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Detection of a high frequency RsaI polymorphism in the human
proa2(1) collagen gene which is linked to an autosomal dominant
form of osteogenesis inperfecta
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Screening of the proa2() collagen genes of Southern African
populations for restriction fragment length polymorphisms
(RFLPs) has revealed a locus polymorphic for the restriction
enzyme RsaI. The frequency of the RFLP was 0.38 in Afri-
kaners, but much lower in indigenous Southern African popu-
lations, which suggests that it is of European origin. The
polymorphism was used to study 19 affected and non-affected
individuals in a four generation family with the autosomal
dominant disorder, osteogenesis inperfecta (01) type I. Co-in-
heritance of the loss of the RsaI site and the OI phenotype
was observed with a lod score of 3.91 at a recombination frac-
tion (0) of zero, indicating strong linkage. This suggests that
the defect in this family is caused by a structural mutation
within or close to the proa2(I) collagen gene. The use of this
high frequency RFLP together with other recently described
polymorphisms at this locus will facilitate the analysis of the
role of this gene in 01 and other inherited disorders of con-
nective tissue.
Key words: linkage/osteogenesis imperfecta/polymorphism/pro-
a2(I) collagen

Introduction
Osteogenesis imperfecta (01) is a heterogeneous group of inherit-
ed disorders characterised chiefly by brittle bones, and associated
to a variable degree with abnormalities of other connective tissues
(reviewed in Prockop and Kivirikko, 1984). At least four clinical
types have been recognised, which vary in the severity of frac-
turing, mode of inheritance and the degree of involvement of
extraskeletal tissues (Sillence et al., 1979). Although it has been
suspected for some time that abnormal collagen synthesis is
responsible for the OI phenotype, this has only recently been con-

firmed by the demonstration of shortened proal or proa2 chains
of type I collagen in several variants of OI (Prockop and
Kivirikko, 1984).
A major advance in the study of this condition has been the

molecular cloning of the human proa2(I) and proca 1(I) collagen
genes (Myers et al., 1983; Dalgleish et al., 1982; Chu et al.,
1984). Both genes are represented only once in the human
genome and are not syntenic, with the proa2(I) and proal(I)
genes having been mapped to chromosomes 7 and 17, respec-
tively (Huerre et al., 1982; Henderson et al., 1983). The struc-
tural characterisation of the normal genes has opened up the

possibility of direct analysis of the molecular defect in OI. This
has recently been accomplished for a variant of OI type II, where
the defect was shown to be a deletion of - 500 bases from the
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procal(I) gene (Chu et al., 1983). However, the genes are very
large, and their products subject to an elaborate pathway of post-
transcriptional and post-translational processing and modifica-
tion (Prockop and Kivirikko, 1984), so that localisation of the
defect can be very difficult.
A related approach is to find restriction fragment length

polymorphisms (RFLPs) in the type I collagen genes, and to test
these markers for linkage to OI in affected families. This will
establish whether the disorder is caused by a structural defect
in a particular gene. It will also allow diagnosis of the disorder
in future offspring of the family, and could be used for pre-natal
diagnosis of the severe variants of OI. This approach has been
particularly successful in the pre-natal diagnosis of sickle cell
anaemia and ,B thalassaemia. (Boehm et al., 1983).
We have screened the proc2(I) collagen genes of three South

African populations for RFLPs as part of a programme aimed
at the characterisation and diagnosis of inherited disorders of con-
nective tissue, and have previously reported the presence of an
MspI RFLP in these populations (Grobler-Rabie et al., 1985)
and a BgEl and EcoRI RFLP in South African Blacks (Brebner
et al., 1985). The MspI RFLP has also been described by
Tsipouras et al. (1984), and this group has detected an EcoRI
RFLP in the 5' half of the proa2(I) gene which was linked to
the phenotype in a family with 01 (Tsipouras et al., 1983). Here
we report the presence of a high frequency RsaI RFLP in the
3' half of the proa2(I) gene, and demonstrate linkage between
this marker and an autosomal dominant form of OI.

Results
Screening of RFLPs in the human procx2(I) collagen gene
DNA from nine unrelated Afrikaners (white South Africans of
predominantly Dutch ancestry) was digested with the restriction
enzymes Bglll, ScaI, HincH, Hinfl, EcoRV or RsaI, elec-
trophoresed, blotted and hybridised to a recombinant plasmid
Hf32. This probe contains sequences complementary to the
coding regions of the 3' half of the human proa2(1) collagen gene,
including 1443 nucleotides coding for the proa2(I) helical do-
main and 597 nucleotides coding for the C-propeptide region
(Myers et al., 1981). Identical restriction fragment patterns were
obtained in all individuals with five of the enzymes (data not
shown), whereas variant patterns were observed with RsaI
(Figure 1).
Molecular basis of the RsaI RFLP
When RsaI digests of human DNA are probed with Hf 32 at least
eight fragments are detected, the largest of which is 2.1 kb in
length (Figure 1, lanes a and b). In some individuals an addi-
tional fragment of 2.9 kb was detected (Figure 1, c and d),
whereas in others the 2.9-kb fragment was present in the absence
of the 2.1-kb fragment (Figure le), suggesting homozygosity for
the polymorphism.
To localise the polymorphism in the gene and to establish its

molecular basis, blots were probed with four EcoRI genomic
subclones from the 3' half of the human proa2(1) gene (Dalgleish
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et al., 1982; Tajima et al., 1984). The variant 2.9-kb RsaI frag-
ment mapped to two adjacent subclones, 2.9 and 1.2 kb in length
(see Figure 2), which are located - 10 kb from the 3' end of
the gene. The polymorphism was analysed further by carrying
out double digests on DNA from individuals homozygous for
the 2.1-kb or 2.9-kb fragment, using the restriction enzyme RsaI
with XbaI, Hindl or EcoRI (data not shown). The data sum-

marized in Figure 2, show that the variant 2.9-kb fragment results
from the loss of an RsaI site between a 2. 1-kb and 0.8-kb RsaI
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fragment at the 3' end of the 1.2-kb EcoRI subclone. The three
genotypes of the polymorphism are therefore: 2.1 kb (+/+),
2.1/2.9 kb (+/-) and 2.9 kb (-/-).
Frequency of the RsaI polymorphism
The usefulness of a genetic marker in a population is determin-
ed by its frequency. We therefore screened three South African
populations for the presence of the RsaI RFLP. The results are

presented in Table I. The frequency was highest in the Afrikaners,
who originated from Western Europe, but is apparently substan-
tially lower in the population of mixed ancestry (the so-called
'Cape Coloured' - Botha and Pritchard, 1972), and absent in
South African Blacks. There is no significant difference between
the observed and expected distribution of the genotypes for both
the Afrikaner and 'Cape Coloured' populations (p >0.90, Table
I). These figures indicate that the heterozygote frequency in the
Afrikaner population will be 47%.
Linkage analysis of a family with OI
The inheritance of the RsaI RFLP was studied in a family with
an autosomal dominant form of OI. Affected individuals presented
with blueing of the sclera, a moderate fracturing tendency, den-
tinogenesis imperfecta and a normal stature. According to the
current clinical and genetic classification of OI (Sillence et al.,
1979), the condition in this family can be categorised as OI type I.

The RsaI RFLP was analysed in 19 individuals from four
generations, and the pedigree and results are shown in Figure
3. Co-inheritance of the loss of the RsaI site and the OI phenotype
was observed. The lod score was 3.91 at a recombination frac-
tion (0) of zero, which indicates strong linkage (Ott, 1974).

Discussion

Fig. 1. DNA samples were digested with RsaI, blotted and hybridised to a

human proa2(I) collagen probe, Hf 32. Lanes a and b are homozygotes for
the presence of the RsaI site (2.1 kb), lane c and d are heterozygotes (2.1
+ 2.9 kb) and lane e is a homozygote for the absence of the site (2.9 kb).
Lane f is X DNA digested with HindIII.

a2 (I) chain

The data presented in this report establish the existence of a new
RFLP which results from the loss of an RsaI site - 10 kb from
the 3' end of the human proa2(I) collagen gene. Since genes in
which this site was absent produced normal restriction fragment
patterns with 14 other enzymes (Grobler-Rabie et al., 1985 and
this report), it is likely that the mutation is a single base change
or a minor structural alteration. It occurs in the region of the
gene which codes for the a-chain domain of proa2(I) collagen,
but since the gene is highly interrupted by intervening sequences

(Myers et al., 1983) and the structure of this region has not yet
been published, it is not clear whether coding or non-coding se-

quences are affected. The fact that three apparently normal in-
dividuals are homozygous for the mutation (Table I) suggests
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Fig. 2. Restriction map of the 3' half of the human proa2(I) collagen gene (modified from Tajima et al., 1984 and Myers et al., 1983). Polymorphic sites
are indicated by an asterisk. The scale in kilobases is numbered from the 3' end of the gene. Restriction sites: E = EcoRI, H = HindIII, X = XbaI, R =
Rsal, M = Mspl, (only the relevant RsaI and MspI sites have been indicated).
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Table I. Frequency of RsaI polymorphism in three South African populations

Genotypes Afrikaners 'Cape Coloureds' South African Blacks

Observed Expecteda Observed Expected Observed Expected

+/+ 9 9.375 7 6.96 9 9
+/- 12 11.24 2 1.73 0 0
-/- 3 3.375 0 0.10 0 0
n 24 9 9
Frequency of minor (-) allele 0.38 0.11 0

aThe expected occurrence of the genotypes has been calculated from the frequency of the polymorphism by assuming that it is distributed randomly in the
populations.
n = number of individuals tested.
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Fig. 3. Pedigree of a family with an autosomal dominant form of 01. The
presence and absence of the RsaI polymorphic site is indicated by + and
-, respectively. The symbols * and * indicate affected individuals. The
proband is arrowed.

that it does not lead to a significantly altered phenotype.
The frequency of the RFLP was very different in the three

populations studied (Table I). It was high in the Afrikaners, who
are of Western European origin, moderate in the 'Cape Coloured'
population and zero in South African Blacks. This implies that
the polymorphism originated in Europe and its presence in the
'Cape Coloured' population may result from admixture of set-
tlers from Western Europe with this group. The frequency of
0.38 in the Afrikaner makes it, together with the 5' EcoRI RFLP
described by Tsipouras et al. (1983), the most informative RFLP
detected in the gene to date, with an expected heterozygote fre-
quency of 47%. MspI, Bgll and EcoRI RFLPs of lower fre-
quency have been detected in the 3' half of the proa2(I) gene

(Grobler-Rabie et al., 1985; Brebner et al., 1985; Tsipouras et
al., 1984). The detection of an increasing number of markers
at this locus should significantly improve the chances of finding
an informative polymorphism in a given family. It also raises
the possibility of establishing polymorphic haplotypes at this
locus. This approach has been very useful in the systematic char-
acterisation of globin gene disorders, where the association of
a particular haplotype with a specific molecular defect is high
(Orkin et al., 1982).
The co-inheritance of the RsaI RFLP and the OI phenotype

observed in this study (Figure 3) and the evidence of type I col-
lagen involvement in OI provide a strong indication that a muta-
tion within the proa2(I) collagen gene is responsible for the

disorder in this family. Therefore a detailed analysis of this gene
and its product should reveal the molecular basis of the disorder.
The finding of a proc2(I) defect in OI type I is surprising since
all well-defined cases of this type have involved mutations in the
proal(I) gene (Prockop and Kivirikko, 1984), although a variant
form of 01 type I with a structurally altered proc2(I) chain has
been described (Byers et al., 1983). It is also interesting that the
phenotype in this family is dominantly inherited. The complete
absence of a2(1) chain synthesis is compatible with life, since
a I(I) chains can form a functional trimer. Thus a reduction in
a2(I) synthesis from one allele might not be expected to have
a significant effect. This suggests that the mutation may result
in the production of a structurally altered proa2(I) chain that
prevents procollagen trimers into which it is incorporated from
folding into a triple-helical conformation. Mutations in the
proa2(I) gene have now been implicated in the mild autosomal
dominant 01 type I (this report), the perinatal lethal OI type II
(DeWet et al., 1983), the recessively inherited OI type HI (Pihla-
janiemi et al., 1984) and an autosomal dominant form of OI type
IV (Tsipouras et al., 1983). Molecular characterisation of the
defect in all of these variants will be required to explain the dif-
ferences in phenotype and mode of inheritance observed in these
four conditions.
The establishment of linkage in this family also implies that

future affected offspring can be diagnosed at birth, rather than
after the development of symptoms of the disorder. Furthermore
the RsaI RFLP could be used for the pre-natal diagnosis of severe
variants of OI which involve the proc2(I) gene. Finally, the
marker could be applied in linkage studies of other inherited
disorders of connective tissue, such as the Ehlers Danlos and
Marfan syndromes (Prockop and Kivirikko, 1984) where defects
of type I collagen synthesis are suspected.

Materials and methods
High mol. wt. human DNA was prepared from whole blood or from white blood
cells of randomly selected individuals as described by Vandenplas et al. (1984).
DNA samples were digested to completion with restriction enzymes, which

were obtained from Bethesda Research Laboratories, Boehringer Mannheim and
New England Biolabs, and used as directed by the suppliers. The resulting DNA
fragments were separated by electrophoresis on 1% agarose gels and transferred
to nitrocellulose as described (Vandenplas et al., 1984). DNA from X phage
digested with HindIII and labelled with [ca-32P]dCTP using T4 polymerase
(Maniatis et al., 1982) was used as a mol. wt. marker. The nick-translation kit
and protocol supplied by Bethesda Research Laboratories was used to label human
procr2(I) collagen cDNA (Myers et al., 1981) and genomic subclones (Dalgleish
et al., 1982; Tajima et al., 1984) to a specific activity of 1 -2 x 108 c.p.m./Ag
with [a-32P]dCTP. The restricted DNA on the filters was hybridised to the pro-
bes at 65°C as described (Vandenplas et al., 1984), with final stringency washes
of 0.1 x SSC for genomic and 0.5 x SSC for cDNA probes (1 x SSC buffer
contains 0.15 M NaCI, 0.015 M sodium citrate, pH 7.0). Autoradiography was
for 1-7 days at -80°C.
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