.0, p<0,01; SHSDS F 8.4, p<0.01; SILL SDS F 1.7,p Ns and Group 2 Ht 

SDS F 2.5, p=0.03, SH SDS F 4.07, p<0.01, SILL SDS F 0.44 ns). The 

response to r-hGH in the severe cases were therefore similar to that observed 

in our cohort of ACH.
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FIGURE 25

Height Increments With r-hGH Therapy In Hypochondroplasia
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Figure 25 demonstrates the 5 year response to r-hGH therapy in HCH in 

both C1620A mutation positive and negative groups. The response in both 

groups was significant.

Group 1 Ht SDS F 9.0,p<0.01; Group 2 Ht SDS F 2.5, p=0.03
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FIGURE 26a

SH SDS Increments With r-hGH Therapy In Hypochondroplasia
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Figure 26a demonstrates the SH SDS increments with r-hGH therapy; 

Group 1: SHSDS F 8.4, p < 0.01; Group 2 SHSDS F 4.07, p < 0.01
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FIGURE 26b

SILL SDS Increments With r-hCH Therapy In Hypochondroplasia
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Figure 26b SILL SDS increments with r-hGH therapy in shown. 

Group 1 SILL SDS F 1.7, p Ns; Group 2 SILL SDS F 1.4, p ns
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Figure 27

Response to r-hGH in Hypochondroplasia 

Effect of Age and C1620A Mutation Positivitv
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Figure 27 demonstrates the first year response to growth hormone therapy 

in HCH depending on age (under 10 years and over 10 years of age at the 

start of therapy) and C1620A mutation positivity. The first year response to 

r-hGH expressed as a change in HV SDS was greater in the prepubertal 

patients (ANOVA F 7.1, p<0.01); first year response was greater in those 

children under 10 years of age and prepubertal.

The C l620A mutation positive cases appeared to do less well than the 

C1620A mutation negative cases, although this did not reach statistical 

significance (F 3.9, p = 0.06).
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The response to growth hormone was predominantly due to increases in 

sitting height in mutation positive patients, which exaggerated the existing 

disproportion. This was similar to the r-hGH response observed in patients 

with ACH.

In summary, the responses to r-hGH therapy in children with HCH were 

variable. Those who were prepubertal at the start of therapy and who were in 

addition, less disproportionate, appeared to do better than those within the 

severe end of disease severity. This is in fact not surprising, given the 

genetic and phenotypic variability amongst this group of children. As the 

majority in this study were prepubertal at the start of therapy, long-term 

follow up of these cases until final height is crucial to have definitive 

recommendations on treatment with growth hormone.
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12.6 Limitations of Study and Justification of Study

We fully recognise that this study has some limitations with respect to the 

study design. This was partly a retrospective study and analysis of 

longitudinal growth data of patients who were on r-hGH included 

auxological measurements obtained previously, in addition to ongoing data 

collected during my three year period as a research fellow.

The justification for this is as follows. All patients recruited in this study 

were patients attending the growth clinics at The Middlesex and Great 

Ormond Street Childrens Hospital. The auxological measurements were 

taken by accredited measurers in these growth clinics, which minimised the 

inter and intra observer variation. The rationale for starting growth hormone 

therapy in all these children was a poor growth velocity of less than -0.8 

SDS for a minimum of one year prior to starting r-hGH therapy. The 

numbers of patients recruited at the beginning of the study were small and 

this gradually increased over time. This explains the reason for small 

numbers having completed five years of treatment. In this study there were 

no dropouts during the six- year period. The demand from parents for r-hGH 

therapy was in fact increasing and we had to limit the numbers recruited 

into the study.

The criteria for the clinical diagnosis of ACH was straight forward with 

respect to the phenotype, which was supported by the radiological features
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mentioned in chapter 7. However, in HCH, the clinical phenotype was more 

varied with some having the classical presentation of disproportionate short 

stature and others who were less disproportionate. Although it was clear that 

the disproportion was heterogenous and the Disproportion Score (DPS) 

confirmed this, r-hGH therapy in the individual DPS groups could not be 

reliably assessed due to small numbers in each group. All children with 

HCH and ACH, as mentioned previously, were significantly shorter when 

compared with their family heights. The invariable radiological feature in 

this group of patients was a lack of increase in interpedicular distance 

between LI to L5. Radiological confirmation of diagnosis was made in all 

cases by experienced radiologists at the Middlesex Hospital and Great 

Ormond Street Childrens Hospital. This, in addition to height velocity, 

helped differentiate those children who were seen at our growth clinics, in 

particular the older children, who presented with constitutional delay of 

growth and puberty. However, I recognise that this criteria alone as a robust 

diagnosis of HCH must be taken into account with some caution when 

defining the HCH phenotype. Given the heterogeneity in the HCH 

phenotype, it is at present unclear, if in fact there is a subgroup that may 

have a different genotype. Therefore clearer definitions of the HCH 

phenotype, as shown by the disproportion score or genotype may in the 

future help in delineating the genotypic heterogeneity.

Lack of randomisation to r-hGH therapy in this study, is no doubt debatable 

and indeed a difficult situation. Treatment with growth hormone cannot be
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easily randomised, given the nature of therapy with daily subcutaneous 

injections. In my view, albeit a very important issue crucial in clarifying the 

efficacy of therapy, administering placebo injections to children, particularly 

given the prolonged course of therapy, i.e. many years, would be far too 

traumatic to the child. It would be difficult to justify and obtain ethical 

approval. I was unable to find randomised trials of GH therapy in other 

conditions, and the reasons above probably hold true for other non growth 

hormone deficient disorders. I tried to overcome this problem, by comparing 

pre-treatment height velocities with year on year height velocity increments 

during r-hGH therapy. Although it may be argued that there will in any case, 

be an increase in first year height velocity in all children treated with GH, a 

sustained increase was noted in several patients with HCH and ACH, over a 

period of 5 years. This however, only reflects the short to medium term gain.

The dose of r-hGH used was variable, ranging from physiological 

replacement doses to supraphysiological doses of >25 U/m^/week and upto 

40U/mVweek with a median dose of 30 U/m^/week. This largely reflects 

personal practice in our department. The rationale for the higher dose of 

r-hGH was the possibility of growth hormone resistance in skeletal 

dysplasias, which has also been postulated in disorders including Turner 

Syndrome, with normal growth homome secretion. The pre-treatment 

HVSDS in the high and low dose groups were similar (p>0.05) in ACH. As 

mentioned previously, no obvious dose effects were noted in this study. In 

HCH, this was much more difficult due to the phenotypic heterogeneity and
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the smaller numbers of patients. Despite the favourable medium term results 

of r-hGH therapy, in view of the wide dose range and varied response in 

HCH, final height data must be carefully analysed.

As with all growth disorders, final height data will eventually be the only 

robust and accurate data that will provide us with a true picture of the 

effectiveness of this treatment. Despite the lack of non-randomisation, I 

believe that this still forms an important study, with respect to the 

effectiveness of r-hGH therapy in HCH and ACH and more importantly the 

justification or otherwise of this expensive and difficult treatment. I would 

hope that my data would provide valuable information in assessing the final 

height of these children, who have been treated over many years with growth 

hormone therapy.
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13. DISCUSSION

In 1994, the achondroplasia gene was mapped to the short arm of 

chromosome 4 and soon after, a single point mutation in FGFR3 (G1138A) 

was identified in virtually all patients with classical achondroplasia 

(Rousseau et al., 1996 a). This then prompted the search for FGFR3 

mutations in other skeletal dysplasias. A heterozygous mutation. C l620A, 

resulting in asparagine to lysine substitution at codon 540 (Asn540Lys) of 

FGFR3 was identified in about 40-50% of patients with HCH (Rousseau et 

a l, 1994; Bellus et al., 1995 b; Rousseau et al., 1996 b; Bonaventure et al., 

1996 a; Bonaventure et a l, 1996 b). The reason for the high frequency of 

the G1138A mutation in ACH is unknown, although it has been 

hypothesised that the presence of a (CpG) dinucleotide in codon 380 

resulting in G1138A transition, is a hot spot for mutations in ACH and may 

affect a residue critical for signal transduction. It has been shown that a high 

frequency of polymorphism’s are present in DNA sequences containing 

CpG dinucleotides (Barker et al 1984). The methylated cytosine in these 

CpG sequences can spontaneously deaminate and this results in a 

substitution of cytosine by thymidine and therefore a substitution of guanine 

by adenine on the opposite sense strand. Mutation rates in these CpG 

dinucleotide sequences have been estimated to occur at a rate of 3.68 x 10'  ̂

to 1.05 X 10 '^.per gamete per generation (Bellus et al., 1995). This is 

almost 50 to 760 times greater than the previously estimated rate of the 

G1138A mutation of FGFR3, which had been calculated
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according to the prevalence of achondroplasia and had been estimated to be 

around 1 in 15,000 to 1 in 77,000 (Oberklaid et al 1979., Gardner 1977).

Bellus et al (1995 b) also demonstrated an increase in the rate of 

transversion mutations in FGFR3 by 1700 to 3300 times in comparison to 

previous studies (Koeberl et a l, 1973). 2.6% of patients in his study had G- 

C transversion (G1138C transversion) and hence an increase in the mutation 

rate from 4.1 x 10'̂ ® to 6.96 x 10'  ̂per generation per gamete. Although the 

exact reason for this increased mutation rate is unknown, one explanation 

could be the presence of a CTT trinucleotide sequence about 8-11 base pairs 

downstream of nucleotide 1178 which may increase the incidence of point 

mutations adjacent to it (Bellus et al., 1995 a). On the basis of estimates of 

the prevalence of achondroplasia, the mutation rate in FGFR3 1138 

guanosine nucleotide is two to three orders of magnitude higher than that 

previously reported for tranversions and transitions in CpG dinucleotides.

To date, this represents the most mutable single nucleotide reported in the 

human genome. In the presence of a high prevalence of G1138A and 

G1138C mutation in the transmembrane domain of FGFR3 resulting in 

achondroplasia with phenotypic homogeneity, it could only be assumed that 

apart from functioning as a membrane anchor, the transmembrane domain 

may also have an important role to play in signal transduction. It had also 

been hypothesised that there may be a FGFR3 pseudogene (Bellus et al., 

1995 a) that may result in gene conversions, which have been shown to 

cause recurrent mutations in other diseases like congenital adrenal
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hyperplasia due to 21 hydroxylase deficiency. However, there have been no 

reports of a FGFR3 pseudogene as yet, although I wondered if this might 

explain the PCR doublet in my samples described previously.

The relatively easy and reliable method of identification of these mutations 

using restriction enzyme digestion of amplified DNA enables accurate 

prenatal diagnosis (Bellus et a l, 1994) but this may only be relevant to 

avoid lethal homozygous achondroplasia. The offspring of 2 parents with 

heterozygous achondroplasia will have a 25% chance of homozygosity and 

50% chance of developing heterozygous achondroplasia with only 25% 

chance of being homozygous normal.

The international Working Group on Constitutional Disease of Bone (1992) 

have classified osteochodrodysplasias according to specific radiodiagnostic 

criteria and although it is far from being complete, it provides a 

comprehensive list of skeletal dysplasias and where available, information 

on the mode of inheritance, gene localisation and the encoded defective 

protein are given. This list was first published in 1992 and did not include 

FGFR3 mutations causing Achondroplasia, which was first reported in 

1994. It is interesting to note that other osteochondrodysplasias classified 

under the same group of defects of the tubular (and flat) bones and/or axial 

skeleton including Hypochondroplasia and Thanatophoric Dysplasia have 

also been shown to result from missense mutations in FGFR3, further
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emphasizing the important role of FGFR3 in embryogenesis especially in 

relation to the developing limb bud.

FGFR mutations have now been associated with various skeletal dysplasias 

and craniofacial syndromes. Pfieffer syndrome, an autosomal dominant 

craniofacial syndrome with craniosynostosis, syndactyly and deviation of the 

thumbs and great toes (Rutland et a\., 1995; Muenke et ah, 1995; Lajeunie 

et al 1995), results from mutations occurring in both FGFRl and FGFR2 

and hence demonstrates that this is a heterogenous condition. FGFR2 

mutations are also described in other craniofacial syndromes associated with 

craniosynostosis including Apert syndrome, Crouzon syndrome and 

Jackson-Weiss syndrome, all of which have distinctive phenotypes. 

However, allelic heterogeneity has been described with these syndromes 

(Rutland et a l, 1995; Muenke et al., 1994; Lajeunie et al., 1995; Jabs et al., 

1994; Wilkie et al., 1995 b; Reardon et al., 1994).

Mutations in the extracellular ligand binding domain and intracellular 

tyrosine kinase domains of FGFR3 resulting in Thanatophoric Dysplasia, a 

lethal skeletal dysplasia sharing several phenotypic characteristics with 

homozygous Achondroplasia has also been recently described (Tavormina et 

al.,1995). The FGFR3 expression in growth plates has been shown to be 

much higher than that of FGFRl and FGFR2 (Partanen et al., 1991) and 

therefore it is not surprising that mutations in FGFR3 result in skeletal 

dysplasias which result in severe shortening of the limbs in comparison to
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the craniofacial syndromes. No skeletal disorder has yet been linked to 

FGFR4.

More recently, a unique phenotype of severe achondroplasia with 

developmental delay and acanthosis nigricans has been described 

(Tavormina et ah, 1999; Bellus et a l, 1999) and abbreviated as S ADD AN.

A Lys650Met in the distal tyrosine kinase domain of FGFR3, adjacent to the 

mutation responsible for Thanatophoric Dysplasia type I (TDI) has been 

described in this group of cases. This mutation has been show to 

constitutively activate FGFR3 at least two to three times greater than that 

seen with the mutation resulting in TDI. Histological studies have shown 

severe abnormalities in enchondral bone growth. The cause for the 

developmental delay and the acanthosis nigricans seen in this condition that 

is not present in other skeletal dysplasias with similar point mutations in 

FGFR3, is not known.

Hypochondroplasia is a disorder with a wide spectrum of disease severity.

It is a heterogenous disease with patients at the severe end of the spectrum 

presenting with disproportionate short stature and those with a milder 

disease present with short stature and a lack of a pubertal growth spurt. In 

this study, there was a wide phenotypic spectrum of disease severity and as 

seen with other studies worldwide, only 50% or less of these patients have 

mutations in FGFR3. Further linkage analysis and better molecular 

characterisation of the mutation negative patients is needed to define this

165



condition with clarity. Further genetic characterisation of this diverse group 

is required to define the condition more effectively. Multicentre studies are 

required for further genetic studies including linkage analysis.

73 children presenting to our clinics with short stature and radiological 

evidence of HCH were screened for this mutation and was identified in 38% 

of cases. In our study, children with the C l620A mutation had a severe 

phenotype with patients presenting with disproportionate short stature.

Those with a milder phenotype were C 1620Amutation negative not 

obviously disproportionate. In addition to the genetic and phenotypic 

heterogeneity in HCH, the response to growth hormone therapy was also 

variable. ACH phenotype and genotype, on the other hand, was more 

homogenous as was the response to r-hGH.

Although it has been the view of our department to consider the milder end 

of the HCH disease spectrum to be underdiagnosed, care must be taken 

whilst considering this diagnosis. It may be argued that those in group 2 of 

the disproportion score (DPS 2), presenting with proportionate short stature 

were in fact short normal. One needs to mention that in my study, the 

invariable radiological finding that lead to the diagnosis of HCH in 

addition to other radiological, auxological and clinical characteristics 

depending on the disease severity, was the absence of increase in 

interpedicular distance between lumbar vertebrae LI to L5. This 

radiological finding was absent in those presenting to the growth clinic who
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were diagnosed to have familial short stature or constitutional growth delay. 

However, in my view, it is not entirely clear if a similar radiological finding 

of the lumbar spine will be observed in other causes of short stature. The 

limitations of this study have already been described at length in chapter 12.

We were able to subdivide our cohort of HCH into two groups depending on 

the mutation analysis. The first group with the C l620A mutation were more 

severely affected, with disproportionate short stature resembling ACH. The 

second group were negative for this common mutation, had a milder 

phenotype presenting with short stature with almost equal reduction in both 

SH and SILL. SSCP analysis of the transmembrane and tyrosine kinase 

domains of FGFR3 failed to identify any significant sequence variation in 

these individuals. These negative results neither confirm nor exclude 

mutations in FGFR3 as the cause of disease. In previously described 

studies, the common mutation had been identified in only 50% of patients 

with clinically proven HCH and no other mutations were found despite 

screening more than 90% of the coding sequence (Bellus et al., 1995 b; 

Prinos et a l, 1995). Therefore, there remains the possibility that either 

mutations are present outside the coding sequence or other genes may be 

involved. In our study the majority of cases were sporadic, with only 6% of 

cases with one affected parent and it was therefore not possible to establish 

linkage to chromosome 4 by other means.

167



The mutations described so far in several genetic forms of short stature have 

been mapped to a few exons in the FGFR3 encoding the tyrosine kinase and 

transmembrane domains, suggesting a significant correlation between 

abnormal signaling via the mutant receptors and the phenotype. These 

FGFR3 mutations have a gain of function, demonstrated by constitutive 

activation of the mutant receptor in the absence of ligand (Webster et a l, 

1996; Wilkie et a l, 1995 a; Chen et al., 1997). This suggests that excessive 

activation of FGFR3 results in inhibition of cell growth in cartilaginous 

growth plates. More recently, it has been shown that the mutant FGFR3 in 

Thanatophoric Dysplasia type II resulted in activation of the Statl signaling 

pathway, a negative regulator of cellular growth. The severity of the disease 

appears to be directly proportional to the degree of activation of the 

signaling pathway (Webster et a l, 1996; Webster et a l, 1997; Chen et al., 

1997; DiLeone et a l, 1997). The G1138A and C1620A mutations of FGFR3 

resulting in ACH and HCH were shown to activate Stat 1 to varying degrees 

(Wu-Chou et ah, 1997).

Receptor specificity plays an important role in governing the activity of the 

fibroblast groAvth factors. It has been shown that specific fibroblast growth 

factor ligands interact in a very specific manner with the fibroblast growth 

factor receptors. This has significant implications for specific growth 

patterning in the developing limb and craniofacial structures in the mouse 

embryo (Santos Ocampo et al., 1996; Hecht et al., 1995 a; MacArthur et al., 

1995; Mathieu et al., 1995).
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Little is known about the pathophysiology of the defect in HCH although the 

severe variant resembles ACH, with defective endochondral ossification of 

long bones. Naski et al (1998) studied the expression of FGFR3 in 

proliferating chondrocytes in growth plate cartilage. Their aim was to study 

the mechanism by which FGFR3 mutations result in inhibition of 

enchondral ossification of growth plate cartilage. The expression of 

activated growth plate cartilage in mice were targeted using regulatory 

elements from type II collagen gene. FGFR3 stimulation was shown to 

inhibit enchondral bone growth by significantly inhibiting chondrocyte 

proliferation and by slowing chondrocyte differentiation. They also studied 

the effect of this on signaling pathways BMP4 and Indian Hedgehog. These 

signaling pathways were shown to be significantly down regulated in growth 

plate chondrocytes and in the perichondrium. Conversely in the FGFR3 

deficient mice, BMP4 expression was up regulated in the growth plate 

chondrocytes suggesting that FGFR3 is an upstream negative regulator of 

certain signaling pathways involved in proliferation and differentiation of 

growth plate chondrocytes (Naski et al., 1998).

Homozygous mutated transgenic mice with a Lys644Glu substitution in 

FGFR3 demonstrated retarded enchondral bone growth, with the severity 

being directly related to the level of expression of the mutated FGFR3. The 

mutated FGFR3 was also shown to result in activation of Stat 1, Stat 5a, 

Stat5b and in up regulation of cell cycle inhibitors pi 6, pi 8 and pi 9. The
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mutant growth plates as a result were in a less active state and had fewer 

numbers of proliferating chondrocytes in growth plates (Li et al., 1999).

Recently, a mouse model for ACH has been developed and this will enable 

further studies in understanding the signaling pathways of FGFR3 (Wang et 

al., 1999). Gene targeting and introduction of the ACH common mutation 

into the murine FGFR3 was performed (Wang et al., 1999). Insertion of the 

ACH mutation resulted in the dominant achondroplasia dwarf with 

decreased size, midface hypoplasia, distorted foramen magnum, kyphosis 

and defective growth plates of the long bones. This demonstrated that 

achondroplasia occurs as a result of gain of function of FGFR3 and 

inhibition of chondrocyte proliferation (Wang et al., 1999). Furthermore, 

Deng et a l, 1996, had previously showed the role of FGFR3 as a negative 

regulator of bone growth. Disrupting the FGFR3 gene in mice was shown to 

cause prolonged bone growth. This growth was shown to be accompanied 

by expansion of proliferating and hypertrophied chondrocytes within the 

developing growth plates. It was therefore concluded that FGFR3 regulated 

enchondral ossification by a negative regulation and thus reduced 

osteogenesis rather than promoting it. In ACH and HCH, mutations in 

FGFR3 are likely to have a gain of function that activates negative growth 

control and therefore results in stunted growth.

Further studies of the extremely complex fibroblast growth factor signaling 

pathway with its multiple ligands and four receptors may provide important
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answers about the role of these receptors in organogenesis and bone 

development.

The clinical variability seen in HCH has been previously described (Wynne 

Davies et al., 1981). The emphasis of disproportionate short stature as the 

major clinical finding in HCH holds true for the severe end of the spectrum. 

However most of these children grow slowly, are less obviously 

disproportionate and have a reduced pubertal growth spurt resulting in 

significant reduction in final height in relation to their height prediction. It 

is important to be aware of this group of children as growth hormone 

therapy has been shown to restore the pubertal growth spurt (Appan et al., 

1990). It is also important to emphasise that the characteristic radiological 

feature of decreased interpedicular distance between lumbar vertebrae LI to 

L5 with short pedicles in the absence of other significant radiological 

abnormalities is an invariable feature, regardless of the severity in 

phenotype. The genetic basis of the milder phenotype is yet undetermined. 

The identification of the Cl 620A mutation positive individuals as a separate 

cohort of hypochondroplasia may allow for better comparison of growth 

data and response to management in what is a heterogenous disorder. This 

makes follow up of these children to final height very important to obtain 

meaningful and robust answers with respect to the natural history and 

treatment responses.
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Growth hormone is an important regulator of linear growth. The linear 

skeletal growth is dependent on the proliferation and maturation of 

chondrocytes and endochondral ossification of the growth plate cartilage. 

The natural history of severe Hypochondroplasia is a gradual decrease in 

height velocity when compared to normal standards (Appan et al., 1990; 

Bridges et al., 1991) and those with a milder phenotype appear to grow 

normally until puberty when the pubertal growth spurt is attenuated. Since 

the introduction of recombinant human growth hormone, the wider 

indications for growth hormone therapy in short stature conditions not 

associated with growth hormone insufficiency has attracted increasing 

interest.

ACH is one of the most severe forms of skeletal dysplasia with individuals 

on average being 50cms shorter than the normal adult population. The 

nature of the growth problem in such conditions is most likely due to 

reduced sensitivity to the action of GH and IGF-s (Zadik et al., 1992). 

Hence supraphysiological GH therapy has been used in an attempt to 

overcome skeletal resistance. Undoubted initial short term benefits in both 

ACH and other skeletal dysplasias including Turners syndrome (Hindmarsh 

et al., 1991 ; Bridges et al., 1994;, Darendeliler et al., 1990a, b) bave been 

described, although not all have been translated into significant increments 

in predicted adult height (Rosenfeld et al., 1998; Taback et a l, 1996). 

Differences in age at onset of therapy, duration and dose of therapy, method 

and accuracy of height prediction as well as a secular trend to increased
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adult height (Breunen et al., 1980; Freeman et al., 1995) may have all 

contributed to these discrepancies.

We report a significant benefit on longitudinal measurements of Ht SDS in 

an uncontrolled intervention study of 35 cases of ACH, but our data was 

strengthened by a larger number of a mostly prepubertal cohort of a much 

younger age (2.25 years) and longer treatment duration (up to 6 years). In 

addition, we have been able to assess the effects of a wide range of r-hGH 

doses on the response. We were not able to show a significant dose 

response relationship even in the first year of treatment and this was 

surprising given the experience in other related conditions (Hindmarsh et 

al., 1991; Bridges et al., 1994). However, beyond the first year of life, 

higher doses have been shown to advance skeletal maturity and shorten the 

duration of puberty (Darendeliler et al., 1990 b) thereby limiting the 

eventual growth potential. Thus it will be important to compare outcomes 

of low versus high dose therapy at adult height, before making 

recommendations on the dosage at therapy.

In the natural history of ACH, there is a progressive accumulation of height 

deficit. After the first year of life, the growth rate in untreated children 

approximates only the third velocity centile of normal children and remains 

at this slow rate for the rest of childhood (Horton et al., 1978; Horton et al., 

1977). In comparison with the growth rates of normal children, which 

oscillate about the 50th centile, this is clearly abnormal. Early r-hGH
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therapy in children with Achondroplasia prevented the accumulating height 

deficit by maintaining growth velocity near to the normal range and 

maximising the potential of normal growth in the spine, at least in the 

medium term. Final height data are crucial to see if this response is 

sustained. Although subischial leg length remained significantly 

compromised, no further deficit was incurred over the treatment period. The 

accentuation of the existing disproportion in ACH due to the variable SH 

and SILL responses to r-hGH therapy that was demonstrated in this study 

has not been reported and in most cases not examined in previous studies of 

r-hGH in ACH (Hindmarsh et al., 1991; Horton et al., 1992; Nishi et al., 

1993; Yamate et al., 1993; Bridges et al., 1994; Shohat et al., 1996; Weber 

et al., 1996; Stamoyannou et al., 1997; Tanaka et al., 1998; Seino et al., 

1999). The greater number of patients having a longer duration of therapy in 

our study may account for this accentuation of disproportion being 

demonstrated.

The abnormal bones in ACH and HCH make estimates of skeletal maturity 

unreliable. The inter and intraobserver error even in the normal situation is 

well documented (Breunen et al., 1980), and is increased in children with 

skeletal dysplasias. We have therefore not used this as a method of 

predicting final height. Instead, we have used growth charts available from 

historical ACH patients for comparison (Horton et al., 1978). Such a 

method has been used to assess the treatment effects in other conditions 

(Lyon et al., 1985) and carries with it the potential of misrepresenting final
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outcomes if there has been a significant secular trend. We demonstrated 

that our subjects were comparable to historical controls at the time of onset 

of treatment whilst the magnitude of the secular trend is unlikely to 

significantly affect the reported outcome. The magnitude of growth 

improvement documented in ACH, was an increase of one Ht SDS over 6 

years, an increment of 8cms in terms of “height gained”. Nevertheless the 

individual responses reported were very variable.

Short to medium term gains in height SDS has been demonstrated in HCH. 

Previous studies have shown favourable responses in those presenting in 

later childhood with a loss of pubertal growth spurt (Bridges et al., 1991 ; 

Bridges et aï., 1994; Appan et al., 1990). In this study, the response to 

growth hormone was variable. A better response, in terms of increment in 

Ht SDS was demonstrated in children under the age of 10 years. Treatment 

of ACH and HCH with r-hGH must only be carried out as part of a clinical 

trial, until such time that firm recommendations on its efficacy can be made, 

which further emphasis yet again on the importance of final adult height 

data in this cohort. Although our patients were strictly speaking within a 

trial with growth hormone prescriptions on a named patient basis only, the 

doses of r-hGH used reflected personal experience and practice of the head 

of our endocrine department with a median dose of 30U/m^/week. The 

rationale for the higher dose of r-hGH was the possibility of growth 

hormone resistance in skeletal dysplasias, which has also been postulated in
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disorders including Turner Syndrome, with normal growth hormone 

secretion.

The pretreatment height velocity in the C1620A mutation positive and 

negative groups was similar. The majority of these patients were prepubertal 

and all had age appropriate puberty. The response to treatment over 4 years 

was measured by an increase in height SDS and height velocity SDS in both 

groups. This response to r-hGH was greater in the C l620A mutation 

negative group. The increase in body proportion was also different in the 

two groups. There was a significant increase in sitting height in comparison 

to the leg length in the mutation positive group, which accentuated the , , 

existing disproportion, as observed in ACH. The mutation negative group 

demonstrated a proportionate increase in height with increases in both 

sitting height and subischial leg lengths. Follow up of these patients to final 

height is necessary to assess the long-term effects of r-hCH therapy in 

HCH. As seen in ACH, there was no significant dose effect seen in HCH 

treated with growth hormone. The effects of r-hCH on final height are not 

known, but CH therapy, coupled with the opportunity of leg lengthening, 

will alleviate the disproportion and carry the possibility of adult stature for 

these patients within the lower end of the normal range. The dose of r-hCH 

and timing(s) of surgical intervention(s) needs to be established, once adult 

height data are confirmed.
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14. CONCLUSIONS

ACH and HCH are genetic disorders of disproportionate short stature. ACH 

being at the severe end of the spectrum and HCH presenting with a varied 

clinical spectrum. At the severe end of the spectrum hypochondroplastic 

patients resembled ACH with rhizomelic short stature (short limbs and 

normal backs), although the majority of the cases were not as severe as those 

with ACH. At the milder end of the spectrum, there was a wide degree of 

severity of disproportionate short stature, with some not presenting until 

later with a pubertal growth arrest. In achondroplasia, the phenotype and 

radiological features were homogenous with little variability.

Mutations in the transmembrane domain of FGFR3 have been identified in 

the majority of the patients with ACH. In contrast, only about a third to half 

of hypochondroplastic patients at the severe end of the spectrum have 

mutations in the tyrosine kinase domain of FGFR3. The underlying genetic 

cause of the remaining group of patients with hypochondroplasia remains 

unknown. Large collaborative studies are needed to study and understand 

the genetics of this group of patients. ^

Mutations in both the transmembrane domain and tyrosine kinase domain 

constitutively activate the receptor. The severity of the disease is dependent 

on the degree of ligand independent activation of the fibroblast growth 

factor receptor 3 gene.
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The inheritance pattern in these conditions is autosomal dominant but the 

majority are due to sporadic mutations. In our study the number of familial 

cases were too few to perform meaningful linkage analysis and this further 

strengthens the need for future collaborative studies.

All patients with hypochondroplasia were significantly short in comparison 

to their family. Those with the C l620A mutation were severely affected 

with rhizomelic short stature. The mutation negative patients were less 

severely affected and were much less disproportionate short stature. The 

phenotype was further subdivided depending on the nature of the 

disproportion. At the severe end of the spectrum, were those with short 

limbs and normal backs. At the milder end of the spectrum, they presented 

with near proportionate short stature and there were some children with a 

reversal of disproportion with shorter backs. The relevance of this is yet 

unclear, although it clearly emphasisis the need for further characterization 

of the genotype in this subgroup.

In this study regardless of the severity of the disproportion, all patients with 

hypochondroplasia had the invariable radiological characteristic absence of 

increase in interpedicular distance between lumbar vertebrae LI to L5. This 

differentiated those patients that were seen in the growth clinics with 

constitutional delay of growth and puberty and familial short stature. 

However, in my view, it is at present unclear if a similar radiological finding
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will be observed if many more children with other causes of short stature are 

examined.

The response to growth hormone therapy in achondroplasia, up to a period 

of six years was favorable, with significant and steady increase in Ht SDS 

over the six year period. The most significant finding in this group, was that 

during treatment with growth hormone there was prevention of 

accumulation of height deficit during those treatment years. The response 

was also better in those who were much younger (median age of 2.25 years) 

which would result in the accumulated height deficit being much less at the 

start of growth hormone therapy. The height increments were 

predominantly due to increases in the length of the back and this 

exaggerated the existing disproportion.

As with the genetic and phenotypic heterogeneity, the responses to growth 

hormone therapy in HCH were also quite variable. In this study the 

responses to treatment with GH was better in the younger patients and 

unlike achondroplasia patients the treatment response was better in the 

mutation negative patients. Until final height is achieved in this cohort of 

cases, firm recommendations on treatment with growth hormone therapy 

cannot be made.

With the knowledge of the disappointing response to r-hOH in the short 

normal children (Hindmarsh et al., 1996) it may be argued that growth
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hormone in skeletal dysplasias is not justified. However it is becoming clear 

that in some skeletal dysplasias including achondroplasia and severe 

hypochondroplasia, r-hGH, at least in the medium term maintains the height 

velocity within the normal range thus reducing the height deficit incurred 

over time. Supra physiological doses of growth hormone have not been 

shown to be beneficial and this is especially important to bear in mind with 

respect to the cost of r-hGH and potential for adverse effects in the long 

term. The limitations in this study with respect to retrospective data, non 

randomisation and wide range of growth hormone dose has been eluded to 

on several occasions and in addition detailed in section 12.6.

Despite the lack of non-randomisation, I believe that this still forms an 

important study, with respect to the effectiveness of r-hGH therapy in HCH 

and ACH and more importantly the justification or otherwise of this 

expensive and difficult treatment.

A combined treatment with growth promoting agents and leg lengthening in 

the severe cases with obvious disproportion in both achondroplasia and 

hypochondroplasia may provide these children with final heights at the 

lower end of the normal range. It continues to be important to emphasise 

that this expensive therapy needs to be carefully evaluated with analysis of 

growth data of these children to final height. In addition clear guidelines to 

surgical leg lengthening are needed.

180



15. APPENDICES

15.1 FGFR3 cDNA Sequence (accession no M50581)
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96

102
108
114
120
12 6
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15 6
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2 1 6
222
22 8
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24 0
2 4 6
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15.2 Tyrosine Kinase Domain Of FGFR3 

( I llb  variant of FGFR3; Keegan et al 1991)

ctgagagtgggcgagttttcacactcatggtccctctgcctccactgccaGGCTGACCCTGGGC

AAGCCCCTTGGGGAGGGCTGCTTCGGCCAGGTGGTCATGGCGGA

GGCCATCGGCATTGACAAGGACCGGGCCGCCAAGCCTGTCACCG

T AGCCGT GAAGAT GCT G A A AGgtgaggagggggcggccaggggtgcagagcagggc

tgggggcgccgccgccgcctgacacaggccccccgctcctgcacagACG AT GCC ACT GAGA

AGGACCTGTCGGACCTGGTGTCTGAGATGGAGATGATGAAGATG

ATCGGGAAACACAAAAACATCATCAACCTGCTGGGCGCCTGCAC

GCAGGGCGgtaggtgcggtagcggcggtggtgccggctgggcggccctcctgggcctggcagccc

gtctgaggagcccgtgtccccaggGCCCCTGTACGTGCTGGTGGAGTACGCGG

CCAAGGGTAACCTGCGGGAGTTTCTGCGGGCGCGGCGGCCCCCG

GGCCTGGACTACTCCTTCGACACCTGCAA
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15.3 Primer Sequences

Uppercase: exonic sequence; lower case intronic sequence; Genbank 

accession: M58051; F/R: forward or reverse sequence; code: primer ID.

primer sequence location

m58051

Nucl. F/R code conc.

5 ’ ctgagagtgggcgagttttcac intronic 22 F S 0295 122 uM

5' TTGCAGGTGTCGAAGGAGTAGTC 1787-1765 23 R S 0296 96uM

5' cagccctgctctgcacccct intronic 20 R HCH-Rl 128uM

5' ATGCTGAAAGgtgaggaggg intron/exon 20 F HCH-F2 72uM

5' ctcctcagacgggctgccagg intronic 21 R HCH-R2 124uM

5' tagcggcggtggtgccggct intronic 20 F HCH-F3 130uM

5'aggagctggtggaggctga 1121-1139 19 F S 0293 llOuM

5 ’GG AGATCTTGTGCACGGTGGGG 1284-1262 22 R S 0294 108 uM

5 ’ GGGAAACACAAAAACATCATCAAC 25 T3729N 117uM

5 ’ GGGAAACACAAAAACATCATCAAA 25 T3730M 67uM

5 ’ CATCAATCAACCTGCTGGG 1750-1767 19 S 0297 92uM

5 ’ CATCAATCAACCTGATGGG 1659A 19 S 0298 84uM

5 ’ ctgagagtgggcgagttttcac Texas red S0295-T R 10.7 uM

Nucl. - nucleotide; Cone. - concentration
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15.4 Patient Details

A: growth hormone therapy: yes = 1, no = 2; B: common mutation: 

positive =1 and negative = 2; C: disproportion score (DPS) 1=DPS >1 ; 

2= DPS <1>-1; 3= DPS <-1; D : growth hormone dose in U/mVweek.

No Name A B C D No Name A B C D
1 AW 1 1 1 25 20 C W 2 1 1
2 C A 1 1 1 30 21 D W 2 1 2
3 C R 1 1 2 30 22 EB 2 1
4 J R 1 1 1 40 23 JB 2 1 2
5 JE 1 1 2 30 24 J W 2 1 2
6 JH 1 1 1 25 25 JE 2 1 1
7 JP 1 1 3 30 26 L W 2 1 1
8 LT 1 1 1 30 27 R A 2 1 2
9 M S 1 1 1 30 28 WT 2 1 1
10 M A 1 1 1 30 29 BC 1 2 2 30
11 TH 1 1 1 20 30 BE 1 2 2 30
12 RB 1 1 1 30 31 CS 1 2 3
13 RC 1 1 1 25 32 CB 1 2 2 40
14 RW 1 1 2 30 33 CM 1 2 3 20
15 SC 1 1 1 30 34 DL 1 2 2 30
16 SN 1 1 2 30 35 DA 1 2 2 30
17 OFF 1 1 2 20 36 DM 1 2 2 25
18 TS 1 1 2 20 37 DK 1 2 2 25
19 BS 2 1 38 IK 1 2 3 30
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15.4 Patient Details (continued)

A: growth hormone therapy: yes = 1, no = 2; B: eommon mutation: 

positive =1 and negative = 2; C: disproportion seore (DPS) 1=DPS >1 ; 

2=DPS<1>-1; 3=DPS<-1; D : growth hormone dose in U/m^/week.

No Name A B C D No Name A B C D
39 JM 1 2 2 20 56 I M 2 2 3
40 K R 1 2 2 30 57 J G 2 2 2
41 M A 1 2 2 40 58 J T 2 2 2
42 NG 1 2 2 25 59 K D 2 2 2
43 NM 1 2 2 25 60 LJ 2 2 1
44 RG 1 2 3 30 61 LM 2 2 3
45 R W 1 2 2 30 62 MO 2 2 2
46 S W 1 2 2 30 63 P C 2 2 2
47 SM 1 2 1 25 64 PW 2 2 2
48 W H 1 2 3 30 65 RG 2 2 1
49 AM 2 2 3 66 R M 2 2 3
50 A N 2 2 3 67 SW 2 2 2
50 P N 2 2 3 68 SS 2 2 3
51 D G 2 2 2 69 TV 2 2 3
52 DD 2 2 1 70 T D M 2 2 2
53 E W 2 2 2 71 T J 2 2 3
54 H P 2 2 2 72 T D 2 2 2
55 H G 2 2 2 73 W D 2 2 3

185



16. REFERENCES

Ahmed ML, Foot ABM, Savage MO, Lamkin V, Edge JA, Danger DB 1991 

Noonan's syndrome: the response to treatment with biosynthetic 

human growth hormone. Acta Paediatr Scand 356 suppl(b): 162.

Albertsson-Wikland K, Rosberg S 1988 Analysis of 24 hour growth

hormone profiles in children: relation to growth. J Clin Endo Metab 

67: 493-500.

Alderbom A, Anvret M, Gustavson KH, Hagenas L, Wadelius C 1996 

Achondroplasia in Sweden caused by the 01138A mutation in 

FGFR3. Acta Paediatr. 85:1506-1507.

Aleck KA, Grix A, Clericuzio C, Kaplan P, Adomian GE, Lachman R,

Rimoin DL 1987 Dyssegmental dysplasias: clinical, radiographic and 

morphologic evidence of heterogeneity. Am J Med Genet 27: 295- 

312.

Altherr MR, Wright TJ, Denison K, Perez-Castro AV, Johnson VP 1997

Delimiting the Wolf-Hirschom critical region to 750 kilobase pairs. 

Am J Med Genet 71(1): 47-53.

Anderson KJ, Dam D, Lee S, Cotman CW 1988 Basic fibroblast growth

factor prevents death of lesioned cholinergic neurons in vivo. Nature 

332: 360-361.

Anneren G, Sara VR, Hall K, Tuvemo T 1986 Growth and somatomedin 

responses to growth hormone in Down's syndrome during growth 

hormone therapy. Arch Dis Child 61: 48-52.

186



Antoniazzi F, Bertoldo F, Mottes M, Valli M, Sirpessi S, Zamboni G, 

Valentini R, Tato L 1996 Growth hormone treatment in 

osteogenesis imperfecta with quantitative defect of type I collagen 

synthesis. J Pediatr 129: 432-439.

Appan S, Laurent S, Chapman M, Hindmarsh PC, Brook CGD 1990 Growth 

and growth hormone therapy in hypochondroplasia. Acta Paediatr 

Scand 79: 796-803.

Aterman K, Welch JP, Taylor PG 1983 Presumed homozygous

achondroplasia: A review and report of a further case. Pathol Res 

Pract 178: 27-39.

Avivi A, Zimmer Y, Yayon A, Yarden Y, Givol D 1991 Flg-2 a new 

member of the family of fibroblast growth factor receptors.

Oncogene 6: 1089-1091.

Avivi A, Skorecki K, Yayon A, Givol D 1992a Promoter region of the 

murine fibroblast growth factor receptor 2 (bek/KGFR) gene. 

Oncogene 7(10): 1957-1962.

Avivi A, Zimmer Y, Yayon A, Yarden Y, Givol D 1992 b Corrigendum: flg- 

2 a new member of the family of fibroblast growth factor receptors. 

Oncogene 7: 823.

Avivi A, Yayon A, Givol D 1993. A novel form of FGF receptor-3 using an 

alternative exon in the immunoglobulin domain III. FEBS Lett 

330(3): 249-252.

Avraham KV, Givol D, Avivi A, Yayon A, Copeland NG, Jenkins NA 1994 

Mapping of murine fibroblast growth factor receptors refines regions

187



of homology between mouse and human chromosomes. Genomics 

21: 656-658.

Barker D, Schaffer M, White R 1984 Restriction sites containing CpG

shows a higher frequency of polymorphism in human DNA. Cell 36: 

131-138.

Beals RK 1969 Hypochondroplasia: a report of five kindreds.

J Bone Joint Surg 51: 728-736.

Bellus GA, Escallon CS, Ortiz de Luna R, Shumway JB, Blakemore KJ, 

Mclntoshy I, Francomano CA 1994 First-trimester prenatal 

diagnosis in couple at risk for homozygous achondroplasia [letter]. 

Lancet 344: 1511-1512.

Bellus GA, Hefferon TW, Ortiz De Luna RI, Hecht JT, Horton WA, 

Machado M, Kaitila I, McIntosh I, Francomano CA 1995a 

Achondroplasia is defined by recurrent G380R mutations of FGFR3. 

Am J Hum Genet 56(2): 368-373.

Bellus GA, Mcintosh I, Smith EA, Aylsworth AS, Kaitila I, Horton WA, 

Greenhaw GA, Hecht JT, Francomano CA 1995b. A recurrent 

mutation in the tyrosine kinase domain of fibroblast growth factor 

receptor 3 causes hypochondroplasia. Nature genetics 10(3): 357- 

359.

Bellus GA, Gaudenz K, Zackai EH, Clarke LA, Szabo J, Francomano CA, 

Muenke M 1996a Identical mutations in three different fibroblast 

growth factor receptor genes in autosomal dominant craniosynostosis 

syndromes. Nat. Genet. 14(2):174-176.

188



Bellus GA, Mcintosh I, Szabo J, Aylsworth A, Kaitila I, Francomano CA 

1996b Hypochondroplasia: molecular analysis of the fibroblast 

growth factor receptor 3 gene. Ann.N.Y.Acad.Sci. 785: 182-187.

Bellus GA, Bamshad MJ, Pryzylcpa KA, Dorst J, Lee RR, Hurko O, Jabs 

EW, Curry CJR, Wilcox WR, Lachman RS, Rimoin DL,

Francomano CA 1999 Severe achondroplasia with developmental 

delay and acanthosis nigricans (S ADD AN): phenotypic analysis of a 

new skeletal dysplasia caused by Lys650Met mutation in fibroblast 

growth factor receptor 3. Am J  Med Genet 85:53-65.

Bland JM, Altman DG 1986 Statistical methods for assessing agreement 

between two methods of clinical measurement. Lancet 1: 307-310.

Bonaventure J, Rousseau F, Legeai Mallet L, Le Merrer M, Munnich A, 

Maroteaux P 1996a Common mutations in the fibroblast growth 

factor receptor 3 (FGFR 3) gene account for achondroplasia, 

hypochondroplasia, and thanatophoric dwarfism. Am J Med Genet 

63(1): 148-154.

Bonaventure J, Rousseau F, Legeai Mallet L, Le Merrer M, Munnich A, 

Maroteaux P 1996 b Common mutations in the gene encoding 

fibroblast growth factor receptor 3 account for achondroplasia, 

hypochondroplasia and thanatophoric dysplasia. Acta Paediatr Suppl 

417: 33-38.

Bourguinon JP 1988 Linear growth as a function of age at onset of puberty 

and sex steroid dosage. Therapeutic implications. Endocr Rev 9: 

467-488.

189



Breunen G, Cameron N 1980 The reproducibility of TW2 skeletal age 

assessments by a self- taught assessor. Ann Hum Biol 7: 155- 162.

Bridges NA, Hindmarsh PC, Brook CO 1991 Growth of children with 

hypochondroplasia treated with growth hormone for up to three 

years. Horm Res 36 Suppl 1: 56-60.

Bridges NA, Brook CGD 1994 Progress report: Growth hormone in skeletal 

dysplasia. Horm Res 42: 231- 234.

Burgess WH, Maciag T 1989 The heparin- binding (fibroblast) growth 

factor family of proteins. Ann Rev Biochem 58: 575-606.

Cappa M, Marini R, Cambiaso P, Barbuti D, Borrelli P 1991 Osteogenesis 

Imperfecta type I and 4: recombinant hGH treatment in three cases. 

In: Growth disorders: the state of the art. New York, Raven p: 235- 

241.

Caralis DG, Char F, Graber JD, Voigt GC 1974 Delineation of multiple 

cardiac anomalies associated with the Noonan syndrome in an adult 

and review of the literature. Johns Hopkins Med J 134:346-355.

Chelliah AT, McEwen DG, Werner S, Xu J, Omitz DM 1994 Fibroblast 

growth factor receptor (FGFR) 3 - alternative splicing in 

immunoglobulin-like domain III creates a receptor highly specific for 

acidic FGF/FGF-1. J Biol Chem 269: 11620-11627.

Chen LI, Webster MK, Meyer AN, Donoghue DJ 1997 Transmembrane 

domain sequence requirements for activation of the pl85c-neu 

receptor tyrosine kinase. J Cell Biol 137: 619-631.

190



Cleveland WS 1979 Robust locally weighted regression smoothing scatter 

plots. J Am Stat Assoc 74: 829- 836.

Cohen ME, Rosenthal AD, Matson DD 1967 Neurological abnormalities in 

achondroplastic children. J Pediatrics 71: 367- 376.

Colvin JS, Bohne BA, Harding GW, McEwen DG, Omitz DM 1996

Skeletal overgrowth and deafness in mice lacking fibroblast growth 

factor receptor 3. Nature Genet 12: 390-397.

Cotterill AM, McKenna WJ, Elsawi M, Sharland M, Murphy J, Stirling H, 

Kelnar CJH, Dunger DB, Patton MA, Savage MO 1993 The effect 

of GH (saizen) therapy (28u/m^/week) on linear growth and cardiac 

morphology in short children with Noonan syndrome. Ped Res 33 

suppl(5): S43.

Cox LA 1996 Tanner-Whitehouse method of assessing skeletal maturity: 

problems and common errors. Horm Res 45 (suppl 2): 53- 55.

Darendeliler F, Hindmarsh PC, Brook CGD 1990a Dose-response curves 

for treatment with biosynthetic human growth hormone. J 

Endocrinol 125: 311-316.

Darendeliler F, Hindmarsh PC, Brook CG 1990b Non-conventional use of 

growth hormone: European experience. Horm Res 33:128-136.

Dawson D, Todorov AB, Elston RC 1980 Confidence bands for the growth 

of head circumference in achondroplastic children during the first 

year of life. Am J Med Genet 75: 29-36.

191



Deng C, Wynshaw Boris A, Zhou F, Kuo A, Leder P 1996 Fibroblast

growth factor receptor 3 is a negative regulator of bone growth. Cell 

84: 911-921.

DiLeonne RJ, King JA, Storm EE, Copeland NG, Jenkins NA, Kingsley

DM 1997 The BmpS gene is expressed in developing skeletal tissue 

and maps near achondroplasia locus on mouse chromosome 4. 

Genomics 40: 196-198

Dionne CA, Crumley G, Bellot F, Kaplow JM, Searfoss G, Ruta M, Burgess 

WH, Jaye M, Schlessinger J 1990 Cloning and expression of two 

distinct high-affmity receptors cross-reacting with acidic and basic 

growth factors. EMBO J 9:2685- 2692.

Dorst JP 1969 Hypochondroplasia. Birth Defects. Original Article Series 5: 

260-260.

Ehrlich H 1989 PCR technologies. Cold Harbour NY p: 35-36.

Francomano CA, Le PL, Pyeritz RE 1988 Molecular genetic studies in 

achondroplasia. Basic Life Sci 48: 53-58.

Francomano CA, Pyeritz RE 1988 Achondroplasia is not caused by

mutation in the gene for type II collagen. Am J Med Genet 29(4): 

955-961.

Francomano CA, Ortiz de Luna RI, Hefferon TW, Bellus GA, Turner CE, 

Taylor E, Meyers DA, Blanton SH, Murray JC, McIntosh I 1994 

Localization of the achondroplasia gene to the distal 2.5Mb of 

human chromosome 4p Hum Mol Genet 3(5): 787- 792.

Francomano CA 1995 The genetic basis of dwarfism. NEJM 332: 58- 59.

192



Francomano CA, Bellus GA, Szabo J, Mcintosh I, Dorst J, Lee R, Hurko O, 

Fraley AE, Bamshad MJ 1996a A new skeletal dysplasia with 

severe tibial bowing, profound developmental delay and acanthosis 

nigricans is caused by a Lys650Met mutation in fibroblast growth 

factor receptor 3 (FGFR3). Am J Hum Genet 59: A25.

Francomano CA, McIntosh I, Wilkin DJ 1996 b Bone dysplasias in man: 

molecular insights. Curr Opin Genet Dev 6(3): 301-308.

Frantz AG, Rabkin MT 1965 Effects of estrogens and sex difference on 

secretion of human growth hormone. J Clin Endocrinol 25: 1470- 

1480.

Freeman JV, Cole TJ, Chinn S, Jones PRM, White EM, Preece MA 1995 

Cross sectional stature and weight reference curves for the UK, 

1990. Arch Dis Child 73: 17-24.

Frydman M, Hertz M, Goodman RM 1974 The genetic entity 

hypochondroplasia. Clin Genet 5:223-229.

Gal A, Orth U, Baehr W, Schwinger E, Rosenberg T 1994 Heterozygous

missense mutations in the rod cGMP phosphodiestrase beta subunit 

gene in autosomal dominant stationary night blindness. Nature Genet 

7: 64-68.

Gardner RJM 1977 A new estimate of the achondroplasia mutation rate.

Clin Genet 11: 31-38.

Givol D, Yayon A 1992 Complexity of FGF receptors: genetic basis for 

structural diversity and functional specificity. FASEB J 6: 3362- 

3369.

193



Glasgow JFT, Nevin NC, Thomas PS 1978 Hypochondroplasia. Arch Dis 

Child 53: 868-872.

Gusella JF, Wexler NS, Conneally FM, Naylor SL, Anderson MA, Tanzi 

RE, Watkins PC, Ottina K, Wallace MR, Sakaguchi AY 1983 

A polymorphic DNA marker genetically linked to Huntington's 

disease. Nature 306: 234 - 238.

Hagenas L, Ritzen EM, Bklof O, Neumeyer L, Ollars B, Muller J, Hertel 

NT, Sipila I, Kaitila I, Aagenaes O, Mohnike K 1996 Two years 

results on growth hormone treatment in prepubertal children with 

achondroplasia and hypochondroplasia: a dose study. Horm Res 

46(suppl): A106.

Hall BD, Spranger J 1979 Hypochondroplasia: Clinical and radiological 

aspects in 39 cases. Radiology 133: 95-100.

Hall JG 1969a Hypochondroplasia. Birth Defects. Original Article Series 

5: 262-272.

Hall JG, Dorst JP, Taybi H, Scott Cl, Langer LG, McKusick VA 1969b Two 

probable cases of homozygosity for the achondroplasia gene. Birth 

Defects 5: 24-34.

Hall JG 1988 Kyphosis in achondroplasia: probably preventable. J Pediatrics 

112(1): 166- 167.

Hall JG 1998 A bone is not a bone is not a bone. J Pediatr 133: 5-6.

Hattori Y, Odagiri H, Nakatani H, Miyagawa K, Naito K, Sakamoto H, 

Katoh S, Yoshida T, Sugimura T, Terada M 1990 Proc Natl Acad 

Sci USA 87: 5983-5987.

194



Hayashi K 1998 PCR-SSCP: A method for detection of mutations GATA 9: 

801-816.

Hecht JT, Nelson FW, Butler IJ, Horton WA, Scott Cl Jr., Wassman ER, 

Mehringer CM, Rimoin DL, Pauli RM 1985 Computerized 

tomography of the foramen magnum; achondroplastic values 

compared to normal standards. Am J Med Genet 20(2): 355-360.

Hecht JT, Horton WA, Butler IJ, Goldie WD, Miner MB, Shannon R, Pauli 

RM 1986 Foramen magnum stenosis in homozygous achondroplasia. 

Bur J Pediatr 145(6): 545-547.

Hecht JT, Butler IJ, Horton WA 1989a Foramen magnum decompression for 

homozygous achondroplasia [letter; comment]. J Neurosurg 71(2): 

300-301.

Hecht JT, Horton WA, Reid CS, Pyeritz RB, Chakraborty 1989 b Growth of 

the foramen magnum in achondroplasia. Am J Med Genet 32: 528- 

35.

Hecht D, Zimmerman N, Bedford M, Avivi A, Yayon A 1995a

Identification of fibroblast growth factor 9 (FGF9) as a high affinity, 

heparin dependent ligand for FGF receptors 3 and 2 but not for FGF 

receptors 1 and 4. Growth Factors 12(3): 223-233.

Hecht JT, Herrera CA, Greenhaw GA, Francomano CA, Bellus GA, Blanton 

SH 1995b Confirmatory linkage of hypochondroplasia to 

chromosome arm 4p [letter]. Am J Med Genet 57(3): 505-506.

Hertel NT, Muller J 1994 Anthropometry in skeletal dysplasia. J Ped 

Endocrinol 7: 155-161.

195



Heselson NG, Cremin BJ, Beighton P 1979 The radiographic

manifestations of hypochondroplasia. Clin Radiol 30: 79-85.

Hindmarsh PC, Smith PJ, Brook CGD, Matthews DR 1987 The

relationship between height velocity and growth hormone secretion 

in short prepubertal children. Clin Endocrinology 27: 581-591.

Hindmarsh PC, Bridges NA, Brook CGD 1991 Wider indications for 

treatment with biosynthetic human growth hormone in children. 

Clinical Endocrinology 34(5): 417-427.

Hindmarsh PC, Brook CGD 1996 Final height of short normal children 

treated with growth hormone. Lancet 348:13- 16.

Horton WA, Rotter JI, Kaitila I, Gursky J, Hall JG, Shepard TH, Rimoin DL 

1977 Growth curves in achondroplasia. Birth Defects Grig Artie Ser 

13(3C): 101-107.

Horton WA, Rotter JI, Rimoin DL, Scott Cl, and Hall JG 1978 Standard 

growth curves for achondroplasia. J Pediatr 93(3): 435-8.

Horton WA, Hecht JT, Hood JO, Marshall RN, Moore WV, Hollowell JG 

1992 Growth hormone therapy in Achondroplasia. Am J Med Genet 

42 (5): 667-670.

Horton WA 1995 Molecular genetics of the human chondrodysplasias. Eur J 

Hum Genet 3(6): 357-373.

Horton WA 1996a Molecular genetic basis of the human

chondrodysplasias. Endocrinol Metab Clin North Am 25(3): 683- 

697.

196



Horton WA 1996 b Evolution of the bone dysplasia family [editorial]. Am J 

Med Genet 63(1): 4-6.

Horton WA 1997a Molecular genetics of human chondrodysplasias. 

Growth 13: 49-55.

Horton WA 1997b Fibroblast growth factor receptor 3 and the human 

chondrodysplasias. Curr Opin Pediatr 9(4): 437- 442.

Humphries SB, Gudnason V, Whittall R, Day INM 1997 Single-strand 

conformational polymorphism analysis with high throughput 

modifications, and its use in mutation detection in familial 

hypercholesterolemia. JIFCC 9:156-161.

Ikegawa S, Fukushima Y, Isomura M, Takada F, Nakamura Y 1995

Mutations of the fibroblast growth factor receptor-3 gene in one 

familial and six sporadic cases of achondroplasia in Japanese 

patients. Hum Genet 96: 309-311.

Ikegawa S, Ohashi H, Nishimura G, Kim KG, Sannohe A, Kimizuka M, 

Fukushima Y, Nagai T, Nakamura Y 1998 Novel and recurrent 

COMP (cartilage oligomeric matrix protein) mutations in 

pseudoachondroplasia and multiple epiphyseal dysplasia.

Hum. Genet. 103:633-638.

International Working Group on Constitutional Diseases of Bone 1992 

International classification of osteochondrodysplasias. Am J Med 

Genet 44: 223-229.

Isaksson OGP, Lindahl A, Nilsson A, Isgaard J 1988 Action of growth 

hormone: current views. Acta Paediatr Scand(suppl) 34: 312-318.

197



Jabs EW, Li X, Scott AF, Meyers G, Chen W, Eccles M, Mao JI, Charnas 

LR, Jackson CE, Jaye M 1994 Jackson-Weiss and Crouzon 

syndromes are allelic with mutations in fibroblast growth factor 

receptor 2. Nature Genet 8: 275-279.

Johnson DE, Lee PL, Lu J, Williams LT Diverse forms of a receptor for 

acidic and basic fibroblast growth factors 1990 Mol Cell Biol 9: 

4728-4736.

Johnson DE, Lu J, Chen H, Werner S, Williams LT 1991 The human 

fibroblast growth factor receptor genes: a common structural 

arrangement underlies the mechanism for generating receptor forms 

that differ in their III immunoglobulin domain. Mol Cell Biol 11 : 

4627-4634.

Johnson DE, Williams LT 1993 Structural and functional diversity in the 

FGF receptor multigene family. Adv Cancer Res 60: 1-41.

Kabi International Growth Study (KIGS): Progress in Growth Hormone

Therapy -  5 years of KIGS 1993 Edited: Ranke MB, Gunnarsson R. 

J & J Verlag, Mannheim.

Kanai M, Rosenberg I, Podolsky DK 1997a Cytokine regulation of

fibroblast growth factor receptor 3 Illb in intestinal epithelial cells. 

Am J Physiol 272: G885-893.

Kanai M, Goke M, Tsunekawa S, Podolsky DK 1997b Signal transduction 

pathway of human fibroblast growth factor receptor 3.

Identification of a novel 66-kDa phosphoprotein. J Biol Chem 

272(10):6621-6628.

198



Kaufman R, Rimoin D, McAlister W, Kissane J 1970 Thanatophoric 

dwarfism. Am J Dis Child 120: 53-57.

Keegan K, Johnson DE, Williams LT, Hayman MJ 1991a Isolation of an 

additional member of the fibroblast growth factor receptor family 

FGFR-3. Proc Natl Acad Sci USA 88:1095-1099.

Keegan K, Meyer S, Hayman MJ 1991b Structural and biosynthetic 

characterization of the fibroblast growth factor receptor 3(FGFR-3) 

protein. Science 6: 2229-2236.

Keegan K, Rooke L, Hayman M, Spurr NK 1993 The fibroblast growth 

factor receptor 3 gene (FGFR3) is assigned to chromosome 4. 

Cytogenet Cell Genet 62: 172-175.

Kember NF 1960 Cell divisions in enchondral ossification, a study of cell 

proliferation in rat bones by the method of tritiated thymidine 

autoradiography. J Bone Joint Surg (Br) 42: 824-839.

Kember NF 1978 Cell kinetics and the control of growth in long bones. Cell 

Tissue Kinet 11: 477-485.

Key LL, Gross AJ 1996 Response to growth hormone in children with 

chondrodysplasias J Pediatr 128: 514-517.

Koeberl DP, Botenna CDK, Ketterling RP, Bridge PJ, Lillicrap DP,Somner 

SS, Kozlowski K 1973 Hypochondroplasia. In: Progress in Pediatric 

Radiology. Basel:Karger p. 238-249.

Lajeunie E, Wei Ma H, Bonaventure J, Munnich A, LeMerrer M 1995 

FGFR mutations in Pfiffer syndrome. Nature Genetics 9: 108.

199



Langer LO, Baumann PA, Gorlin RJ 1967 Achondroplasia. Am J 

Roentgenol 100: 12-26.

Le Merrer M, Rousseau F, Legeai-Mallet L, Landais J, Pelet A, Bonaventure 

J, Sanak M, Weissenbach J, Stoll C, Munnich A 1994 A gene for 

achondroplasia-hypochondroplasia maps to chromosome 4p. Nature 

genetics 6: 318-321.

Lee PL, Johnson DE, Consens LS, Fried VA, Williams LT 1989 Purification 

and complementary cloning of a receptor for basic fibroblast growth 

factor. Science 245: 57-60.

Lewinson D, Hard Z, Shenzer P, Silbermann M, Hochberg Z 1989 Effect of 

thyroid hormone and growth hormone on recovery from 

hypothyroidism of epiphyseal growth plate cartilage and its adjacent 

bone. Endocrinology 124: 937-945.

Li C, Chen L, Iwata T, Kitagawa M, Fu XY, Deng CX 1999 A Lys644Glu 

substitution in fibroblast growth factor receptor 3 (FGFR3) causes 

dwarfism in mice by activation of STATs and ink4 cell cycle 

inhibitors. Hum Mol Genet 8(1): 35-44.

Li JJ, Friedman Kien AE, Cockerell C, Nicolaides A, Liang SL, Huang YQ 

1998 evaluation of the tumorigenic and angiogenic potential of 

human fibroblast growth factor FGF3 in nude mice. J Cancer Res 

Clin Oncol 124: 259-264.

Lyon AJ, Preece MA, Grant DB 1985 Growth curve for girls with Turners 

syndrome. Arch Dis Child 60: 932-935.

200



Mac Arthur CA, Lawshe A, Xu J, Santos Ocampo S, Heikinheimo M,

ChellaiahAT, Ornitz DM 1995 FGF-8 isoforms activate receptor 

splice forms that are expressed in mesenchymal regions of mouse 

development. Development 121(11): 3603-3613.

Macdonald M, Scott HS, Whaley WL, Pohl T, Wasmuth JJ, Lehrach H, 

Morris CP, Frischauf A, Hopwood JJ, Gusella JF 1991 Huntington 

disease-linked locus D4S111 exposed as the alpha-l-iduronidase 

gene. Somat Cell Mol Genet 17(4): 421-425.

Malozowski S, Tanner LA, Wysowski D, Fleming GA 1993 Growth 

hormone, insulin-like growth factor I, and benign intracranial 

hypertension. N Engl J Med 329:665-666.

Mansukhani A, Moscatelli D, Talarico D, Levytska V, Basilico C 1990

A murine fibroblast growth factor (FGF) receptor expressed in CHO 

cell is activated by basic FGF and Kaposi FGF. Proc Natl Acad Sci 

USA 87: 4378-4382.

Maroteaux P, Lamy M 1964. Achondroplasia in man and animals. Clin 

Orthop 33: 91-103.

Maroteaux P, Lamy M, Robert JM 1967 Le nanisme thanatophore. Presse 

Med 49: 2519-2524.

Maroteaux P, Stanescu R, Stanescu V, Fontaine G 1980 The mild form of 

pseudoachondroplasia. Identity of the morphological and 

biochemical alterations of growth cartilage with those of typical 

pseudoachondroplasia. Eur J Pediatr 133(3): 227-231.

201



Maroteaux P, Stanescu V, Stanescu R 1983 Hypochondrogenesis. Eur J 

Pediatr 141(1): 14-22.

Mathieu M, Châtelain E, Ornitz D, Bresnick J, Mason I, Kiefer P, Dickson 

C 1995 Receptor binding and mitogenic properties of mouse 

fibroblast growth factor 3. Modulation of response by heparin. J Biol 

Chem 270(41):24197-24203

Maynard JA, Ippolito EG, Ponseti IV, Mickelson MR 1981 Histochemistry 

and ultrastructure of the growth plate in achondroplasia. J Bone and 

Joint Surg 63-A: 969-979.

McKusick V, Kelly TE, Dorst JP 1973 Observations suggesting allelism of 

the achondroplasia and hypochondroplasia genes J Med Genet 10: 

11-16.

McKusick VA 1978 Mendelian inheritance in man: catalogs of autosomal 

dominant, autosomal recessive, X-linked phenotypes. 5th edition 

Baltimore: John Hopkins University Press. Med 49: 2519-2524.

McKusick VA 1997 Albert Lasker Award for Special Achievement in

Medical Science. Observations over 50 years concerning intestinal 

polyposis, Marfan syndrome and achondroplasia. Nat Med 3:1065- 

1068.

Meyers GA, Orlow SJ, Munro IR, Przylepa KA, Jabs EW 1995 Fibroblast 

growth factor receptor 3 (FGFR3) transmembrane mutation in 

Crouzon syndrome with acanthosis nigricans. Nat.Genet. 11: 462- 

464.

202



Mitrani E, Gruenbaum Y, Shohat M, Ziv T 1990 Fibroblast growth factor 

during mesoderm induction in the early chick embryo. Development 

109: 387-393.

Muenke M, Schell U, Hehr A, Robin NH, Losken HW, Schinzel a,

PulleynLJ, Rutland P, Reardon W, Malcolm S, Winter RM 1994 

A common mutation in the fibroblast growth factor receptor 1 

gene in Pfiffer syndrome. Nature Genetics 8: 269-274.

Muenke M 1995 Finding genes involved in human developmental disorders. 

Curr Opin Genet Dev 5(3): 354-361.

Muenke M, Schell U 1995 Fibroblast growth factor receptor mutations in 

human skeletal disorders. TIG 11: 308-313.

Mullis KB, Faloona FA 1987 Specific synthesis of DNA in vitro via a

polymerase-catalyzed chain reaction. Methods Enzymol 155: 335- 

350.

Mullis PE, Patel MS, Brickell PM, Hindmarsh PC, Brook CG 1991 Growth 

characteristics and response to growth hormone therapy in patients 

with hypochondroplasia: genetic linkage of the insulin-like growth 

factor I gene at chromosome 12q23 to the disease in a subgroup of 

these patients. Clin Endocrinol Oxf 34(4): 265-274.

Murdoch JL 1969 Hypochondroplasia. Birth Defects Original Article Series 

5: 273-276.

Murdoch JL, Walker BA, Hall JG, Abbey H, Smith KK, McKusick VA 

1970 Achondroplasia - a genetic and statistical survey. Ann Hum 

Genet 33(3): 227-244.

203



Murgue B, Tsunekawa S, Rosenberg I, deBeaumont M, Podolsky DK 1994 

Identification of a novel variant form of fibroblast growth factor 

receptor 3 (FGFR3 Illb) in human colonic epithelium. Cancer Res 

54: 5206-5211.

Murphy M, Drago J, Bartlett PF 1990 Fibroblast growth factor stimulates 

the proliferation and differentiation of neural precursor cells in vivo. 

Journal of Neuroscience Research 25: 463-475.

Musci TJ, Amaya E, Kirschner MW 1990 Regulation of the fibroblast 

growth factor receptor in early xenopus embryos. Proc Natl Acad Sci 

USA 87: 8365-8369.

Naski MG, Colvin JS, Coffin JD, Omitz DM 1998 Repression of hedgehog 

signaling and BMP4 expression in growth plate cartilage by 

fibroblast growth factor receptor 3. Development 125(24): 4977- 

4988.

Newman DE, Dunbar JC 1975 Hypochondroplasia. J Can Assoc Radiol 26: 

95-103.

Nishi Y, Kajiyama M, Miyagawa S, Fujiwara M, Hamamoto K 1993 

Growth hormone therapy in achondroplasia. Acta Endocrinologica 

128: 394-396.

Nishimura G, Fukushima Y, Ohashi H, Ikegawa S 1995 Atypical

radiological findings in achondroplasia with uncommon mutation of 

the fibroblast growth factor receptor-3 (FGFR-3) gene (Gly to Cys 

transition at codon 375) [letter] Am J Med Genet 59: 393-395.

204



Oberklaid F, Danks DM, Jensen F, Stace L, Rosshandler S 1979 

Achondroplasia and hypochondroplasia. Comments on frequency, 

mutation rate, and radiological features in skull and spine. J Med 

Genet 16(2): 140-146.

Ohlsson C, Nilsson A, Isaksson OOP, Lindahl A 1992 Growth hormone

induces multiplication of the slowly cycling germinal cells of the rat 

tibial growth plate. Proc Natl Acad Sci USA 89: 9826-9830.

Ohlsson C, Isgaard J, Tornell J, Nilsson A, Isaksson OGP, Lindahl A 1993 

Endocrine regulation of bone growth. Acta Paediatr 391(suppl): 

33-40.

Okabe T, Nishikawa K, Miyamori C, Sato T 1991 Growth promoting effect 

of human growth hormone on patients with achondroplasia. Acta 

Paediatr Jpn 33: 357-362.

Omitz DM, Xu J, Colvin JS, McEwen DG, MacArthur CA, Coulier F, Gao 

G, Goldfarb M 1996 Receptor specificity of the fibroblast growth 

factor family. J Biol Chem 271: 15292-15297.

Parrot JM 1878 Sour less malformations achondroplasiques et le dieu 

ptah,Bull. Soc Anthrop 1: 296.

Partanen AM 1990a EGF receptors in the development of epithelio 

mesenchymal organs. Mol Reprod Dev 27: 60-65.

Partanen AM 1990b Epidermal growth factor and transforming growth

factor-alpha in the development of epithelial-mesenchymal organs of 

the mouse. Curr Top Dev Biol 24:31-55.

205



Partanen J, Makela TP, Eerola E, Korhonen J, HirvoneN H, Claesson-Welsh 

L, Alitalo K 1991 FGFR-4, a novel acidic fibroblast growth factor 

receptor with a distinct expression pattern. EMBO J 10(6): 1347- 

1354.

Pasquale EB, Singer SJ 1989 Identification o f developmentally regulated 

protein-tyrosine kinase by using anti-phosphotyrosine antibodies to 

screen a cDNA expression library. Proc Natl Acad Sci USA 86: 

5449-5453.

Pasquale EB 1990 A distinctive family of embryonic protein-tyrosine kinase 

receptors. Proc Natl Acad Sci USA 87: 5812-5816.

Patstone G, Pasquale EB, Maher PA 1993 Different members of the

fibroblast growth factor receptor family are specific to distinct cell 

types in the developing chick embryo Development 155: 107-123.

Pauli RM, Conroy MM, Langer LG, Me Lone DG, Naidich T, Franciosi R, 

Ratner IM, Copps SC 1983 Homozygous achondroplasia with 

survival beyond infancy. Am J Med Genet 16: 459-473.

Penrose LS Parental age and mutation 1955 Lancet 2: 312-313.

Perez Castro AV, Wilson J, Altherr MR 1995 Genomic organization of the 

mouse fibroblast growth factor receptor 3 (Fgfr3) gene. Genomics 

30: 157-162.

Perez-Castro AV, Wilson J, Altherr MR 1997 Genomic organisation of the 

human fibroblast growth factor receptor 3 (FGFR3) gene and 

comparative sequence analysis with the mouse FGFR3 gene. 

Genomics 41: 10-16.

206



Peters K, Omitz D, Werner S, Williams L 1993 Unique expression pattern 

of the FGF receptor 3 gene during mouse organogenesis. Dev Biol 

155:423-430

Ponsetti IV 1970 Skeletal growth in achondroplasia. J Bone Joint Sur g Br 

52: 701-716.

Prinos P, Costa T, Sommer A, Kilpatrick MW, Tsipouras P 1995 A 

common FGFR3 gene mutation in hypochondroplasia. Hum Mol 

Genet 4:2097-2101.

Prinster C, Carrera P, Del Maschio M, Weber G, Maghnie M, Vigone MC, 

Mora S, Tonini G, Rigon F, Beluffi G, Severi F, Chiumello G, 

Ferrari M 1998 Comparison of clinico-radiological and molecular 

findings in hypochondroplasia. Am J Med Genet 75: 109-112.

Ranke MB, Pfiuger H, Rosendahl W, Stubbe P, Enders H, Bierich JR, 

Majewski F 1983 Turner syndrome: spontaneous growth in 150 

cases and review of the literature. Bur J Pediatr 141:81-8.

Raz V, Kelman Z, Avivi A, Neufeld G, Givol D, Yarden Y 1991 PCR 

based identification of new receptors: molecular cloning of a 

receptor for fibroblast growth factors. Oncogene 6: 753-760.

Reardon W, Winter RM, Rutland P, Pulleyn LJ, Jones BM, Malcolm S 

1994 Mutations in the fibroblast growth factor receptor 2 gene 

causes crouzon syndrome. Nature Genetics 8:98-103.

Reid HH, Wilks AF, Bernard O 1990 Two forms of the basic fibroblast 

growth factor receptor-like mRNA are expressed in the developing 

mouse brain. Proc Natl Acad Sci USA 87: 1596-1600.

207



Rongen-Westerlaken C, Wit JM, Drop SLS, Otten BJ, Oostdijk W,

Delamarre-van der Waal HA, Gons MH, Hot A, Van den Brande JL 

1988 Methionyl human growth hormone in Turner's Syndrome. 

Arch Dis Child 63: 1211-1217.

Rosenfeld RG, Hintz RL, Johanson AJ, Sherman B, Brasel A, Bumstein S, 

Chemausek S, Compton P, Frane J, Gotlan RW, Kuntze J, Lippe 

BM, Mahoney PC, Moore WV, New MI, Saenger P, Sybert V 1988 

Three year results of a randomized prospective trial of methionyl 

growth hormone and oxandrolone in Turner Syndrome. J Pediatr 

113: 393-400.

Rosenfeld RG, Attie KM, Frane J, Brasel JA, Cara JF, Chemasuk S, Gotlin 

RAW, Chintz J, Lippe BM, Mahoney CP, Moore WV, Saenger P, 

Johanson AJ 1998 Growth hormone therapy in Turner's syndrome: 

beneficial effect on adult height. J Pediatr 132: 319-324.

Rosenquist TA, Martin GR 1996 Fibroblast growth factor signaling in the 

hair cycle: expression of the fibroblast growth factor receptor and 

ligand genes in the murine hair follicle. Dev Dyn 205: 379-386.

Rousseau F, Bonaventure J, Legeai Mallet L, Pelet A, Rozet JM, Maroteaux 

P, Le Merrer M, Munnich A 1994 Mutations in the gene encoding 

fibroblast growth factor receptor-3 in achondroplasia. Nature 371: 

252-254.

Rousseau F, Bonaventure J, Legeai Mallet L, Pelet A, Rozet JM, Maroteaux 

P, Le Merrer M, Munnich A 1996a Mutations of the fibroblast

208



growth factor receptor-3 gene in achondroplasia. Horm Res 45: 108- 

110 .

Rousseau F, Bonaventure J, Legeai Mallet L, Schmidt H, Weissenbach J, 

Maroteaux P, Munnich A, Le Merrer M 1996b Clinical and genetic 

heterogeneity of hypochondroplasia. J Med Genet 33(9): 749-752.

Rutland P, Pulleyn LJ, Reardon W, Baraitser M, Hayward R, Jones B, 

Malcolm S, Winter RM, Oldridge M, Slaney SF, Poole MD, 

Wilkie AOM 1995 Identical mutations in the FGFR2 gene cause 

both Pfiffer and Crouzon syndrome phenotypes. Nature Genetics 

9: 173-176.

Safran A, Provenzano C, Sagi-Eisenberg, Fuchs S 1990 Phosphorylation of 

membrane-bound acetylcholine receptor by protein kinase C 

characterisation and subunit specificity. Biochemistry 29: 6730- 

6734.

Saggese G, Cesaretti G 1989 Criteria for recognition of the growth- 

inefficient child who may respond to treatment with growth 

hormone. Am J Dis Child 27: 355-361.

Sanger F, Nicklen S, Coulson AR 1977 DNA sequencing with chain- 

terminating inhibitors. Proc Natl Acad Sci USA 74: 5463-5467.

Santos Ocampo S, Colvin JS, Chellaiah A, Omitz DM 1996 Expression and 

biological activity of mouse fibroblast growth factor-9. J Biol Chem 

277(3): 1726-1731.

Scott Jr Cl 1976 Achondroplastic and hypochondroplastic dwarfism Clin 

Orthopaedic Related Research 114: 18-30.

209



Seino Y, Moriwake T, Tanaka H, Inoue M, Kanzaki S, Tanaka T, Matsuo N, 

Niimi H 1999 Molecular defects in achondroplasia and the effects of 

growth hormone treatment. Acta Paediatr (Suppl) 88: 118-120.

Shah K, Astley R, Cameron A 1973 Thanatophoric dwarfism. J Med Genet 

10:243-252.

Sheffield VC, Beck JS, Kwitek AE, Sandstrom DW, Stonet EM 1993 The 

sensitivity of single-strand conformational polymorphism analysis 

for the detection of single base substitutions. Cell 16: 325-332.

Shiang R, Thompson LM, Zhu Y, Church DM, Fielder TJ, Bocian M, 

Winokur ST, Wasmuth JJ 1994 Mutations in the transmembrane 

domain of FGFR3 causes the most common genetic form of 

dwarfism, achondroplasia. Cell 78: 335-342.

Shohat M, Tick D, Barakat S, Bu X, Melmed S, Rimoin DL 1996 Short

term recombinant human growth hormone treatment increases 

growth rate in achondroplasia. J Clin Endocrinol Metab 81 : 

4033-4037.

Sisson HA 1971 The growth of bone. In: The biochemistry and physiology 

of bone. Ed: Bourne G New York: Academic Press: 145-180.

Spadoni GL, Cianfarani S, Bemadini S, Vaccaro F, Galasso C, Manca Bitti 

M, Boscherini B 1988 Twelve hour spontaneous nocturnal growth 

hormone secretion in growth retarded patients. Clin Pediatrics 10: 

473-478.

Specht EE, Daentl DL Hypochondroplasia 1975 Clinical Orthopaedics 

110:249-255.

210



Stamoyannou L, Karachaliou F, Neou P, Papataxiarchou K, Piste vos G,

Bartsocas CS 1997 Growth and growth hormone therapy in children 

with achondroplasia: a two-year experience. Am J Med Genet 72 

(1): 71-76.

Stanescu V, Bona C, lonescu V 1970 The tibial growing cartilage biopsy in 

the study of growth disturbances. Acta Endocrinol (Copenh) 64: 577- 

601.

Stanescu V, Stanescu R, Szirmai JA 1972 Microchemical analysis of the 

human tibial growth cartilage in various forms of dwarfism. Acta 

Endocrinol (Copenh) 69: 659-688.

Stanescu V, Maroteaux P, Stanescu R 1982a The biochemical defect of 

pseudoachondroplasia. Eur J Pediatr 138(3): 221-225.

Stanescu V, Stanescu R, Maroteaux P 1982b Pathogenesis of

pseudoachondroplasia and diastrophic dysplasia. Pro Clin Biol Res 

104: 385-394.

Stanescu V, Stanescu R, Maroteaux P 1984 Pathogenic mechanisms in 

osteochondrodysplasias. J Bone Joint Surg Am 66(6): 817-836.

Stanescu R, Stanescu V, Maroteaux P 1990 Homozygous achondroplasia: 

morphologic and biochemical study of cartilage. Am J Med Genet 

37: 412-421

Strachan T, Andrew PR 1996 Human Molecular Genetics. Bios Scientific 

Publishers Ltd, Oxford: 129-145.

211



Su WC, Kitagawa M, Xue N, Xie B, Garofalo S, Cho J, Deng C, Horton 

WA, Fu XY 1997 Activation of Statl by mutant fibroblast growth- 

factor receptor in thanatophoric dysplasia type II dwarfism. Nature 

386: 288-292.

Superti-Furga A, Eich GU, Bucher H 1995 A glycine 375 to cysteine

substitution in the transmembrane domain of the fibroblast growth 

factor receptor-3 in a newborn with achondroplasia. Eur J Pediatr 

95:215-219.

Sweetman WA, Rash B, Sykes B, Beighton P, Hecht JT, Zabel B, Thomas 

JT, Boot Handford R, Grant ME, Wallis GA 1992 SSCP and 

segregation analysis of the human type X collagen gene (COLlOAl) 

in heritable forms of chondrodysplasia. Am J Hum Genet 51: 841- 

849.

Taback SP, Collu R, Deal CL, Guyda HJ, Salisbury S, Dean HJ 1996 Does 

growth hormone affect adult height in Turners syndrome. Lancet 

348: 25-27.

Tanaka H, Kubo T, Yamate T, Ono T, Kanzaki S, Seino Y 1998 Effect of 

growth hormone therapy in children with achondroplasia: growth 

pattern, hypothalamic-pituitary function, and genotype. Eur J 

Endocrinol 138(3): 275-280.

Tanner JM 1962 Growth at adolescence. 2nd edn. Oxford: Blackwell 

Scientific Publications.

212



Tanner JM, Whitehouse RH, Takaishi M 1965 Standards from birth to 

maturity for height, weight, height velocity and weight velocity: 

British children 1965a. Arch Dis Child 41: 454 - 471.

Tanner JM, Whitehouse RH, Takaishi M 1965 Standards from birth to 

maturity for height, weight, height velocity and weight velocity: 

British children 1966b. Arch Dis Child 41: 613-635.

Tanner JM, Whitehouse RH 1976 Clinical longitudinal standards for height, 

weight, height velocity and weight velocity and stages of puberty. 

Arch Dis Child 51: 170-179.

Tanner JM, Whitehouse RH 1978 Standards for sitting height and subischial 

leg length from birth to maturity; British children. Ware, 

Hertfordshire: Castlemead Publications.

Tavormina PL, Shiang R, Thompson LM, Zhu Y-Z, Wilkin DJ, Lachman 

RS, Wilcox WR, Rimoin DL, Cohn DH, Wasmuth JJ 1995 

Thanatophoric Dysplasia (Types I and II) caused by distinct 

mutations in fibroblast growth factor receptor 3. Nature Genetics 9: 

321-328.

Tavormina PL, Bellus GA, Webster MK, Bamshad MJ, Fraley AE, 

McIntosh I, Szabo J, Jiang W, Jabs EW, Wilcox WR, Wasmuth JJ, 

Donoghue DJ, Thompson LM, Francomano CA 1999 A novel 

skeletal dysplasia with developmental delay and acanthosis nigricans 

is caused by a Lys650Met mutation in the fibroblast growth factor 

receptor 3 gene. Am J Med Genet 64: 722-731.

213



Thompson JN, Bradley Schaefer G, Conley MC, Mascie-Taylor CGN 1986 

Paternal age and achondroplasia (letter) N Eng J Med 314: 521-522.

Thompson LM, Plummer S, Schalling M, Altherr MR, Gusella JF, Housman 

DE, Wasmuth JJ 1991 A gene for a fibroblast growth factor receptor 

isolated from the Huntington disease gene region of human 

chromosome 4. Genomics 11: 1133-1142.

Thomgren KG, Hansson LI 1973 Effect of thyroxine and growth hormone 

on longitudinal bone growth in the hypophysectomised rat. Acta 

Endocrinol (Copenh) 74: 24-40.

Tonoki H, Nakae J, Tajima T, Shinohara N, Monji J, Satoh S, Fujieda K 

1995 Predominance of the mutation at 1138 of the cDNA for the 

fibroblast growth factor receptor 3 in Japanese patients with 

achondroplasia. Jpn J Hum Genet 40(4): 347-349.

Torrado C, Bastian W, Wisniewski KE, Castells S 1991 Treatment of 

children with Down's Syndrome and growth retardation with 

recombinant human growth hormone. J Pediatr 119(3): 478-483.

Ullrich A, Schlessinger J 1990 Signal transduction by receptors with 

tyrosine kinase activity. Cell 61: 203-12.

Vanderschueren-Lodeweyckx M, Massa G, Maes M, Craen M, Van Vliet G, 

Heinrichs C, Malvaux P 1990 Growth promoting effect of growth 

hormone and low dose ethinyloestradiol in girls with Turner's 

Syndrome. J Clin Endo Metab 70: 122-126.

214



Velinov M, Slaugenhaupt SA, Stoilov I, Scott Jr Cl, Gusella JF, Tsipouras P 

1994 The gene for achondroplasia maps to the telomeric region of 

chromosome 4. Nature Genet 6: 314-317.

Walker BA, Murdoch JL, McKusick VA 1971 Hypochondroplasia. Am J 

Dis Child 122: 95-104.

Wang TR, Wang WP, Hwu WL, Lee ML 1996 Fibroblast growth factor

receptor 3 (FGFR3) gene G1138A mutation in Chinese patients with 

achondroplasia. Hum.Mutat. 8:178-179.

Wang Y, Spatz MK, Kannan K, Hayk H, Avivi A, Gorivodsky M, Pines M, 

Yayon A, Lonai P, Givol D 1999 A mouse model for achondroplasia 

produced by targeting fibroblast growth factor receptor 3. Proc Natl 

Acad Sci USA 96: 4455-4460.

Weber B, Reiss O, Hutchinson G, Collins C, Lin B, Kowbel D, Andrew S, 

Schappert K, Hayden MR 1991 Genomic organisation and complete 

sequence of the human gene encoding the beta subunit of the cGMP 

phosphodiesterase and its localisation to 4pl6.3. Nucleic Acids 

Research 19(22): 6263-6268.

Weber G, Prinster C, Meneghel M, Russo F, Mora S, Puzzovio M, Del

Maschio M, Chiumello G 1996 Human growth hormone treatment 

in prepubertal children with achondroplasia. Am J Med Genet 61(4): 

396-400.

Webster MK, Donoghue DJ 1996 Constitutive activation of fibroblast 

growth factor receptor 3 by the transmembrane domain point 

mutation found in achondroplasia. EMBO J 15(3): 520-527.

215



Webster MK, Donoghue DJ 1997 Enhanced signaling and morphological 

transformation by a membrane-localized derivative of the fibroblast 

growth factor receptor 3 kinase domain. Mol Cell Biol 17(10): 

5739-5747.

Werner S, Duan D, de Vries C, Peters KG, Johnson DE, Williams TL 1992 

Differential splicing in the extracellular region of fibroblast growth 

factor receptor 1 generates receptor variants with different ligand- 

binding specificities. Mol Cell Biol 12: 82-88.

Whittall R, Gudnason V, Weavind GP, Day LB, Humphries SE, Day INM 

1995 Utilities for high throughput use of the single strand 

conformational polymorphism method: screening of 791 patients 

with familial hypercholesterolemia for mutations in exon 3 of low 

density lipoprotein receptor gene. J Med Genet 32: 509-15.

Wilkie A, Morris-Kay G, Jones E 1995a Function of fibroblast growth 

factors and their receptors. Curr Biol 15: 520-527.

Wilkie AO, Slaney S, Oldridge M, Poole M, Ashworth GJ, Hockley AD, 

Hayward RD, David DJ, Pulleyn LJ, Rutland P, Malcolm S, Winter 

RM, Reardon W 1995b Aperts syndrome results from localised 

mutations of FGFR2 and is allelic with Crouzon syndrome. Nature 

Genet 9: 165-172.

Wood WI, Gitschier J, Lasky LA, Lawn RM 1985 Base composition- 

independent hybridisation in tétraméthylammonium chloride: a 

method for oligonucleotide screening of highly complex gene 

libraries. Proc Natl Acad Sci USA 821: 585-588.

216



Wuchner C, Hilbert K, Zabel B, Winterpacht A 1997 Human fibroblast 

growth factor receptor 3 gene (FGFR3): genomic sequence and 

primer set information for gene analysis. Hum Genet 100(2): 215- 

219.

Wu-Chou SS, Kitagawa M, Xue N, Xie B, Garofalo S, Cho J 1997

Activation of Stat I by mutant fibroblast growth factor receptor in 

Thanatophoric Dysplasia Type II dwarfism. Nature 386: 288-292.

Wynne-Davies R, Walsh WK, Gormley J 1981 Achondroplasia and 

hypochondroplasia. J Bone Joint Surg 63: 508-515.

Yamate T, Kanzaki S, Tanaka H, Kubo T, Moriwake T, Inoue M, Seino Y 

1993 Growth hormone (GH) treatment in achondroplasia. J Pediatr 

Endocrinol 6(1): 45-52.

Zadik Z, Landau H, Chen M, Altman Y, Lieberman E 1992 Assessment of 

growth hormone (GH) axis in Turner's syndrome using a 24 hour 

integrated concentrations of insulin-like growth factor-I, plasma GH- 

binding activity, GH binding to IM 9 cells, and GH response to 

pharmacological stimulation. J Clin Endocrinol Metab 75: 412-416.

Zimmer Y, Givol D, Yayon A 1993 Multiple structural elements determine 

ligand binding of fibroblast growth factor receptors. J Biol Chem 

268: 7899-7903.

217



17. DECLARATION

The work involved in this thesis was performed and completed during my 3 

years as a research fellow at The London Centre for Paediatric 

Endocrinology and Metabolism. Patient recruitments were from 

endocrinology clinics at The Middlesex Hospital, Mortimer Street, London 

and Great Ormond Street Childrens Hospital NHS Trust, Great Ormond 

Street, London.

Auxological measurements were made by accredited measurers in the 

department during the outpatient visits and I am very grateful for their help 

in this project. I was responsible for setting up a personal database of all 

children with Hypochondroplasia and Achondroplasia. Anthropometric data 

were obtained from growth cards and I was responsible for calculation of 

standard deviation scores in these patients and subsequent analysis.

Valuable information on early responses to growth hormone therapy was 

extrapolated from previous studies by Dr. Bridges and Dr. Appan. Some of 

the older children with achondroplasia and hypochondroplasia had been 

included in their studies. However, the majority of children within my 

cohort of cases were those who presented later and had been recruited for 

growth hormone trials at the London Centre of Paediatric Endocrinology 

and Metabolism.

218



A single blood sample was collected from patients and their family members 

when available. Sample collection was performed by myself in most cases 

and occasionally by my colleagues within the department of endocrinology. 

All molecular studies in this project was done by myself under the 

supervision of Dr. Gill Rumsby, Senior Lecturer, Department of Chemical 

and Molecular Pathology, Windeyer Building, Cleveland Street, London 

(University College London Hospitals).

The statistical analysis in this project was performed by myself and 

supervised by Dr. Helen Spoudeas, Consultant Endocrinologist and Dr.

Peter Hindmarsh, Reader in Paediatric Endocrinology

Radiological confirmation of hypochondroplasia was made by consultant 

radiologists Dr. Chapman, The Middlesex Hospital, London and Dr Hall, 

Great Ormond Street Childrens Hospital, London.

Ethical approval for this study was obtained from the joint UCL/UCLH 

committee on the Ethics of Human Research: reference number 95/108. 

Informed consent was obtained from parents and children (where 

appropriate). I am grateful for the three years as a research fellow being 

funded by The National Health Service Executive Responsive Funding 

Programme, Children Nationwide Medical Research Fund and Pharmacia- 

Upjohn who supplied the recombinant human growth hormone used in this 

study.

219



18. PUBLICATIONS ARISING FROM THIS THESIS

Ramaswami U, Rumsby G, Hindmarsh PC, Brook CO 1998 Genotype and 
phenotype in hypochondroplasia. J Pediatr 133(1): 99-102

Ramaswami U, Hindmarsh PC, Brook CGD 1999 Growth hormone therapy 
in hypochondroplasia. Acta Paediatr (Suppl) 88: 116-117

Ramaswami U, Rumsby G, Spoudeas HA, Hindmarsh PC, Brook CGD 
1999 Treatment of Achondroplasia with growth hormone: Six years 
experience. Ped Res 46(4): 435-439

PRESENTATIONS AND ABSTRACT PUBLICATIONS

5th Joint Meeting of the European Society of Paediatric Endocrinology & 
Lawson Wilkins Pediatric Endocrine Society, Stockholm, 1997. 
Ramaswami U, Rumsby G, Brook CGD, Hindmarsh PC. Skeletal and 
genetic heterogeneity in Hypochondroplasia. Hormone Research 1997; 
48(2): 69

American Endocrine Society Meeting, New Orleans, 24th - 27th June 1998 
Ramaswami U, Rumsby G, Hindmarsh PC, Brook CGD.
Recombinant human growth hormone therapy in 35 children with 
Achondroplasia

European Society of Paediatric Endocrinology, Florence, Sept 1998 
Ramaswami U, Rumsby G, Spoudeas HA, Hindmarsh PC, Brook CGD. The 
value of mutation analysis in predicting the anthropometric response to 
growth hormone therapy. Horm Res 1998; 50(suppl): 48

220


