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A human chondrodysplasia
due to a mutationin a TGF-f3
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The TGF-B superfamily comprises a number of
functionally diverse growth factors/signalling mole-
cules! which elicit their response upon binding to
serine-threonine kinase receptors?. We recently
reported the isolation and characterization of two
new members of the family, designated cartilage-
derived morphogenetic protein (CDOMP) 1 and 2 (ref.
3) which are closely related to the sub-family of
bone morphogenetic proteins. COMP-1 is predomi-
nantly expressed at sites of skeletal morphogene-
sis3, and we now show that a mutation in hCDMP-1
is associated with a recessive human chondrodys-
plasia (acromesomelic chondrodysplasia, Hunter-
Thompson type*5). The disorder, characterized by
skeletal abnormalities restricted to the limbs and
limb joints, is phenotypically similar to murine
brachypodism (bp) which is due to mutations in
growth/differentiation factor-5 (Gdf-5)%, the mouse
homologue of hCDMP-1. Affected individuals are
homozygous for a 22-bp (tandem-duplication)
frameshift mutation in the mature region of COMP-
1. The resulting phenotype provides direct evidence
for the involvement of CDMP-1 in human skeletal
development and represents the first human disor-
der attributable to a mutation in a TGF-p superfamily
member.

The sub-family of bone morphogenetic proteins
(BMP’s) was originally described as an activity isolated
from demineralised bone matrix’. Characterization by
protein purification and ¢cDNA cloning led to the discov-
ery of a family of TGF-B-related molecules®!* which are
soluble factors able to initiate in vivo the process of
endochondral ossification when implanted on a suitable
carrier at an ectopic site. It should be noted, however,
that the term ‘BMP’ has now become somewhat mis-
leading because BMP’s are also expressed by a number of
other tissues (reviewed in ref. 1) and homologues have
been isolated from species such as drosophila (dpp and
60A) and sea urchin (univin) which do not have a bony
skeleton'*16, In contrast, the physiological role of some
BMP’s in skeletal development is undoubted. For exam-
ple, the mouse genetic disorders short ear (se) and
brachypodism (bp) are due to null mutations in the
BMP-5 and growth differentiation factor-5 (GDF-5)
genes respectively®!” . Only a limited number of bones
are affected by the absence of each gene product, sub-
stantiating the hypothesis that the size, shape and form
of each bone in the skeleton is controlled by the compos-
ite expression pattern of a number of different factors.

The human osteochondrodysplasias comprise a large
and heterogeneous group of inherited disorders affecting
skeletal morphogenesis’®. Some members of the
acromesomelic group of chondrodysplasias!® exhibit
similarities to the mouse bp mutation®?? and, in particu-
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lar, individuals from a previously described family from
the Choco district of Columbia affected with Hunter-
Thompson type chondrodysplasia®. Hunter-Thompson
type chondrodysplasia®® and bp®20 are typified by
abnormalities restricted to the limbs, and the severity of
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Fig. 1 Morphological characteristics of affected individuals and X-
ray analysis. a, Patient 1: female, 20 years; abnormalities are limit-
ed to the limbs, the craniofacial and axial skeleton is normal. The
forearms and hands are relatively shorter than the upper arms and
the shanks are relatively shorter than the thighs. The feet are very
short and the third, fourth and fifth toes are ball shaped and func-
tionless. The ankles are dislocated and the feet are everted. Finger
and toe nails are normal. b, Patient 2, male 13 years; shows the
same short-limbed dysplasia as his sister but with additional dislo-
cations of the right hip, elbows and knees. Again, the hands and
feet are most severely affected, but the pattern of finger shortening
is different. Craniofacial and axial skeleton are normal. ¢, X-ray of
elbow of patient 2: posterior dislocation of the radial head. Com-
pared to the humerus, both radius and ulna are short and there is
bowing of the radius. d, X-ray of lower limbs of patient 2: severe
dislocations of both knees; hypo-plastic femoral condyles and
shortened tibiae. Very short fibulae adjacent to the distal tibial
shafts. e, X-ray of the left hand?® of an age and sex matched con-
trol of patient 2. f, X-rays of hands of patient 2 at age 13 years:
defects in both hands are symmetrical. Nine instead of eight carpal
bones, all of which are abnormally shaped. All metacarpals are
short and cuboidal and the growth plates of metacarpals and pha-
langes are prematurely closed (compare to ). The proximal and
medial phalanges are short. The proximal phalanges increase in
size from first to fifth finger, whereas the opposite is seen for the
medial phalanges. There is a fusion or absence of the medial pha-
lanx in the fifth finger. Distal phalanges are relatively normal.
Patient 1 refused radiographic examination. X-ray images shown in
¢, d and f are reproduced, with kind permission, from ref. 1. Image e
was reproduced from ref. 26.
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long bone shortening progresses in a proximal to distal
direction. The hands and feet are most severely affected
but the distal phalanges are relatively normal (Fig. 1). X-
ray analyses show long bone shortening, in the
metacarpals and possibly in the phalanges, to be coupled
with an apparent premature closing of the growth plates
(Fig. 1). Affected individuals have joint dislocations but
the number of joints involved is not consistent. The rea-
son for the variability is not known but the same phe-
nomenon has also been noted for bp mice?. Significant
differences exist between the mouse and human pheno-
types in the abnormalities observed in the phalangeal
bones. In digits 2-5 of bp mice, the proximal and medial
phalanges are replaced by a single bone, whereas in
Hunter-Thompson type chondrodysplasia there is con-
siderable variation in the extent of shortening of the
phalangeal bones (Fig. 1) with only digit 5 being
replaced by a single bone. It is unclear whether the single
phalangeal bones arise from a fusion of the proximal and
medial phalanges or whether the medial phalange is sim-
ply absent.

To analyse patient DNA for possible mutations in
hCDMP-1, the genomic structure (Fig. 2) and the
sequences of the exons and exon-intron junctions were
determined. Exon-intron junctions were deduced by
comparison of the genomic sequence with that of the
previously reported cDNA!® and the presence of splice
site consensus sequences at the predicted boundaries.
Intron sequences at the 3' end of exon 1 and the 5" end of
exon 2 were also determined to allow for the production
of polymerase chain reaction (PCR) primers for use in

Fig. 3 a, Pedigree of Hunter-Thompson type acromesomelic
dysplasia family. Affected individuals are indicated by black
boxes. Both affected individuals and their children [1-6] were
analysed for mutations in hCOMP-1 as described in Fig. 1.
Other family members were unavailable for study. Preliminary
linkage analysis, on family members 1-6, demonstrated that
both affected individuals exhibited the same CA dinucleotide
repeat banding pattern (results not shown). b, Second round
PCR products obtained from genomic DNA of affected individu-
als (1, 2), their non-affected children (3-6) and control DNA
(M,T). A 139-bp sequence flanking the mutation site within the
mature region of hCOMP-1 was amplified by PCR. Both affected
individuals are homozygous for the 22-bp duplication as indicat-
ed by the single PCR product of 151 bp and the four non-affect-
ed children are heterozygous.

Fig. 2 Individuals affected by Hunter-Thompson type chon-
drodysplasia have a frame shift mutation in the mature region of
hCDMP-1. a, Partial restriction map and schematic representa-
tion of hCDMP-1 showing the exon—intron locations, the domain
structure of the derived cDNA and the position and sequence of
the 22-bp tandem-duplication within the biologically active
mature region (shaded box). The open reading frame (ORF) of
hCDMP-1 is encoded by two exons. One exon encodes 5'-
untranslated region (UTR) and 681 bp of ORF. The second exon
encodes the remaining 873 bp of ORF and 557 bp of 3'-UTR.
The length of the intron separating the two exons is approxi-
mately 3 kb. The [CA], dinucleotide repeat, 5' of the transcription
start site, is highly polymorphic and was used to map hCOMP-1
to chromosome 20 g11.2 (manuscript submitted for publication).
S-Sacl; Sm-Smal; A-Apal; E-EcoRl. b, Sequences of the normal
and mutant hCOMP-1 alleles.

subsequent analyses of patient DNA. Genomic DNA was
isolated from whole blood or blood spots and hCDMP-1
was directly sequenced from PCR products. Sequence
differences were observed between affected and non-
affected individuals within the mature region of
hCDMP-1 at nucleotide positions 1448 and 1475. Subse-
quent sequence analysis of subcloned PCR products
revealed the existence of a frameshift mutation resulting
from a 22-bp insertion (Fig. 2). The insertion is a tan-
dem duplication at position 1475 of 14531474 resulting
in an altered open reading frame of 43 amino acids
before a stop codon is reached. PCR analysis of genomic
DNA revealed both affected individuals to be homozy-
gous for the 22 bp duplication and their non-affected
children to be heterozygous (Fig. 3).

The mutation observed in affected individuals’
CDMP-1 probably resuits in an altered structure of the
biologically active domain of this protein. CDMP-1 is
closely related to the BMP sub-family of TGF--like sig-
nalling molecules and is synthesized in a pro-form
which subsequently dimerize by a single interchain
disulfide bond. The mature biolgically active region is
formed following «cleavage at a characteristic
Arg-X-X-Arg sitel. The overall structure of the mature
protein is determined by the invariable spacing of seven
cysteine residues, one of which is involved in the forma-
tion of the interchain disulfide bond. The importance of
the cysteine residues in determining the structure and
ultimate function of TGF-f superfamily members has
been inferred from X-ray and nuclear magnetic imaging
(NMR) studies?!?? and demonstrated by site-directed
mutagenesis?>?*, Replacement of any one of the seven
conserved cysteine residues of TGF-f1 by a serine pro-
duces a dramatic reduction of activity’>?%. The muta-
tion in Hunter-Thompson type chondrodysplasia
occurs in the mature region at position 1475, 11 amino
acids after the third cysteine, disrupting the highly con-
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served seven cysteine pattern and results in a mature
protein where only the first 62 out of 120 amino acids
are in frame. The 43 out of frame amino acids share no
identity to the normal protein and therefore, in all proba-
bility, the mutation results in a loss of function. The dif-
ferences observed between Hunter-Thompson type
chondrodysplasia and the bp mouse phenotype may be
due to genetic background, differences between human
and mouse skeletal development or interspecies varia-
tion in expression patterns of other compensatory gene
products. An alternative explanation would be that some
residual activity still remains in the mutated hCDMP-1.
The nature of the mutation makes this unlikely and, in
addition, given that the TGF- superfamily are dimeric
proteins, if a mutated and a normal molecule were able
to associate together one would expect to observe a phe-
notype in heterozygous individuals. However, all the
heterozygous family members were normal.

It is becoming apparent that the development, size
and shape of every bone in the skeleton is controlled by
the composite expression pattern of a number of genes.
From studies on the human osteochondrodysplasias and
both naturally occurring and gene targeted mouse
mutations, much can be learned about the specific con-
tribution of any one gene product to overall skeletal
form. From the present investigation it is clear that the
development of the appendicular skeleton is influenced
by factors distinct from those of the craniofacial and
axial skeleton. hCDMP-1 is involved in determiing the
size and shape of the digits and the observation of joint
dysplasia alludes to an additional function in peripheral
joint morphogenesis.

Methods

Genomic clone isolation and detection of hCDMP-1 mutation.
Genomic clones [A-Fix (Stratagene)] encoding hCDMP-1 were
isolated using a 690-bp o>?P-dCTP-labelled cDNA encoding part
of the pro-region of hCDMP-1 {position 601-1291 in ref. 2).
Genomic DNA was isolated from whole blood (Puregene DNA
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isolation kit; Gentra Systems) or from blood spots 2°. Primer sets
were designed to amplify the entire ORF and exon—intron
boundaries and unless otherwise indicated, the numbers refer to
nucleotide positions in ref. 3. PCR products were cycle
sequenced using 3°S-dATP and the AmpliTaq kit (Perkin Elmer).
First round PCR amplifications used the primers 97-133 and
5'-CCCTCCATTCATGCAGATGCC-3' (6141 bp from the 5'
end of the intron) and 5'-GAATGGGGCAGAGGTGAAAG-3'
(124105 bp from the 3' end of the intron) and 1732-1710 under
the fotlowing conditions; 30 cycles at 94 °C for 5 s, 56 °C for 10 s
and 72 °C for 50 s. Second round amplifications used the same 5'
primers and primers 5'-ATGCCCCTCCCTCTGAGCCGT-3'
(45-25 bp from the 5' end of the intron) and 1680-1662.
Sequencing primers were 105-130, 316-336, 384366, 5'-ATGC-
CCCTCCCTCTGAGCCGT-3' (as above), CGAAGTGACTG-
GCTCCCTTGG-3' (68-39 bp from the 3' end of the intron),
830-855, 1243-1226, 1168-1188, 1378-1395 and 1680-1662.
PCR products containing the mutation region were sub cloned
into PCR-Script (Stratagene) and individual subclones were
sequenced using the primer sets 1168-1188, 1378-1395 and
1680-1662.

Demonstration that affected individuals are homozygous for
the hCDMP-1 mutation. Due to the high degree of identity
within the mature region of CDMP family members first round
PCR amplifications were carried out using primers in the pro-
region (830-852) and in the 3-UTR (1680-1661) under the fol-
lowing conditions: 4 cycles at 94 °C for 5 s, 45 °C 10 s and 72 °C
for 60 s followed by 26 cycles at 94 °C for 5 s, 56 °C for 10 s and
72 °C for 60 s. Second round PCR amplifications used the
mature region primers 1378-1395 and 1517-1500 under the fol-
lowing conditions: 25 cycles at 94 °C for 5 s, 56 °C for 10 s and 72
°C for 10 s. PCR products were electrophoresed on a 2.5%
agarose gel and stained with ethidium bromide (0.5 pg/ml).
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