
the possible eVects of shared ancestry and exercise on the
clinical expression of a specific mutation, especially in
subpopulation groups with known founder eVects.

Although these examples of divergent phenotypic
expression in kindred 101a and the twins in pedigree 138
are based on small numbers, they lend support to the
notion that HCM is not a simple monogenic disorder and
that both genetic and environmental factors are modifiers
of the disease phenotype. A strategy followed in studies of
disease phenotypes with multifactorial aetiology is to
reduce the complexity of analysis by investigating geneti-
cally homogeneous subjects. The presence of the founder
MYH7 A797T mutation suggests that the families
harbouring it share a degree of common ancestry. We
therefore propose that the presence of this HCM causing
mutation with incomplete penetrance, in a substantial
group of related people, provides an opportunity to inves-
tigate the role of additional factors involved in the develop-
ment of the disease phenotype. Only when these factors are
known will the puzzling variability in the clinical expression
which is a feature of HCM mutations, and the true patho-
physiology of this disease, be understood.

We wish to thank the patients and their families for participating in this study, as
well as the physicians who referred patients and collected samples. The work was
supported by the South African Medical Research Council and the Harry and
Doris Crossley Fund of the University of Stellenbosch.

JOHANNA MOOLMAN-SMOOK*
WILLEM DE LANGE*
VALERIE CORFIELD*

PAUL BRINK†
*US/MRC Centre for Molecular and Cellular Biology, Department of
Medical Biochemistry, University of Stellenbosch Medical School, PO Box
19063, Tygerberg 7505, South Africa
†Department of Internal Medicine, University of Stellenbosch Medical
School and Tygerberg Hospital, Tygerberg, South Africa

Correspondence to: Dr Corfield, VCl@gerga.sun.ac.za

1 Maron BJ, Gardin JM, Flack JM, Gidding SS, Kurosaki TT, Bild DE.
Prevalence of hypertrophic cardiomyopathy in a general population of
young adults: echocardiographic analysis of 4111 subjects in the CARDIA
study. Circulation 1995;92:785-9.

2 McKenna WJ, Watkins HC. Hypertrophic cardiomyopathy. In: Scriver CR,
Beaudet AL, Sly WS, Valle D. eds. The metabolic and molecular bases of inher-
ited disease. Vol III, 7th ed. New York: McGraw-Hill Health Professions
Division, 1995:4253-72.

3 Moolman JC, Corfield VA, Posen B, Ngumbela K, Seidman C, Brink PA,
Watkins H. Sudden death due to troponin T mutations. J Am Coll Cardiol
1997;29:549-55.

4 Watkins H, McKenna WJ, Thierfelder L, Suk HJ, Anan R, O’Donoghue A,
Spirito P, Matsumori A, Moravec C, Seidman JG, Seidman CE. Mutations
in the genes for cardiac troponin T and á-tropomyosin in hypertrophic car-
diomyopathy. N Engl J Med 1995;332:1058-64.

5 Bonne G, Carrier L, Richard P, Hainque B, Schwartz K. Familial
hypertrophic cardiomyopathy: from mutations to functional defects. Circ
Res 1998;83:580-93.

6 Watkins H, Rosenzweig T, Hwang DS, Levi T, McKenna W, Seidman CE,
Seidman JG. Characteristics and prognostic implications of myosin
missense mutations in familial hypertrophic cardiomyopathy. N Engl J Med
1992;326:1108-14.

7 Niimura H, Bachinski LL, Sangwatanaroj S, Watkins H, Chudley AE,
McKenna W, Kristinsson A, Roberts R, Sole M, Maron BJ, Seidman JG,
Seidman CE. Mutations in the gene for cardiac myosin-binding protein C
and late-onset familial hypertrophic cardiomyopathy. N Engl J Med
1998;338:1248-57.

8 Yu B, French JA, Carrier L, Jeremy RW, McTaggart DR, Nicholson MR,
Hambly B, Semsarian C, Richmond DR, Schwartz K, Trent RJ. Molecular
pathology of familial hypertrophic cardiomyopathy caused by mutations in
the cardiac myosin binding protein C gene. J Med Genet 1998;35:205-10.

9 Yamauchi-Takihara K, Nakajima-Taniguchi C, Matsui H, Fujio Y, Kunisada
K, Nagata S, Kishimoto T. Clinical implications of hypertrophic cardiomyo-
pathy associated with mutations in the alpha-tropomyosin gene. Heart
1996;76:63-5.

10 Flavigny J, Richard P, Isnard R, Carrier L, Charron P, Bonne G, Forissier JF,
Desnos M, Dubourg O, Komajda M, Schwartz K, Hainque B.
Identification of two novel mutations in the ventricular regulatory myosin
light chain gene (MYL2) associated with familial and classical forms of
hypertrophic cardiomyopathy. J Mol Med 1998;76:208-14.

11 Kimura A, Harada H, Park JE, Hishi H, Satoh M, Takahashi M, Hiroi S,
Sasaoka T, Ohbuchi N, Nakamura T, Koyanagi T, Hwang TH, Choo JA,
Chung KS, Hasegawa A, Nagai R, Okazaki O, Nakamura H, Matsuzaki M,
Sakamoto T, Toshima H, Koga Y, Imaizumi T, Sasazuki T. Mutations in
the cardiac troponin I gene associated with hypertrophic cardiomyopathy.
Nat Genet 1997;16:379-82.

12 Schwartz K, Carrier L, Cuicheney P, Komajda M. Molecular basis of famil-
ial cardiomyopathies. Circulation 1995;91:532-40.

13 Epstein ND, Cohn GM, Cyran F, Fananapazir L. DiVerence in clinical
expression of hypertrophic cardiomyopathy associated with two distinct
mutations in the â-myosin heavy chain gene: a 908 Leu-Val mutation and a
403 Arg-Gln mutation. Circulation 1992;86:345-52.

14 Posen BM, Moolman JC, Corfield VA, Brink PA. Clinical and prognostic
evaluation of familial hypertrophic cardiomyopathy in two South African
families with diVerent cardiac â myosin heavy chain gene mutations. Br
Heart J 1995;74:40-6.

15 Coviello DA, Maron BJ, Spirito P, Watkins H, Vosberg HP, Thierfelder L,
Schoen FJ, Seidman JG, Seidman CE. Clinical features of hypertrophic
cardiomyopathy caused by mutation of a “hot spot” in the alpha-
tropomyosin gene. J Am Coll Cardiol 1997;29:635-40.

16 Moolman JC, Brink PA, Corfield VA. Identification of a novel Ala797Thr
mutation in exon 21 of MYH7. Hum Mutat 1995;6:197-8.

17 Moolman-Smook JC, De Lange WJ, Bruwer ECD, Brink PA, Corfield VA.
The origins of hypertrophic cardiomyopathy-causing mutations in two
South African sub-populations: a unique profile of both independent and
founder events. Am J Hum Genet 1999;65:1308-20.

18 Corfield VA, Moolman JC, Martel R, Brink PA. Polymerase chain reaction-
based detection of MN blood group-specific sequences in the human
genome. Transfusion 1993;33:119-24.

19 Romhilt DW, Estes EH. A point score system for the ECG diagnosis of left
ventricular hypertrophy. Am Heart J 1968;75:752-8.

20 Kaplan EL, Meier P. Nonparametric estimation from incomplete observa-
tions. J Am Stat Assoc 1958;53:457-81.

21 Southern E. Detection of specific sequences among DNA fragments
separated by gel electrophoresis. J Mol Biol 1975;98:503-17.

22 Schäfer R, Zischler H, Epplen JT. (CAG)5, a very informative oligonucle-
otide probe for DNA fingerprinting. Nucleic Acids Res 1988;16:5196.

23 Tesson F, Dufour C, Moolman JC, Carrier L, Al-Mahdavi S, Chojnowska L,
Dubourg O, Soubrier F, Brink P, Komajda M, Guicheney P, Schwartz K,
Feingold J. The influence of the angiotensin-1 converting enzyme genotype
in familial hypertrophic cardiomyopathy varies with the disease gene muta-
tion. J Mol Cell Cardiol 1996;29:831-8.

24 Ko YL, Tang TK, Chen JJ, Hsieh YY, Wu CW, Lien WP. Idiopathic hyper-
trophic cardiomyopathy in identical twins. Morphological heterogeneity of
the left ventricle. Chest 1992;102:783-5.

25 Reid JM, Houston AB, Lundmark E. Hypertrophic cardiomyopathy in
identical twins. Br Heart J 1989;62:384-8.

26 Woodiwiss AJ, Norton G. Exercise-induced cardiac hypertrophy is
associated with an increased myocardial compliance. J Appl Physiol
1995;78:1303-11.

J Med Genet 2000;37:956–958

Germline and somatic mosaicism in
achondroplasia

EDITOR—We describe a sib recurrence in achondroplasia
with parents of normal stature. Both aVected oVspring
carry the same causal mutation (G1138C) in the fibroblast
growth factor receptor 3 (FGFR3) gene. Despite having no
clinical features of achondroplasia, a proportion of the
mother’s peripheral blood leucocytes also contained the
mutant FGFR3 allele. We conclude she is a germline and
somatic mosaic for achondroplasia and that both children
have inherited the condition from her. To our knowledge,
this is the first confirmed case of germline mosaicism in
achondroplasia.

Achondroplasia is the commonest form of short limbed
dwarfism (birth incidence estimated at between 1:10 000
and 1:70 000)1 and is transmitted as an autosomal
dominant trait. As is often the case among dominant traits,
a high proportion of cases are new mutations but
achondroplasia is unusual in that the great majority are
caused by one of two mutations at the same nucleotide in
the transmembrane domain of the FGFR3 gene (G1138A
transition and G1138C transversion).1 In common with
other FGFR3 mutations which cause skeletal dysplasia, the
pathogenic eVect of the achondroplasia mutations is
thought to be altered mitogenesis and/or diVerentiation
owing to constitutive activation of the receptor.2 There is a
marked paternal age eVect in achondroplasia and it has
recently been shown that new mutations in achondroplasia
are almost exclusively of paternal origin.3 We received
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peripheral blood DNA from a family with two children
with achondroplasia; both parents were of normal stature.
They had a total of four children of whom the second and
fourth were aVected. The mother was 27 years of age and
the father 53 years at the birth of their second aVected
child. Our first thoughts in this case, taking into account
the age of the father, were that the aVected sibs were the
result of two independent new mutations in the paternal
germline, as would be expected to occur by chance as a
very rare event.

To determine the FGFR3 mutation(s) in the aVected
oVspring, blood was collected from the aVected children
and from both parents. DNA was extracted and exon 10 of
the FGFR3 gene was amplified and products were digested
with the restriction enzymes BfmI and MspI. The G1138A
transition creates a restriction site for BfmI whereas the
G1138C transversion creates a restriction site for MspI.
Analysis showed that both children were heterozygous for
the rare G1138C transversion. The father did not have the
mutation in his blood but, surprisingly, the mother did.
However, the ratio of the G1138C allele compared to the
wild type allele was less than the 1:1, which would be
expected for a straightforward heterozygote (fig 1). The
relative proportion of the G1138C allele in the mother’s
blood leucocytes was determined using primer extension4

(fig 1) followed by densitometry. The proportion of the
mutant allele in the mother was found to be 28%. She has
a height of 169 cm, span of 171 cm, upper segment/lower
segment 0.09, left hand 17.6 cm, and head circumference
of 58 cm. Apart from her slightly larger head size and mild
obesity her appearance is normal.

We conclude that, despite her normal appearance, the
mother is a germline and somatic mosaic for the G1138C
mutation and both her aVected children have inherited the
mutant allele from her. Given the mother’s relatively high
proportion of mutant alleles, her lack of phenotypic
expression is surprising; a hypochondroplasia-like pheno-
type, which is less severe than achondroplasia, might have
been expected. The most likely explanation for this is the
tissue specific distribution of the mosaicism, although the
mutant allele is present in 28% of her peripheral blood
leucocytes it may be at lower levels in her chondrocytes.

Germline and somatic mosaicism are both reasonably
common features of genetic disorders. For example, in
Duchenne muscular dystrophy and osteogenesis imper-
fecta, 15% and 6% of cases, respectively, inherit the con-
dition from a detectably mosaic parent.5 Germline mosai-
cism results from a mutation in gamete precursors which
then continue to divide, whereas combined germline and
somatic mosaicism arises when the mutation occurs very
early in development before the germline and somatic lin-
eages have separated. As achondroplasia is a common
condition which arises from a highly mutable nucleotide,
high frequencies of mosaicism might have been expected.
Surprisingly, the frequency of germline mosaicism as evi-
denced by sib recurrence is very low. A few cases of recur-
rence have been reported,5 6 but so infrequently that it has
been calculated that they could be accounted for by inde-
pendent mutations alone. Clinical reports of somatic
mosaicism in achondroplasia are also extremely rare.7 For
some reason, somatic and germline mosaics occur much
more rarely in achondroplasia than in many other
dominant traits. One possibility is that for reasons as yet
unclear, FGFR3 nucleotide 1138 is only hypermutable in
the male germline. Alternatively, there could be somatic
selection against cells carrying the mutant allele. Interest-
ingly, Apert syndrome, which is mainly caused by either of
two point mutations in FGFR2, also seems to have low
levels of germline mosaicism.5 This apparent low
incidence of somatic mutation is at variance with recent

findings that somatic activating mutations of FGFR3 are
relatively common in multiple myeloma8 and carcinomas.9

However, all the FGFR3 mutations so far identified in
these malignant neoplasms are identical to activating
mutations that cause thanatophoric dysplasia. The greater
severity of this phenotype in comparison to achondro-
plasia is thought to be a reflection of the more strongly
activating nature of the thanatophoric dysplasia muta-
tions.10 That only these highly activating FGFR3 muta-
tions have so far been found in neoplasms may suggest
that the achondroplasia mutations, when they occur in
somatic cells, do not activate the receptor to a level that it
becomes oncogenic.

This is the first confirmed report of germline and
somatic mosaicism for an achondroplasia mutation.
FGFR3 nucleotide 1138 appears to be highly mutable in
the male germline, but somatic mutations resulting in
mosaicism are rare. The reasons for this discrepancy are
unknown but are clearly of importance to the understand-
ing of mutagenesis. The observation that the mother has a
normal appearance, despite a high proportion of the
achondroplastic allele in her somatic tissues, exemplifies
the fine balance that the fibroblast growth factors play in
morphological determination.

SHIRLEY HENDERSON*
DAVID SILLENCE†
JOHN LOUGHLIN*

Figure 1 (Upper panel). Digestion of 320 bp FGFR3 genomic PCR
product with MspI. Lanes 1, father; 2, mother; 3, first aVected child; 4,
second aVected child. Primers used were
5'-GGAGATCTTGTGCACGGTGG-3' and
5'-GCGCGTGCTGAGGTTCTGAG-3'. (Lower panel) Primer
extension was carried out with primer
5'-GATGAACAGGAAGAAGCCCA-3' (which binds 4 bp downstream
of nucleotide 1138) using methods described in Loughlin et al.4 The primer
was end labelled with ã32P dATP and the extension mix contained dA, dT,
dC, and ddG. The 20mer primer was extended by 4 bp for the
achondroplastic G1138C allele and by 5 bp for the wild type allele as
shown below (added nucleotides are shown underlined, nucleotide 1138 is
shown in bold).
Wild type template: 5'-CGGGGTGGGCTTCTTCCTGTTCATC-3'
Extended primer
(25mer): 3'-ddGCCCCACCCGAAGAAGGACAAGTAG-5'
G1138C template: 5'-CCGGGTGGGCTTCTTCCTGTTCATC-3'
Extended primer
(24mer): 3'-ddGCCCACCCGAAGAAGGACAAGTAG-5'
The products were then separated by electrophoresis through a 15%
denaturing polyacrylamide gel. The relative intensity of the 24mer and
25mer products was used to calculate the proportion of achondroplastic to
wild type allele. Lane order and PCR primers as above.

320 bp

1 2 3 4

212 bp

108 bp

25 mer

24 mer

20 mer
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Achondroplasia with the FGFR3
1138g→a (G380R) mutation in two
sibs sharing a 4p haplotype derived
from their unaVected father

EDITOR—The study of achondroplasia, the most frequent
skeletal dysplasia in man, has contributed several impor-
tant insights into both developmental biology and human
genetics, such as the recognition of the paternal age eVect
for dominant mutations,1 2 the first indication of the
importance of FGFR molecules in growth and develop-
ment,3 and the identification of the nucleotide with the
highest mutation rate known so far in man, nucleotide
1138 of the FGFR3 gene.4 Most cases of achondroplasia
are associated with the g→a transition at nucleotide 1138
of FGFR3.4

In spite of the frequency of achondroplasia, the birth of
two or more children with achondroplasia to unaVected
parents is surprisingly rare, with only a few examples pub-
lished.5 6 One instance of half sibs with achondroplasia
born to the same father has been reported.7 In contrast,
observations of achondroplasia in people more distantly
related are relatively more common.8–10 Thus, it is
uncertain whether instances of achondroplasia in sibs born
to unaVected parents are caused by somatic mosaicism (as
suggested by the observation of three aVected sibs from
normal parents6 7) or by independent chance events.8

Undoubtedly, somatic or germinal mosaicism for
achondroplasia must be orders of magnitude rarer than for
osteogenesis imperfecta or other dominant conditions.11

Approximately, 90% of cases of achondroplasia are
caused by de novo mutations, and all de novo achondro-
plasia mutations studied so far were found to have
occurred on paternal chromosomes.12 We observed
achondroplasia with characteristic clinical and radio-
graphic signs in a brother and sister born to parents of nor-
mal stature, lacking any clinical sign of either hypochon-
droplasia or achondroplasia, aged 28 years (mother) and
25 years (father) at the time of birth of the first child (fig 1).
The family agreed to have the molecular mechanism of
recurrence investigated and consented to venepuncture
and buccal smears. Both children were heterozygous (in
leucocyte DNA) for the g1138a (G380R) FGFR3
mutation, while that mutation was not found in parental
leucocyte or buccal smear DNA by either SSCP analysis or
direct sequencing of PCR products. This made parental
somatic mosaicism unlikely.

To investigate the origin of the mutation shared by the
two aVected sibs, inheritance of VNTR alleles on chromo-
some 4p was studied (fig 2). The aVected children had two
diVerent maternal haplotypes but shared a paternal 4p
haplotype encompassing the FGFR3 locus. As the FGFR3
g1138a mutation occurs exclusively on paternal chromo-
somes, and the aVected children had two diVerent
maternal 4p haplotypes, the most likely explanations for
these findings would be either two independent mutational
events occurring by chance on the same paternal
haplotype, or mosaicism at the spermatogonial level
(before meiosis I) in the father. Paternal sperm was not
available and the hypothesis of gonadal mosaicism could
not be further substantiated.

We conclude that recurrence of achondroplasia in this
family was associated with de novo mutational event(s)
occurring in the paternal germline, as is the case in
sporadic cases,12 but could not distinguish between
paternal gonadal mosaicism or the chance occurrence of
two independent mutation events.8 The apparent rarity of

Figure 1 Clinical appearance of the brother (right) and sister (left) with
achondroplasia aged 12 and 10 years, respectively.
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