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ABSTRACT A cosmid clone was isolated that contained an
allele for the type II procollagen gene previously shown to be
coinherited with primary generalized osteoarthritis in a large
family. Affected members of the family had evidence of a mild
chondrodysplasia, but they developed progressive osteoar-
thritic changes in many joints that had no epiphyseal defor-
mities. The clone contained 52 of the 54 exons of the gene.
Nucleotide sequencing of >20,000 base pairs from the clone
demonstrated that all the coding sequences and all the intron-
exon boundaries were normal except for a single base mutation
that converted the codon for arginine at position 519 of the
al(ll) chain to a codon for cysteine, an amino acid not found
in type II collagen from humans or a variety of other species.
The mutation was found in all affected members of the family
but not in unaffected members or in 57 unrelated individuals.

Osteoarthritis is a common disease that produces joint pain
and stiffness together with radiologic evidence of progressive
degeneration of joint cartilage (1). Some forms of osteoar-
thritis are secondary to events such as trauma, infections,
metabolic disorders, or congenital or heritable conditions
that deform the epiphyses or related structures. In most
patients, however, there is no readily identifiable cause of
osteoarthritis. At the same time, inheritance in a Mendelian
dominant manner has been demonstrated in some families
with primary generalized osteoarthritis, the idiopathic form
of the disease characterized by the appearance of osteo-
phytes around the distal joints of the fingers (Heberden's
nodes) and progressive degeneration of cartilage in the knees,
hips, and most otherjoints (2, 3). Two recent reports on three
unrelated families (4, 5) demonstrated coinheritance of pri-
mary generalized osteoarthritis with specific alleles of the
gene for type II procollagen (COL2AI ), the precursor of the
major protein of cartilage (6, 7). Here we have cloned the
allele for type II procollagen previously shown to be coin-
herited with primary generalized osteoarthritis and a mild
chondrodysplasia in one family (5). Affected members of the
family began to develop joint pain and stiffness in the second
and third decades and thereafter developed Heberden's
nodes and typical radiographic evidence of osteoarthritis in
hips, knees, shoulders, wrists, and hands (5, 8). In addition,
affected members of the family had flattening of some meta-
tarsal heads and spinal changes consisting of irregular end-
plates, flattening of vertebrae, and wedge-shaped deformities
indicating a mild chondrodysplasia. The osteoarthritic
changes, however, developed progressively in many joints
that did not have any epiphyseal deformities or other evi-
dence of a chondrodysplasia. Common causes of secondary
osteoarthritis were excluded and the disease was best clas-
sified as primary generalized osteoarthritis associated with a

mild chondrodysplasia. Here, we demonstrate that the allele
linked to the disease had a single base mutation that con-
verted the codon for arginine at position 519 in the al(II) gene
to a codon for cysteine, an amino acid not found in type II
collagen from humans or a variety of other species (6, 7).

MATERIALS AND METHODS
Analysis by restriction fragment length polymorphisms pre-
viously demonstrated (5) that the disease in the family was
coinherited with one allele for the type II procollagen gene.
The allele contained a polymorphism that generated two
7-kilobase (kb) HindIII fragments from the middle of the gene
instead of a single 14-kb HindIII fragment (5). For the work
described here, genomic DNA was isolated from 2 x 108
cultured skin fibroblasts (9) from one affected member of the
family (5). The genomic DNA was partially digested by Sph I,
the partial Sph I digest was fractionated by gel electrophoresis,
fragments of 25-35 kb were electroeluted from the gel, and the
DNA was cloned into a cosmid vector engineered to receive
Sph I-Sph I fragments of 25-35 kb (10). More than 70 positive
clones were obtained by filter hybridization. One clone (see
Fig. 1) containing the allele with the two 7-kb HindIII frag-
ments (5) was plaque-purified and the DNA was isolated by
cesium chloride centrifugation (11). To prepare subclones, the
cosmid DNA was digested with Sph I and two fragments of 12
and 14 kb were isolated by agarose gel electrophoresis (10).
The Sph I fragments were then digested withBamHI orEcoRL.
The new fragments of 2-6 kb were isolated by agarose gel
electrophoresis and subcloned into the plasmids pUC19 (Boeh-
ringer Mannheim), pBluescript (Stratagene), or pBS (Strata-
gene). The plasmid subclones were used for double-stranded
DNA sequencing by the dideoxynucleotide method (12) with
specifically designed oligonucleotide primers based on cDNA
(13) and genomic (14-17) sequences.

Hybridization with allele-specific oligonucleotides (ASOs)
was carried out (18) on DNA synthesized by the polymerase
chain reaction (19) using as a template genomic DNA that was
isolated either from cultured skin fibroblasts (20), from
peripheral blood leukocytes (9), or from samples of saliva
(gift of H. Kuivaniemi and G. Tromp). For the polymerase
chain reaction, the 5' primer was an 18-mer that was com-
plementary to the sequence in intron 30 of the human type II
procollagen gene and the 3' primer was a 17-mer with
sequence contained in intron 32 (17). The products were
blotted onto nylon-reinforced nitrocellulose membranes
(Optibind; Schleicher & Schuell) and hybridized with either
of two 18-mer oligonucleotides, one containing part of the
normal sequence of exon 31 (ASO-Arg519) and the other
containing the same sequence with the single base mutation
in the codon for amino acid 519 (ASO-Cys5t9). The blots were
prehybridized for 2 hr at 65°C in 6x SSC (lx SSC is 0.15 M

Abbreviation: ASO, allele-specific oligonucleotide.
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FIG. 1. Analysis of isolated cosmid clones for the type II procol-
lagen gene from an affected member of the family. Two cosmid
clones were isolated and the DNA was digested with HindIII (see
text). The DNA digests were electrophoresed in an agarose gel
containing 1 ,ug ofethidium bromide per ml. (Left) First lane, HindIlI
fragments from a clone of one allele; second lane, marker HindIlI
fragments from bacteriophage y. (Right) First lane, HindIII frag-
ments from a clone of the allele used here for DNA sequencing;
second lane, HindIII marker fragments from bacteriophage y. The
cosmid clone without the polymorphic HindIII site (Left; labeled N
for normal) generates three 14-kb fragments, one from the modified
vector (9) and two from the type II procollagen gene (5, 13). The
cosmid clone with the polymorphic HindIl site (Right, labeled M for
mutant) generates two 14-kb fragments and two 7-kb fragments.

NaCl/0.015 M sodium citrate, pH 6.8) containing 0.1%
Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albu-
min, 0.5% SDS, and 0.25 mg of denatured salmon sperm
DNA per ml. Hybridization was performed at 37°C for 15 hr
after addition of the 32P-end-labeled oligonucleotides to the
same solution (11). The blots were washed three times in 2x
SSC for 15 min each at room temperature (15 min per wash)
and then three times in 2x SSC at 60°C (2 min per wash). The
filters were exposed to x-ray film.

RESULTS
A cosmid library was prepared with genomic DNA extracted
from cultured skin fibroblasts from one affected member of
the family (11-5 in ref. 5). A 26-kb clone for the allele that was
coinherited with the disease in the family was isolated (Fig.
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1) and subcloned, and critical nucleotide sequences were
analyzed. A total of >20 kb from the allele were sequenced.
The sequence included all the nucleotides for exons 2B to 52.
Therefore, the sequence included most of the coding se-
quence for the N-terminal propeptide and all the coding
sequence for the N-terminal telopeptide, the triple-helical
domain, the C-terminal telopeptide, and the C-terminal
propeptide of the proal(II) chain (13). The data included all
1488 codons of the gene except for the 69 codons in exon 2A
that undergo alternative splicing (32) and the 27 codons in
exon 1. Seven single-base differences were found between
the exon sequences and the recently published sequences of
overlapping cDNAs covering all the coding sequences for
human type II procollagen (13). With two exceptions, the
differences were third-base changes that did not alter the
amino acids encoded. One exception was a difference in the
codon ACC for threonine at position 869 of the al(II) chain.
The codon was found to be GCC, coding for alanine. Rese-
quencing of the original cDNA clone (13) indicated that the
original assignment of a threonine at this position was incor-
rect that the correct codon was GCC for alanine. The second
exception was a single base change that converted the codon
CGT for arginine at position 519 to TGT, a codon for cysteine
(Fig. 2).
The data also provided >40 base pairs (bp) of the 5'

boundaries and >40 bp of 3' boundaries of exons 2B to 51 in
addition to >40 bp of the 5' boundary of exon 52. All the
intron-exon boundaries of the 52 exons contained normal
consensus sequences for RNA splicing.
To confirm that the mutation changing the codon for Arg519

to a codon for cysteine was coinherited with the disease,
DNA samples from affected and unaffected members of the
family were examined by amplifying genomic DNA with the
polymerase chain reaction and using the products for ASO
hybridization (18). As indicated in Fig. 3 and Table 1, all nine
affected members of the family had the mutation that con-
verted the codon for Arg519 to a codon for cysteine. Ten
unaffected members of the family did not have the mutation.

In addition, genomic DNA was examined from 57 individ-
uals who were not related either to the family studied here or
to one another. As indicated in Table 1, the mutation con-
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FIG. 2. DNA sequencing gel of an appropriate region of a cosmid clone containing the mutation from an affected member of the family and
of the same region of a normal cosmid clone. An asterisk marks the single base change that converts the codon CGT for arginine at position
519 of the al(II) chain to TGT for cysteine. Amino acid positions in the al(II) chain can be converted to positions in the preproal(II) chain
by adding 131 (12).
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FIG. 3. ASO hybridization assay for presence of the normal sequence (ASO-normal: ASO-Arg519) and the mutated sequence (ASO-mutant:
ASO-Cys519) in affected and unaffected members ofgenerations 1-111 of the family. Genomic DNA from family members was used as a template
for the polymerase chain reaction. The products of the polymerase chain reactions were then blotted on nitrocellulose filters and hybridized
with the ASO probes.

verting the codon for Arg519 to a codon for cysteine was not
found in the 114 chromosomes from the 57 individuals.

DISCUSSION
A series of single base mutations and partial gene deletions in
the type I procollagen gene were shown to cause osteogenesis
imperfecta and related heritable disorders of connective
tissue (6, 21, 22). Similarly, a series of single base mutations
(23, 24) and partial gene deletions (25) in the type III
procollagen gene were shown to cause the severe variant of
Ehlers-Danlos syndrome (type IV) that is associated with
sudden death because of rupture of the aorta or other hollow
organs. More recently, a partial gene deletion in the type II
procollagen gene was found in a family with a rare chondro-
dystrophy (spondyloepiphyseal dysplasia) characterized by
short stature and pleiotropic involvement of skeletal and
occular systems (26). Also, a glycine-to-serine substitution in
type II procollagen was found in a proband with a lethal form
of short-limbed dwarfism (27). In addition, coinheritance of
alleles for type II procollagen and the disease phenotype have
been reported in several families with the Stickler syndrome
(2, 28), a heritable disorder characterized by progressive
blindness and joint degeneration.
The family examined here developed signs and symptoms

characteristic of primary generalized osteoarthritis in the
second to third decades of life (5, 8). Previous linkage studies
on three generations of the family demonstrated that one
allele for the type II procollagen gene was coinherited with
the phenotype with a logarithm ofthe odds (lod) score of 3.56
at a recombination map distance of zero (5). Since a lod score

Table 1. ASO hybridization for alleles of the type II procollagen
gene with oligonucleotides containing the normal codon (Arg519)
and the mutated codon (Cys519)

Source Positive signals
of genomic DNA ASO-Arg519 ASO-Cys519

Family members
Affected 9/9 9/9
Unaffected 10/10 0/10

Unrelated individuals 57/57 0/57

(29) of >3.0 indicates a >1000:1 probability of coinheritance
between a disease and an allele, the results provided a
statistically significant demonstration that a mutation causing
the disease was present in the type II procollagen gene or
some other gene located within about 2000 kb of the gene.
The results here established that all 9 affected members of

the family had an allele for type II procollagen that contained
a single base mutation converting the codon for Arg519 of the
al(II) chain to a codon for cysteine. The mutation was not
found in 10 unaffected members of the same family. Also, it
was not found in 114 chromosomes from 57 individuals
unrelated to the family or to one another. The presence of
cysteine in a collagen molecule is readily demonstrable
because the cysteines in adjacent a chains form disulfide
bonds, and the resulting dimers of disulfide-linked a chains
migrate as an easily identified band when the collagen is
analyzed by polyacrylamide gel electrophoresis (6, 7, 30).
Such analyses, as well as extensive data developed by amino
acid and nucleotide sequencing, demonstrated that cysteine
is not present in type II collagen from humans or a variety of
species (6, 7), including species as primitive as the lamprey
(31). Therefore, the mutation that introduces a cysteine into
type II collagen is apparently analogous to the previously
identified single base mutations that convert glycine residues
in the triple-helical domain of type I procollagen to cysteine
and cause either moderately severe or lethal variants of
osteogenesis imperfecta (6, 21, 22, 30).
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