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Abstract
Achondrogenesis II-hypochondrogenesis
and severe spondyloepiphyseal dysplasia
congenita (SEDC) are lethal forms of
dwarfism caused by dominant mutations
in the type II collagen gene (COL2A1). To
identify the underlying defect in seven
cases with this group of conditions, we
used the combined strategy of cartilage
protein analysis and COL2A1 mutation
analysis. Overmodified type II collagen
and the presence of type I collagen was
found in the cartilage matrix of all seven
cases. Five patients were heterozygous for
a nucleotide change that predicted a
glycine substitution in the triple helical
domain (G313S, G517V, G571A, G910C,
G943S). In all five cases, analysis of carti-
lage type II collagen suggested incorpora-
tion of the abnormal á1(II) chain in the
extracellular collagen trimers. The G943S
mutation has been reported previously in
another unrelated patient with a strikingly
similar phenotype, illustrating the possi-
ble specific eVect of the mutation. The
radiographically less severely aVected pa-
tient was heterozygous for a 4 bp deletion
in the splice donor site of intron 35, likely
to result in aberrant splicing. One case
was shown to be heterozygous for a single
nucleotide change predicted to result in a
T1191N substitution in the carboxy-
propeptide of the proá1(II) collagen chain.
Study of the clinical, radiographic, and
morphological features of the seven cases
supports evidence for a phenotypic con-
tinuum between achondrogenesis II-
hypochondrogenesis and lethal SEDC and
suggests a relationship between the
amount of type I collagen in the cartilage
and the severity of the phenotype.
(J Med Genet 2000;37:263–271)
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Several heritable osteochondrodysplasias have
now been recognised as members of the family
of type II collagen disorders, all of which result
from dominant mutations in the COL2A1
gene.1–4 Phenotypes within this group range
from severe lethal dwarfism at birth to
relatively mild conditions with precocious

osteoarthrosis and little or no skeletal growth
abnormality.2 Achondrogenesis II-hypochond-
rogenesis and lethal spondyloepiphyseal dys-
plasia congenita (SEDC) represent the more
severe end of the spectrum.1 5–7 These entities
are characterised by severe disproportionate
short stature of prenatal onset. The distinction
between these phenotypes is mainly based
upon clinical, radiographic, and morphological
features but considerable phenotypic overlap
often hampers proper classification.1 6–8

All of the previously reported cases of
achondrogenesis II-hypochondrogenesis in
which the molecular defect was found were
heterozygous for a mutation in the COL2A1
gene resulting in a glycine substitution in the
triple-helical domain of the proá1(II) collagen
chain.9–16 Biochemical analysis of cartilage usu-
ally showed the presence of type I collagen and
post-translationally overmodified type II colla-
gen. Studies on cultured chondrocytes from
one case of hypochondrogenesis with a G913C
mutation showed lack of secretion of type II
collagen in the medium.16 Mutations reported
in cases of SEDC are more heterogeneous.
Single amino acid substitutions, deletions, or
duplications in the triple helical domain of the
proá1(II) collagen chain have been
reported.17–24

The aim of this study was to identify the
mutation in the COL2A1 gene in seven cases of
achondrogenesis II-hypochondrogenesis or se-
vere SEDC based on the results of the
biochemical analysis of cartilage tissue. Instead
of performing a “head to tail” mutation analy-
sis of the entire gene, we first started screening
those regions of the COL2A1 gene in which a
mutation was most likely to reside, based on
the electrophoretic properties of the extracted
cartilage collagen. The phenotype of each case
was studied in relation to the molecular and
biochemical findings and compared with other
reported cases of achondrogenesis II-
hypochondrogenesis and SEDC in which a
COL2A1 mutation was identified.

Materials and methods
PATIENTS

The seven patients in this study were referred
in the period 1982 to 1991 to the International
Skeletal Dysplasia Registry at Cedars-Sinai
Medical Center, Los Angeles for diagnosis.
The clinical features and radiographs were sent
to the Registry for evaluation and tissue speci-
mens, taken during necropsy, were collected
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for morphological, biochemical, and molecular
studies. All patients were sporadic. Parental
DNA samples were not available.

PROTEIN ANALYSIS

Cartilage stored at −70°C was used. For analy-
sis of pepsin solubilised collagen, cartilage was
extracted, washed, and digested with pepsin as
described previously.11 The resulting collagen
type II molecules were analysed by sodium
dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Human epiphyseal
cartilage collagen from a 4 day old neonate
without signs of a skeletal dysplasia was used as
a control. For peptide analysis, cartilage was
digested with cyanogen bromide (CB) and the
resulting collagen CB peptides were analysed
by SDS-PAGE and stained with Coomassie
blue as described previously.11

NUCLEIC ACID ANALYSIS

Genomic DNA was isolated from cultured skin
fibroblasts by standard procedures. PCR am-
plifications were performed in 25 µl reactions
containing 100 ng of genomic DNA, 2 U Taq
DNA polymerase, 2.5 pmol of each primer,
200 µmol/l of each dNTP, 2 mmol/l MgCl2, 10
mmol/l Tris-HCl, pH 8.3, and 50 mmol/l KCl.
The amplification conditions consisted of an
initial two minutes at 95°C followed by 36
cycles of 95°C for one minute, 60°C for one
minute, and 72°C for one minute, followed by
a nine minute incubation at 72°C. Primer
sequences were 5'-CTGTTCTCACTCACT
GCCTC-3' and 5'-GGATACCATGTGACC
TCAG-3' for exon 22; 5'-GGTTGATCACTT
CTTGGTG-3' and 5'-CTCAGTGGGACTC
CAGGCTAC-3' for exon 31; 5'-GTGCCC
GGCTGAGGCGGCTG-3' and 5'-TCCTAA
TGCCCAGCAGTCCAG-3' for exon 33; 5'-
ACCTTCTTACCCCAGCTCTTC-3' and 5'-
GGCCTCGGGCAGAGCCAGGC-3' for
exon 35; 5'-CCCTGACCTGACTCAATC
GG-3' and 5'-AGGAGGCCTCGGGAAGT
CCC-3' for exon 46; and 5'-TCCTCTGA
GCTTGCTCCACTC-3' and 5'-TCCTGTC
ACTTTAGGACCTG-3' for exon 51. Primer
sequences for the other exons are available on
request. The PCR generated fragments were
examined on non-denaturing 6% polyacryla-
mide gels (29:1 acrylamide:bis ratio) in 1 ×
TBE buVer. For single strand conformation
polymorphism (SSCP) analysis, 5 µCi of
á-[32P] dCTP was added to the PCR reaction
and the amount of unlabelled dCTP was
reduced to 2.5 µmol/l. Fragments were sepa-
rated by electrophoresis through MDE gels
(AT Biochem) for 11 hours at 3.5 W. The gels
were dried and exposed to x ray film for 48
hours at −70°C with an intensifying screen. For
heteroduplex analysis, PCR products were
denatured at 98°C for five minutes, renatured
for 60 minutes at 68°C, and loading buVer
(50% sucrose, 0.1% bromophenol blue, 0.1%
xylene cyanol in water) was added. The
samples were separated on MDE gels (1 ×
MDE gel supplemented with 10% glycerol in
0.6 × TBE) overnight at 250 V. The fragments
were visualised by ethidium bromide staining.
For DNA sequence analysis PCR generatedTa
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fragments were purified using a Qiaquick spin
PCR purification kit (Qiagen). The purified
fragments were either used for direct sequence
analysis or ligated into the TA cloning kit (In-
vitrogen) and sequenced using Sequenase 2.0
(USB). For direct sequencing, single stranded
DNA fragments were generated in a second
round of amplification using a purified aliquot
(2 µl) from the first PCR and only one of the
two primers (50 pmol).

CARTILAGE MORPHOLOGY

For light microscopy (LM), cartilage speci-
mens were fixed in 10% formalin and embed-
ded in methyl methacrylate. Five µm sections
were cut and stained as described previously.15

For electron microscopy (EM), cartilage speci-
mens were fixed in 2.5% glutaraldehyde, post-
fixed in osmium, and dehydrated and embed-
ded in Spurr resin. Thin sections were cut and
stained as described previously.15

Figure 1 Anteroposterior radiographs of patients
R86-153, R83-32, and R91-68. (A) Patient R86-153
represents a severe phenotype characterised by short tubular
bones with metaphyseal irregularities, minimal ossification
of vertebral bodies in the thoracic spine, hypoplastic iliac
wings with flat acetabular roofs, and short ribs. (B) Patient
R83-32 shows an intermediate phenotype. (C) Patient
R91-68 illustrates a milder phenotype with normal
metaphyses of shortened tubular bones, flattened but
normally ossified vertebral bodies, normal acetabular roofs,
and a less narrow chest.
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Results
The diagnosis of a lethal type II collagen disor-
der was made in each of the patients based on
the clinical, radiographic, and morphological
features (table 1, fig 1).1 Significant findings on
which the diagnosis was based included the
following. (1) Clinical: moderate to severe
short limbed dwarfism at birth with respiratory
problems owing to a small thorax; cleft palate.
(2) Radiographic: incomplete ossification of
the vertebral bodies; severe shortening of the
long bones and ribs; flared iliac wings; absent
ossification of pubic bones, talus, and cal-
caneus. (3) Morphological: hypervascular rest-
ing cartilage; chondrocytes with inclusion bod-
ies (LM) or dilated cisternae of the rough
endoplasmic reticulum (RER) containing
granular material (EM); disorganised growth
plate characterised by extension of hyper-
trophic cells into the primary trabeculae.

SDS-PAGE of cyanogen bromide (CB)
digested cartilage from patient tissues showed
slowly migrating, post-translationally over-
modified type II collagen CB peptides not seen
in the control (fig 2A). The cases varied in their
degree of overmodification as best shown by
the extent to which á1(II) CB10 was retarded.
CB10 was most retarded for R85-109 and
R86-153 and less so for R86-6. From R86-6,

however, peptide á1(II) CB11 was noticeably
retarded compared with control CB11. A dou-
blet for CB10 was visible in R82-121 and an
abnormally broad band for CB10 was apparent
in R91-68. These observations suggested
where along the proá1(II) collagen molecule
the mutation may lie, since post-translational
overmodification of the procollagen molecules
starts at or near the mutation site and proceeds
in an amino-terminal direction. For R86-6, a
defect in the middle of the triple helix, amino-
terminal to CB10 was postulated, whereas for
the other patients a defect within or carboxyl-
terminal to CB10 was most likely (fig 2C).
SDS-PAGE of pepsin extracted collagen from
the patient cartilage also showed slowly migrat-
ing, overmodified á1(II) chains in most cases
compared with the control (fig 2B). The pepsin
extract of R85-109 showed a retarded â
component not present in the control extract.
The band disappeared on reduction with
dithiothreitol (not shown) indicating that it was
a disulphide bonded â dimer. Type I collagen
was also present in many samples as seen from
the CB peptide patterns and from the charac-
teristic pattern of three â dimer bands evident
in the pepsin digests. However, type I collagen
can be present in dissected samples of normal
human neonatal cartilage and the amount can

Figure 2 (A) SDS-polyacrylamide gel electrophoresis of cyanogen bromide (CB) peptides extracted from cartilage of each
patient and a control (4 day old neonate).The position of the CB peptides derived from control tissue is shown on the left
side for the á1(II) collagen chains and on the right side for the á1(I) and á2(I) collagen chains. The major á1(II) CB
peptides (CB10 and CB11) derived from patient’s tissue exhibit delayed mobility compared to the control. Based on the
intensity of the á2(I) CB3-5 peptides, type I collagen seems to be most abundant in patients R83-32, R86-153, and
R87-75. (B) SDS-polyacrylamide gel electrophoresis of pepsin extracted collagen from cartilage of each patient and a 4 day
old neonate (control) shows slowly migrating, overmodified á1(II) chains in most patients compared with the control. The
pepsin extract of R85-109 shows a retarded â component (arrow) not present in control extract. The position of normal
á1(II) chains, á1(I) chains, á2(I) chains, and â dimers is indicated on the right side. (C) Cyanogen bromide peptide map
of proá1(II) collagen. The corresponding exons and positions of methionine residues are shown at the top.
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vary between adjacent samples from the same
person. Based on the intensity of the á2(I)
CB3-5 peptides, type I collagen seemed to be
most abundant in patients R83-32, R86-153,
and R87-75 (fig 2A).

Since in the majority of the cases a defect
was postulated to reside within or carboxyl-
terminal to á1(II) CB10, the region corres-
ponding to exons 32-49 of the COL2A1 gene
was first targeted for mutation analysis (fig
2C). PCR generated genomic DNA fragments
for exons 32-49 were examined by SSCP
analysis. Primers were designed to include the
intron-exon boundaries in each exon amplifi-
cation. SSCP analysis showed an abnormal
pattern for fragments containing exon 46 in
patients R85-109 and R86-153 (fig 3), and for
fragments containing exon 35 in patient
R91-68 (fig 4). Direct sequence analysis of the
PCR products of exon 46 showed the
mutation in each of the two patients (fig 3).
Patient R85-109 was heterozygous for a G to
T transversion at the first nucleotide of exon
46. This change implied substitution of
glycine910 by cysteine and abolished a BstNI
restriction endonuclease site. Patient R86-153
was heterozygous for a G to A transition, pre-
dicted to result in substitution of glycine943 by
serine. The mutation abolished a cleavage site
for the restriction endonuclease MspI. Cleav-
age of the amplified DNA fragments with the

corresponding restriction endonucleases was
used to confirm that both patients were
heterozygous for the mutation (data not
shown). DNA sequence analysis of clones
containing exon 35 showed a 4 bp deletion at
the donor splice site of intron 35 in patient
R91-68 (fig 4). Neither cultured cells nor fro-
zen cartilage with which to test the prediction
of a splicing mutation were available.

For identification of the underlying defect in
the four other patients, the same region (exons
32-49) was first re-evaluated by heteroduplex
analysis and thereafter this analysis was ex-
tended to the other part of the triple helical
domain of the proá1(II) chain, corresponding
to exons 6-31. Only for patient R83-32 did
polyacrylamide gel electrophoresis of PCR
generate products containing exon 33 showing
both normal and more slowly migrating
fragments in a position which suggested inter-
allelic heteroduplexes. DNA sequence analysis
of clones containing exon 33 showed a G to C
transversion, implying substitution of glycine571

by alanine (fig 5). The mutation did not aVect
a cleavage site of any known restriction
endonuclease. Restudy of the earlier performed
SSCP analysis of amplified DNA fragments
containing exon 33 in patient R83-32 did not
show any abnormalities. Taking into account
the known lack of 100% sensitivity of SSCP
and heteroduplex analysis in mutation detec-
tion, direct sequence analysis of PCR amplified
genomic DNA fragments spanning the entire
triple helical domain was performed in the
remaining three patients. This study showed
that patient R86-006 was heterozygous for a G
to A transversion, predicted to result in substi-
tution of glycine313 by serine and that patient
R87-75 was heterozygous for a G to C
transition, predicted to result in substitution of
glycine517 by valine. These mutations did not
create or destroy a restriction endonuclease
cleavage site. No sequence changes in the triple
helical domain were found in patient R82-121.
However, in this patient, a C to A transversion
at the second nucleotide of codon 1191 was
identified. This single nucleotide change im-
plies substitution of threonine1191 by asparagine
(T1191N) in the carboxy-propeptide of the
proá1(II) collagen chain.

Discussion
Identification of the molecular defect in
patients with type II collagen disorders is usu-
ally a challenge because of the relatively large
size and complexity of the COL2A1 gene and
its main expression in cartilage. Cartilage is not
easily accessible, relatively acellular, and there-
fore a poor source of mRNA for cDNA synthe-
sis and analysis. Furthermore, suYcient
amounts of mRNA can often not be obtained
from cultured skin fibroblasts or lymphocytes
owing to low basal transcription of the gene.
Therefore, mutation analysis of the COL2A1
gene is often performed in the genomic DNA
in a “head to tail” fashion, which is time
consuming and laborious. In this study, we
used the opportunity of having cartilage tissue
for exploring the genetic defect in the COL2A1
gene in seven patients with a lethal type II

Figure 3 Identification of the COL2A1 mutation in patients R85-109 and R86-153.
(Top) SSCP analysis of amplified genomic DNA fragments containing exon 46. The
arrows indicate the abnormally migrating fragments from R86-153 (lane 1) and R85-109
(lane 5) compared to unrelated controls (lanes 2-4, 6). (Bottom) Partial nucleotide
sequence of exon 46 (upper case) and intron boundaries (lower case) containing both point
mutations. For R85-109, the G to T transversion predicts substitution of cysteine for glycine
at residue 910. For R86-153, the G to A transition implies substitution of serine for glycine
at residue 943. The restriction endonuclease cleavage sites disrupted by the mutation are
underlined.
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collagen disorder. Those regions of the
COL2A1 gene in which a mutation was likely to
reside, based on the overmodification pattern
of the type II collagen CB peptides, were
screened first with SSCP and heteroduplex
analysis. Using these mutation detection meth-
ods, the underlying defect was found in four of
seven patients. The mutation in two other
patients (R86-6 and R87-75) could only be
identified with direct sequence analysis of PCR
amplified genomic DNA fragments.

The clinical, radiographic, and morphologi-
cal features of each patient were consistent with
the diagnosis of a lethal type II collagen disor-
der (table 1, fig 1). Significant overlap in
phenotype was noticed (table 1). With the
exception of patient R91-68, who represents
severe SEDC rather than achondrogenesis

II-hypochondrogenesis because of the com-
plete ossification of the spine and less severe
shortening of the long bones, all cases fell into
the achondrogenesis II-hypochondrogenesis
spectrum. In comparison to the other cases, the
phenotype of patient R82-121 was remarkable,
radiographically by more metaphyseal involve-
ment and clinically by absence of respiratory
insuYciency in the postnatal period. The baby
died at 13 months following seven months’
hospitalisation for severe, bilateral broncho-
pneumonia.

The results of the biochemical analysis
showed post-translationally overmodified type
II collagen in significant amounts in each
patient’s cartilage. This is consistent with
previous findings that mutant á1(II) chains can
be secreted and incorporated into the cartilage
matrix in patients with achondrogenesis II-
hypochondrogenesis or SEDC.11 15 18 24 How-
ever, in one case of hypochondrogenesis with a
G913C mutation, cultured chondrocytes failed
to secrete á1(II) chains in the medium.16 Type
I collagen was also present in the cartilage tis-
sue of each patient and appeared to be
increased in R83-32, R86-153, and R87-53,
who are the most severely aVected (table 1).
This might suggest a relationship between the
amount of type I collagen in the cartilage and
the severity of the phenotype. Probably in
response to insuYcient amounts of type II col-
lagen in the extracellular matrix, the chondro-
cytes produce and secrete more type I collagen
as a substitute. One study has shown that the
genes for type I collagen are expressed in
chondrocytes of a patient with hypochondro-
genesis.12 This would suggest that hypervascu-
larity of the cartilage is not the main explana-
tion for the presence of type I collagen in
cartilage of these patients.

It has been postulated that mutations in the
triple helical domain of procollagen á chains
delay the folding of the protein into the triple
helical conformation, which causes post-
translational overmodification of the protein
amino-terminal to the mutation site.25 The
availability of cartilage from each case allowed
us to screen for an overmodification pattern of
the CB peptides and so direct the molecular
analysis of the COL2A1 gene based on the bio-
chemical findings. Because of the slower
mobility of peptide CB10 in all but one of the
seven cases, it was decided to explore first the
domain of COL2A1 encoding exons 32-49 (fig
2C).

Analysing these exons using SSCP and
heteroduplex analysis, three patients (R86-
153, R85-109, and R83-32) were found to be
heterozygous for a missense mutation that pre-
dicted substitution of glycine in the triple heli-
cal domain of the á1(II) chain. Their pheno-
type resided at the more severe end of the
achondrogenesis II-hypochondrogenesis and
SEDC spectrum. In patient R85-109, with a
G910C mutation, the mutant á1(II) chains
were clearly expressed in the tissue as seen
from the presence of a reducible â dimer in the
pepsin extracted collagen (fig 2B). The peptide
patterns for R85-109 and R86-153 were
remarkably similar for both pepsin and CB

Figure 4 Identification of the COL2A1 mutation in patient R91-68. (Top) SSCP
analysis of amplified genomic DNA fragments containing exon 35. The arrow indicates the
abnormally migrating fragment from patient R91-68 (lane 5) compared to unrelated
controls (lanes 1-4, 6-8). (Middle) Identification of the 4 bp deletion at the splice donor of
intron 35. The sequence was determined after cloning of PCR products, containing exon 35
(upper case) and intron (lower case) boundaries, from the mutant and normal alleles. Five
of eight clones showed the 4 bp deletion at the splice donor of intron 35. (Bottom) The
IVS35+4delAGTG mutation implies skipping of exon 35.
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digests of tissue and it is notable that the
causative single amino acid substitutions
(G910C and G943S) were located near the
carboxyl-terminus of the triple helix. Interest-
ingly, the G943S mutation, identified in patient
R86-153, has been previously identified in
another, unrelated case.9 25 26 The recurrence of
the mutation could be explained by its
occurrence in the context of a CpG dinucle-
otide. The clinical, radiographic, and morpho-
logical features of both cases were almost iden-
tical illustrating the reproducible pathogenetic
eVects of this mutation (table 2).9 25 26

Analysis of the remaining exons 6-31 of the
triple helical domain of the proá1(II) collagen
chain by heteroduplex analysis did not identify
any abnormalities in patients R82-121, R86-6,
and R87-75. However, direct sequence analysis

of PCR amplified genomic DNA fragments
from this region showed a G313S mutation in
R86-6 and a G517V mutation in R87-75. As
predicted by the overmodification pattern of
the CB peptides, the mutation in R86-6 did
indeed reside amino-terminal to CB10. Com-
parable to patients R85-109 and R86-153, the
peptide patterns for patients R83-32 and
R87-75 were also quite similar. Again, the
mutations (G517V and G571A) were located
in the same region around the amino-terminal
border of CB10. Direct sequence analysis of
PCR generated genomic DNA fragments for
exons 6-49, spanning the entire triple helical
domain, did not show any abnormalities in
patient R82-121, despite the observed doublet
for CB10. The significance of the single nucle-
otide change, located in the carboxy-

Figure 5 Identification of the guanine to cytosine transversion in exon 33 of the COL2A1 gene for patient R83-32.
Partial nucleotide sequence of a clone containing the normal and mutant allele is shown. Three of 10 clones showed the
nucleotide change.
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Table 2 Clinical, radiographic, and morphological features of two patients with the G943S mutation in the COL2A1 gene

R86-153 Godfrey et al,25 26 Vissing et al9

Clinical
Sex Female Female
Birth length (gestational age) 29 cm (35 wk) 28 cm (32–33 wk)
Short limbs Yes Yes
Small thorax Yes Yes
Cleft palate Yes Yes
Respiratory insuYciency Yes Yes
Age at death 6 h 12 h
Radiographic
Long bones Marked shortening with metaphyseal irregularities Marked shortening with metaphyseal irregularities
Pelvis Small and flared iliac wings Small and flared iliac wings
Spine Only reasonable ossification in the thoracolumbar spine Only reasonable ossification in the thoracic spine
Thorax Small with short ribs Small with short ribs
Ossification of pubic bones No No
Ossification of ischia Yes No
Ossification of talus and calcaneus No No
Morphological
Resting cartilage Very hypervascular Increase in vascularity
Chondrocytes Inclusion bodies Dilated RER (EM)
Growth plate Very irregular with hypertrophic cells extending into the

metaphysis
Irregular with hypertrophic cells extending into the

metaphysis

COL2A1 mutations in lethal type II collagen disorders 269

http://jmg.bmj.com


propeptide and predicted to result in substitu-
tion of threonine1191 by asparagine (T1191N),
remains unclear. Mutations in the carboxy-
propeptide of the proá1(II) collagen chain have
not been reported before in patients with a
lethal type II collagen disorder. However, single
amino acid substitutions in the carboxy-
propeptide of the proá1(I) collagen chain have
been described in osteogenesis imperfecta type
II, indicating that mutations in this region can
have a dramatic eVect on the function of a
fibrillar collagen molecule.27

In patient R91-68, a 4 bp deletion was found
at the donor splice site of intron 35. Although
the possibility of exon skipping could not be
investigated at the cDNA level, the overmodifi-
cation of the type II collagen CB peptides (fig
2A) indicates that an abnormal á1(II) chain
was expressed and incorporated into the
matrix. We concluded that the mutation pro-
bably resulted in skipping of exon 35 with shor-
tened chains being incorporated into the tissue
fabric. Consistent with the published findings
of others, the phenotype of this case was
considerably milder than that of the three cases
with a glycine substitution.2 It is notable that
most cases of Kniest dysplasia, which is usually
a non-lethal type II collagen disorder, are
caused by COL2A1 exon skipping
mutations.28–31 These deletions tend to be con-
centrated in the amino-terminal half of the
molecule. Since the type II procollagen mo-
lecule consists of three identical á1(II) chains,
heterozygosity for a missense mutation in the
COL2A1 gene should result in seven/eight pro-
collagen trimers containing one, two, or three
mutated á1(II) chains. A mutation in one
COL2A1 allele aVecting mRNA splicing and
resulting in an in frame deletion of several
amino acids will give rise to six/eight procolla-
gen trimers containing a mixture of normal and
deletion containing chains. Two/eight of the
molecules will contain either three normal or
three shortened á1(II) chains. This could
explain to some extent the diVerence in pheno-
typic outcome between glycine substitutions
and in frame deletions as a result of aberrant
splicing. However, not all glycine substitutions
in the á1(II) chain result in a severe phenotype
as they can also cause milder cases of SEDC
and phenotypically milder spondyloepimeta-
physeal dysplasia Strudwick type.2 32 The
phenotype probably depends not only on the
mutation type (for example, exon deletion or
glycine substitution), but also on the local
domain of the triple helix aVected.

We thank clinical colleagues M Bridge, N Chaney, A Donnen-
field, D HuV, M Lipson, H Stern, and J Waterson for referring
the patients described in this study. Excellent organisational
assistance was provided by M Priore and S Levin of the
International Skeletal Dysplasia Registry. This work was funded
by NIH grants AR37318 (to DRE) and HD22657 (to DLR,
DHC, and RSL) and by a Belgian National Fund for Scientific
Research grant G.0013.97 (to GRM, LN, and ADP). The
authors declare that the experiments comply with the current
laws of the country in which the experiments were performed
and that the study was approved by the Ethical Committee.

1 Rimoin DL, Lachman RS. Genetic disorders of the osseous
skeleton. In: Beighton P, ed. McKusick’s heritable disorders of
connective tissue. St Louis: Mosby-Year Book Inc, 1993:557-
689.

2 Spranger J, Winterpacht A, Zabel B. The type II
collagenopathies: a spectrum of chondrodysplasias. Eur J
Pediatr 1994;153:56-65.

3 Zabel B, Hilbert K, Stöss H, Superti-Furga A, Spranger J,
Winterpacht A. A specific collagen type II gene (COL2A1)
mutation presenting as spondyloperipheral dysplasia. Am J
Med Genet 1996;63:123-8.

4 Freisinger P, Bonaventure J, Stoess H, Pontz BF, Emmrich
P, Nerlich A. Type II collagenopathies: are there additional
family members? Am J Med Genet 1996;63:137-43.

5 Stanescu V, Stanescu R, Maroteaux P. Etude morphologique
et biochimique du cartilage de croissance dans les ostéo-
chondrodysplasies. Arch Fr Pediatr 1977;34(suppl 3):1-80.

6 Maroteaux P, Stanescu V, Stanescu R. Hypochondrogen-
esis. Eur J Pediatr 1983;141:14-22.

7 Borochowitz Z, Ornoy A, Lachman R, Rimoin DL. Achon-
drogenesis II-hypochondrogenesis: variability versus
heterogeneity. Am J Med Genet 1986;24:273-88.

8 Spranger JW. Pattern recognition in bone dysplasias. In:
Papadatos CJ, Bartsocas CS, eds. Endocrine genetics and
genetics of growth. New York: Alan R Liss, 1985:315-42.

9 Vissing H, D’Alessio M, Lee B, Ramirez F, Godfrey M,
Hollister D. Glycine to serine substitution in the triple heli-
cal domain of pro-á1(II) collagen results in a lethal perina-
tal form of short-limbed dwarfism. J Biol Chem 1989;264:
18265-7.

10 Horton WA, Machado MA, Ellard J, et al. Characterization
of a type II collagen gene (COL2A1) mutation identified in
cultured chondrocytes from human hypochondrogenesis.
Proc Natl Acad Sci USA 1992;89:4583-7.

11 Bogaert R, Tiller GE, Weis MA, et al. An amino acid substi-
tution (Gly853Glu) in the collagen á1(II) chain produces
hypochondrogenesis. J Biol Chem 1992;267:22522-6.

12 Freisinger P, Ala-Kokko L, LeGuellec D, et al. Mutation in
the COL2A1 gene in a patient with hypochondrogenesis:
expression of mutated COL2A1 gene is accompanied by
expression of genes for type I procollagen in chondrocytes.
J Biol Chem 1994;269:13663-9.

13 Bonaventure J, Cohen-Solal L, Ritvaniemi P, et al. Substitu-
tion of aspartic acid for glycine at position 310 in type II
collagen produces achondrogenesis type II, and substitu-
tion of serine at position 805 produces
hypochondrogenesis: analysis of genotype-phenotype rela-
tionships. Biochem J 1995;307:823-30.

14 Chan D, Cole WG, Chow CW, Mundlos S, Bateman JF. A
COL2A1 mutation in achondrogenesis type II results in
the replacement of type II collagen by type I and type III
collagens in cartilage. J Biol Chem 1995;270:1747-53.

15 Mortier GR, Wilkin DJ, Wilcox WR, et al. A radiographic,
morphologic, biochemical and molecular analysis of a case
of achondrogenesis type II resulting from a substitution of
a glycine residue (Gly691Arg) in the type II collagen
trimer. Hum Mol Genet 1995;4:285-8.

16 Mundlos S, Chan D, McGill J, Bateman JF. An á1(II)
Gly913Cys substitution prevents the matrix incorporation
of type II collagen which is replaced with type I and type III
collagens in cartilage from a patient with hypochondrogen-
esis. Am J Med Genet 1996;63:129-36.

17 Lee B, Vissing H, Ramirez F, Rogers D, Rimoin D. Identi-
fication of the molecular defect in a family with spondylo-
epiphyseal dysplasia. Science 1989;244:978-80.

18 Tiller GE, Rimoin DL, Murray LW, Cohn DH. Tandem
duplication within a type II collagen gene (COL2A1) exon
in an individual with spondyloepiphyseal dysplasia. Proc
Natl Acad Sci USA 1990;87:3889-93.

19 Chan D, Cole WG. Low basal transcription of genes for
tissue-specific collagens by fibroblasts and lymphoblastoid
cells. J Biol Chem 1991;266:12487-94.

20 Cole WG, Hall RK, Rogers JG. The clinical features of
spondyloepiphyseal dysplasia congenita resulting from the
substitution of glycine 997 by serine in the á1(II) chain of
type II collagen. J Med Genet 1993;30:27-35.

21 Vikkula M, Ritvaniemi P, Vuorio AF, Kaitila I, Ala-Kokko L,
Peltonen L. A mutation in the amino-terminal end of the
triple helix of type II collagen causing severe osteochondro-
dysplasia. Genomics 1993;16:282-5.

22 Chan D, Taylor TKF, Cole WG. Characterization of an
arginine 789 to cysteine substitution in á1(II) collagen
chains of a patient with spondyloepiphyseal dysplasia. J
Biol Chem 1993;268:15238-45.

23 Chan D, Rogers JF, Bateman JF, Cole WG. Recurrent sub-
stitutions of arginine 789 by cysteine in pro-á1(II) collagen
chains produce spondyloepiphyseal dysplasia congenita. J
Rheumatol 1995;22(suppl 43):37-8.

24 Tiller GE, Weis MA, Polumbo PA, et al. An RNA-splicing
mutation (G+5IVS20) in the type II collagen gene (COL2A1)
in a family with spondyloepiphyseal dysplasia congenita.
Am J Hum Genet 1995;56:388-95.

25 Godfrey M, Hollister DW. Type II achondrogenesis-
hypochondrogenesis: identification of abnormal type II
collagen. Am J Hum Genet 1988;43:904-13.

26 Godfrey M, Keene DR, Blank E, et al. Type II
achondrogenesis-hypochondrogenesis: morphologic and
immunohistopathologic studies. Am J Hum Genet 1988;43:
894-903.

27 Kuivaniemi H, Tromp G, Prockop DJ. Mutations in fibrillar
collagens (types I, II, III, XI), fibril-associated collagen
(type IX), and network-forming collagen (type X) cause a
spectrum of diseases of bone, cartilage, and blood vessels.
Hum Mutat 1997;9:300-15.

28 Winterpacht A, Hilbert M, Schwarze U, Mundlos S,
Spranger J, Zabel BU. Kniest and Stickler dysplasia pheno-
types caused by collagen type II gene (COL2A1) defect.
Nat Genet 1993;3:323-6.

270 Mortier, Weis, Nuytinck, et al

http://jmg.bmj.com


29 Bogaert R, Wilkin D, Wilcox WR, et al. Expression in carti-
lage of a 7-amino acid deletion in type II collagen from two
unrelated individuals with Kniest dysplasia. Am J Hum
Genet 1994;55:1128-36.

30 Weis MA, Wilkin DJ, Kim HJ, et al. Structurally abnormal
type II collagen in a severe form of Kniest dysplasia caused
by an exon 24 skipping mutation. J Biol Chem 1998;273:
4761-8.

31 Fernandes RJ, Wilkin DJ, Weis MA, Cohn DH, Rimoin DL,
Eyre DR. Deposition of structurally defective cartilage type
II collagen in Kniest chondrodysplasia. Arch Biochem
Biophys 1998;355:282-90.

32 Tiller GE, Polumbo PA, Weis MA, et al. Dominant
mutations in the type II collagen gene COL2A1 produce
spondyloepimetaphyseal dysplasia Strudwick type. Nat
Genet 1995;11:87-9.

COL2A1 mutations in lethal type II collagen disorders 271

http://jmg.bmj.com

