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ABSTRACT Linkage analysis with restriction fragment
length polymorphisms for the gene for type II procollagen
(COL2AI) was carried out in a family with the Stickler syn-
drome, or arthro-ophthalmopathy, an autosomal dominant
disorder that affects the eyes, ears, joints, and skeleton. The
analysis demonstrated linkage of the disease and COL2A1 with
a logarithm-of-odds score of 1.51 at zero recombination. A
newly developed procedure for preparing cosmid clones was
employed to isolate the allele for type II procollagen that was
linked to the disease. Analysis of over 7000 nucleotides of the
gene revealed a single base mutation that altered a CG dinu-
cleotide and converted the codon CGA for arginine at amino
acid position a1-732 to TGA, a stop codon. From previous
work on procollagen biosynthesis, it is apparent that the
truncated polypeptide synthesized from an allele with a stop
codon at a1-732 cannot participate in the assembly of type II
procollagen, and therefore that the mutation would decrease
synthesis of type II procollagen. It was not apparent, however,
why the mutation produced marked changes in the eye, which
contains only small amounts of type II collagen, but relatively
mild effects on the many cartilaginous structures of the body
that are rich in the same protein.

The Stickler syndrome, or arthro-ophthalmopathy (AO), is
an autosomal dominant disorder that affects the eyes, ears,
joints, and skeleton (1-4). The disorder is highly heteroge-
nous but in many families it produces severe and progressive
myopia with vitreal degeneration and retinal detachment,
progressive sensorineural hearing loss, cleft palate, and man-
dibular hypoplasia. Also, it is frequently associated with joint
changes that include hypermobility and hypomobility, epi-
physeal dysplasia, and degenerative changes similar to os-
teoarthritis. The incidence of the disease is about 1 in 10,000
(4). Since type II collagen is the most abundant protein of
cartilage and is also found in the vitreous gel (5), it has been
suspected for some time that mutations in the gene for type
II procollagen (COL2AI) are the cause of AO. Linkage
analysis with restriction fragment length polymorphisms
(RFLPs) provided statistical evidence for linkage of COL2A1
with the syndrome in some but not all families (6-9). Here we
identify an allele for type II procollagen that has cosegregated
with AO in a large family and demonstrate that the allele has
a premature stop codon for translation of the protein.f

MATERIALS AND METHODS

Genetic Linkage Analysis. Genomic DNA isolated from
peripheral blood from each family member was prepared and
analyzed for COL2AI RFLPs in Southern blot hybridizations
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as described (8). Alleles of the variable-number tandem.
repeat at the 3’ end of COL2A1 (11) were identified as PCR
products (Fig. 1). Logarithm-of-odds (lod) scores were cal-
culated with the LIPED program (12).

Isolation of Cosmid Clones and DNA Sequencing. The
procedure for isolating cosmid clones has been described
(13). Genomic DNA was isolated from 2 X 10® cultured
human skin fibroblasts and the DNA was partially digested
with restriction endonuclease Sph I (Boehringer Mannheim).
The DN A was fractionated by gel electrophoresis. Fragments
ranging from 25 to 35 kilobases (kb) in length were electro-
eluted from the gel and were cloned into the cosmid vector
pJB8 (Amersham), previously engineered to receive Sph
I-Sph 1 fragments of about 25-35 kb. Clones were screened
by filter hybridization using a partial genomic clone of
COL2AI as a probe. DNA from positive clones was isolated
by cesium chloride centrifugation. The clones were analyzed
by digestion with several restriction endonucleases and
Southern blotting with probes for the gene. For subcloning,
the cosmid DNA was digested with Sph I, and two fragments
of 12 and 14 kb were isolated by agarose gel electrophoresis
and electroelution. The two Sph I fragments were digested
with EcoRI and the resulting fragments of 2-7 kb were
isolated by agarose gel electrophoresis and then subcloned
into the plasmid pUC19 (Boehringer Mannheim). The plas-
mid subclones were used for sequencing of double-stranded
DNA by the dideoxynucleotide method with the use of
specifically designed oligonucleotide primers based on the
cDNA and genomic DNA sequences (14-16).

Allele-Specific Oligonucleotide Hybridization. Genomic
DNA was used as template for the PCR (17). The 5’ primer
was an 18-mer with a sequence corresponding to a sequence
in intron 39 of COL2A1, and the 3’ primer was an 18-mer with
a sequence complementary to a sequence in intron 40 (16)
(Fig. 2). DNA obtained from the PCR was used for hybrid-
ization with allele-specific oligonucleotides (17). DNA blots
were prehybridized for 2 hr at 65°C in 6Xx standard saline
citrate (SSC)/5x Denhardt’s solution/0.5% SDS containing
denatured salmon sperm DNA at 0.25 mg/ml. Hybridization
was performed at 37°C for 15 hr. The filters were washed
three times in 2x SSC for 15 min at room temperature and
then for 2 min at 56°C (ASO-normal probe) or at 57°C
(ASO-mutant probe).

RESULTS

Linkage analysis in the family (Fig. 1) was carried out using
the PCR (17) to detect polymorphisms in the hypervariable

Abbreviations: AO, arthro-ophthalmopathy; RFLP, restriction frag-

ment length polymorphism; lod, logarithm of odds.
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Variable-number tandem repeat at the 3’ end of COL2A1. Numbers in parentheses indicate the five alleles defined by the PCR

amplification. Family members (I-1 through III-2) correspond to those indicated in Fig. 2. The oligonucleotide primers used were
5'-CTCCAGGTTAAGGTTGACAGCT-3' (forward primer) and 5'-CTTTGTCATGAACTAGCTCTGG-3' (reverse primer). The PCR products
were separated by electrophoresis in a 5% polyacrylamide gel and visualized with ethidium bromide. Conditions for the PCR were 30 cycles

with 1.5 min at 90°C, 0.45 min at 55°C, and 1.5 min at 72°C. bp, Base pairs.

region at the 3’ end of COL2A1 (11). Five polymorphic alleles
were identified in the family (Fig. 1). Analysis of the data (12)
demonstrated linkage of the disease and COL2A1 with a lod
score of 1.51 at zero recombination. Several RFLPs for
COL2Al (8) were only partially informative but were con-
sistent with linkage at zero recombination.

To sequence the type II procollagen gene, a newly devel-
oped procedure for preparing cosmid clones was employed
(13). Clones of the gene containing the HindIII RFLP 14-kb
allele (14) that was linked to the disease were digested with
EcoRI or BamHI, subcloned into pUC19, and sequenced
using appropriate primers. Over 7000 nucleotides were ana-
lyzed. The data provided the sequences of exons 2-44.
Therefore, they included 43 of the 54 exons and 38 of the 43
exons coding for the major triple-helical domain of the
protein. They also included 40 bp or more of each of the
flanking regions of each exon. With the one exception, all the
sequences corresponded to the normal sequence of the gene
or to neutral variants that did not change amino acid codons

1

or consensus sequences for RNA splicing (14-16). The one
exception was a single base mutation that altered a CG
dinucleotide in exon 40 and converted the codon CGA for
arginine at amino acid position «1-732 (15) to TGA, a stop
codon (Fig. 3).

Genomic DNA from affected and unaffected members of
the family was amplified with the PCR and hybridized with
allele-specific oligonucleotides (18) containing the normal
sequence for codons a1-729 to a1-735 or the same sequence
with a single base mutation in the codon for «1-732 that
created the stop codon. All affected members of the family
had the mutation, whereas unaffected members did not (Fig.
2). Similar assays with genomic DNA from 57 unrelated
individuals demonstrated that none had the mutation. Also,
similar assays with genomic DNA demonstrated that the
mutation was not present in affected members of four addi-
tional families with the Stickler syndrome in two of which
there was genetic linkage to COL2A1 with lod scores of 3.54
and 1.20 at zero recombination (8).
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F1G. 2. Pedigree of the family with AO. Arrow indicates the proband. Numbers in parentheses indicate five alleles defined by analysis of
PCR products from the hypervariable region at the 3’ end of COL2A1 (11). Dots below the family members are blots of products of the PCR
hybridized with allele-specific oligonucleotides (ASO) (18). The oligonucleotide primers for the PCR were 5'-AAACTGCTGTCACTGAG-3'
(forward primer) and 5'-CGTTCAGTTCTCATCTCC-3’ (reverse primer). The allele-specific oligonucleotides were 5'-AAAGGTGCTCGAG-
GAGACA-3’ (normal allele) and 5'-AAAGGTGCTIGAGGAGACA-3' (mutant allele).
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FiG. 3. DNA sequence of a normal allele from an unrelated
individual and the allele from the proband that was linked to AO in
the proband’s family. The sequence shown is for codons of amino
acids 730-734 of the al(II) chain. There is a single base substitution
of a T for a C that converts the codon for arginine al-732 to a
termination codon.

DISCUSSION

Type II collagen is a homotrimer that is similar in structure
to heterotrimeric type I collagen and homotrimeric type II1
collagen (5). A series of mutations in the genes for type I and
type III procollagens have been shown to produce heritable
disorders of connective tissue (19-23). With a few excep-
tions, the mutations do not decrease expression of the gene.
Instead, most of the mutations cause synthesis of an abnor-
mal but partially functioning proa chain of the procollagen.
The partially functioning proa chains interfere either with
folding of the triple-helical domain of the protein, with
processing of the procollagen to collagen, or with self-
assembly of the collagen into fibrils (20, 21). Because both the
folding of the collagen triple helix and the self-assembly of the
protein into fibrils are highly cooperative processes, the
deleterious effects of synthesis of an abnormal proa chain are
greatly amplified. These generalizations have been shown to
apply to >70 mutations in the two structural genes for type
I procollagen (COLIAI and COLIA2) that produce either
lethal or severely debilitating variants of osteogenesis imper-
fecta (19-21). They also apply to at least 6 mutations in the
gene for type III procollagen (COL3AI) that cause sudden
death because of rupture of large arteries and other hollow
organs (see refs. 20, 22, and 23). The exceptions to the
generalizations are informative, however, because they sug-
gest that mutations decreasing expression of the same genes
do not produce severe phenotypes. In particular, mutations
decreasing expression of an allele for proa(I) chains were
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Table 1.
with AO

Clinical features of affected members of the family

Lattice Retinal
Family member Myopia degeneration detachment
(age in years) (OD/OS) (OD/OS) (OD/OS) Arthropathy*

1-2 (54) +/+ +/+ +/+ Moderate
114 (30) +/+ +/+ +/+ Mild

II-5 (32) +/+ +/+ +/+ Mild

II-7 29) +/+ +/+ +/- Mild

11-8 (26) +/+ +/+ +/+ Mild

1I-1 (8) +/+ +/+ +/+ None

Family members are identified as in Fig. 2. The proband (1I-4) had
sudden loss of vision in the left eye at the age of 13. In other family
members, ocular changes were noted as early as age 5 (I1I-8) or as late
as age 15 (II-5). OD, right eye; OS, left eye.

*The proband (II-4) complained of chronic neck stiffness. X-rays
revealed loss of the normal cervical lordosis, reduction of the disc
space of cervical vertebrae 5 and 6, scalloping of the anterior
endplates of thoracic vertebrae 4 through 9 consistent with a
developmental anomaly, and mild degenerative changes in the
mid-dorsal segment. The mother (I-2) had Heberden’s nodes, as
well as pain and stiffness of many joints, especially the knees. X-ray
photographs of the mother showed hypertrophic spurs of cervical
vertebrae 4 to 7, osteoarthritic and osteoporotic changes throughout
the mid-dorsal and lower dorsal spine, moderate degenerative
changes with osteophyte formation in the knees, and moderate to
severe degeneration of interphalangeal and carpal-metacarpal
joints. In addition, the proband’s mother had a congenitally short-
ened fourth metatarsal. She stated that her own mother had a similar
deformity of the feet, together with loss of vision. The three other
affected members of the proband’s generation (II-5, 1I-7, and 1I-8)
complained of chronic neck stiffness. X-rays revealed findings
similar to those of the proband except that two (II-5 and II-8) also
had anterior discal herniation in the lumbar spine. The proband’s
8-year-old son (III-1) had no joint symptoms, but x-rays revealed
flattening of cervical vertebrae 3 through 6. None of the affected
family members had a Marfanoid habitus or apparent hearing loss.
There was disagreement among several examiners as to whether
affected family members had facial dysmorphism.

found in probands with type I variants of osteogenesis
imperfecta, the mildest forms of the disease (24, 25), and a
mutation causing synthesis of nonfunctional proa2(I) chains
was found in asymptomatic parents of a child with osteogen-
esis imperfecta (26).

To date, only four mutations in the human gene for type 11
procollagen have been reported. One was a deletion of exon
48 (27) and another was an insertion of 45 bp into exon 48 (28)
in two probands with spondyloepiphyseal dysplasia, a dis-
ease characterized by disproportionate dwarfism, myopia,
and other changes in tissues rich in type II collagen. A third
mutation was a substitution of serine for a glycine residue of
exon 46 (29) in a proband with achondrogenesis, a usually
lethal disorder of cartilage. The fourth mutation was a

EXON1 EXON2 EXON 40 EXON 52
-CGA- TO -TGA-
E EE E E E E E
1. 48 1 7.3 L 5.2 | IQ.Z 13.7 1 4.0I ] 4ii [
S S S S
<< o o >

14 kb

12 kb

FiG. 4. Map of COL2AlI indicating the premature stop codon. The restriction sites shown are E, EcoRlI, and S, Sph 1. Exons are numbered
as suggested by Baldwin et al. (15). The map is taken from Sangiorgi et al. (32). Numbers indicate length in kilobases.
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substitution of cysteine for arginine at a1-519 in a family with
primary generalized osteoarthritis associated with a mild
chondrodysplasia (30, 31). The mutation described here, in
contrast, introduces a premature stop codon into a collagen
gene (Fig. 4).

Cartilage can only rarely be obtained from patients, and the
cells proliferate poorly and frequently dedifferentiate in cul-
ture. Therefore, it will be difficult to demonstrate directly the
effects of the premature stop codon in COL2Al. However,
considerable information is available about the biosynthesis
of fibrillar procollagens such as type II (33). The folding of
procollagen differs from the folding of other proteins in that
it involves formation of a nucleus of triple helix near the
COOH terminus of the molecule and then propagation of the
triple-helical structure in a zipper-like manner from the
COOH to the NH, terminus (21). However, the nucleus of
triple helix cannot form until after the three proa chains
associate and become disulfide-linked through their globular
COOH-terminal propeptides. The stop codon at al-732 de-
fined here will cause synthesis of a truncated polypeptide that
lacks a COOH-terminal propeptide and, therefore, cannot
participate in the assembly of type II procollagen. A similar
effect was seen with a frameshift mutation in a proband with
osteogenesis imperfecta that altered the last 33 amino acids
in the COOH-terminal propeptide of proa2(I) chains and
thereby caused synthesis of proa2(I) chains that were not
assembled into type I procollagen (see refs. 20 and 26). For
these reasons, it is very likely that the premature stop codon
at @1-732 would decrease synthesis of type II procollagen.

The mutation defined here produced early loss of vision
because of retinal detachment but, surprisingly, only mild
malformation or degeneration of cartilage (Table 1). There-
fore, the expected reduction in synthesis of type II procol-
lagen produced by the mutation apparently had more effect
on the eye, which contains only small amounts of type II
collagen (5, 34), than on the many cartilaginous structures in
the body that are rich in the protein.

We thank Drs. Clinton Baldwin, Ian Hopkinson, and Deike Strobel
for advice and help in the work.
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