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Schmid metaphyseal chondrodysplasia (SMCD;
MIM 156500) is an autosomal dominant disorder of
the skeleton that is manifested in early childhood
by short stature, coxa vara, and a waddling gait.
Patients with SMCD have mutations in the gene that
codes for the a-1 chain of collagen X (COL10A1l);
however, mutation analysis of this gene is ham-
pered by its size. We studied a family with SMCD:
the mother, a 36-year-old woman with a height of
149 cm, had mild bilateral coxa vara. Her two sons
presented with short stature, bowed legs, and coxa
vara in early childhood. DNA was extracted from
peripheral lymphocytes from the three patients and
subjected to PCR amplification by COL10Al gene-
specific primers. In addition to single-strand confor-
mational polymorphism (SSCP) analysis of the
COL10A1 gene, we used a novel method, dideoxy
fingerprinting (ddF). The genetic defect in this fam-
ily was found to be a previously unreported mis-
sense mutation (T-to-C transition) at nucleotide
2011. This change resulted in a Ser-to-Pro substitu-
tion at position 671 of the carboxy-terminus of the
COL10A1 protein. In addition, the two boys, but not
the mother, were found to carry a trinucleotide
(CCC) deletion at position 2048 of the 3’ untrans-
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lated region, a polymorphism of the COL10A1 gene.
We conclude that ddF can be used in the analysis
of the COL10Al gene along with SSCP. The S671P
substitution is novel, but located in the same region
with the other reported COL10A1 mutations, con-
firming type X collagen as the locus for this dis-
ease.

Schmid metaphyseal chondrodysplasia (SMCD;
MIM 156500) is a rare, autosomal dominant disorder
of the skeleton that is manifested in early childhood
by short stature, coxa vara, and a waddling gait (1).
Mutations in the second exon of the gene that codes
for the «-1 chain of collagen X (COL10A1) were re-
cently identified in patients with this condition (2—
8). Collagen X is a member of the family of “short
chain” collagen molecules, a unique component of
the extracellular matrix essential for normal growth
plate function (9). It is expressed in bone develop-
ment transiently and its message is confined to the
terminally differentiated hypertrophic chondrocytes
in the calcifying cartilage of the growth plate. Its
function is not completely understood, but it has
been suggested that this molecule provides the
structural support necessary for vascular invasion,
calcification, and remodeling of the growing bone
(9,10). The protein has a triple-helical (COL) domain
of 463 amino acid residues, flanked by two nontriple
helical sequence domains, one at the carboxyl-termi-
nus (NC1), and another at the amino-terminus
(NC2) of the molecule (10,11). The 161-amino-acid
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FIG. 1. Patients’ phenotypes. A, B, and C, are from individuals 11.1, 11.2, and 1.1, respectively. Patient 1.1 underwent two operations,
first as a child, and then as a teenager; neverthless, her leg bowing was never as severe as that of her two sons. (D) Radiograph of the

lower extremities of patient 11.2: significant bowing of the tibiae.

NC1 domain is highly conserved among species and
is believed to be required for the specific associations
that occur during assembly of the triple helix (11).
Both the NC1 and the NC2 domains are the sites of
extensive posttranslational modification by specific
C- and N-terminal proteinases, respectively, as well
as by lysyl oxidase (10-12).

The three «-1 (X) chains are encoded by a single
gene, which is located on the distal end of the long
arm of chromosome 6 (6g21-q22.3) and has two ex-
ons; exon 2 is 2940 bp long and codes for over 95%
of the a-1 (X) chain, including the COL and NC1

domains and the 3’-untranslated sequence (11,12).
Because of its time- and growth-plate-restricted ex-
pression and function, COL10Al was the candidate
gene for the chondrodysplasias, which affect primar-
ily the developing growth plate. Over the past 2
years, 12 mutations have been described in kindreds
with SMCD, all concentrated in the NC1 domain of
the protein. The first mutation described was a 13-
bp deletion leading to a truncated COL10A1 protein
(2); 6 deletions and 5 missense mutations of this
gene have been reported since (3,5,6—8). The screen-
ing of COL10A1 for mutations is hampered by the
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size of its second and largest exon. Although single-
strand conformational polymorphism (SSCP) analy-
sis was successfully employed for identification of
new mutations in the past (3,5,6,14), in at least one
case this technique failed to identify a missense mu-
tation, which was subsequently identified by hetero-
duplex analysis (3). In this study, we report the use
of a novel method for screening mutations of the
COL10A1 gene, dideoxy fingerprinting (ddF), and
describe a novel mutation in the NC1 domain of the
protein, which caused the disease in a Ukrainian
kindred.

MATERIALS AND METHODS

Family Report

The family came to the United States for medical
evaluation and treatment. They were previously
given the diagnosis of “X-linked hypophosphatemic
rickets” (XLHPR). The mother (patient 1.1) was 36
years old and as a child had mild coxa vara and
bowed legs, which came to medical attention at the
age of 5 years. She underwent osteotomy twice; she
completed a normal puberty at the age of 15 and had
no other medical problems. Her family history was
negative for any skeletal disorders, and her diagno-
sis was “rickets” for which she received occasional
treatment with vitamin D and calcium supplements.
At the ages of 30 and 31 years, she gave birth to
male children I1.1 and 1.2, respectively, who were
delivered vaginally and had normal birth length and
weight. They both had normal early development,
but when they started walking, shortly after the end
of the first year of life, they developed significant
leg bowing. Although their original diagnosis was
hypochondroplasia, the two brothers and their
mother were subsequently diagnosed with XLHPR.
At their physical examination in our institution, the
brothers had short stature due to bilaterally bowed
legs (Fig. 1) with a short lower body segment and a
normal upper body segment; arm span length was
normal for age. Both boys walked with a waddling
gait and had a small thorax and genu varum. There
were no other abnormal findings. The mother (1.1)
was also short (height 149 cm, —2.5 SD); she had
numerous scars in her lower extremities from the
corrective osteotomies, but was able to walk nor-
mally. Radiographic evaluation of the three patients,
showed findings typical of SMCD without any evi-
dence for rickets. Coxa vara was present in both
boys, but not in their mother. The femoral capital

TABLE 1
Primers Used for SSCP, ddF, and Sequence
Analyses of the COL10A1 Gene®

cDNA location

Primer Sequence (Ref. 12)

X16F  5’-CACCTGCATGTGAAAGGG-3’
X16R  5'-GGGTGGGGTAGAGITAGA-3'
X22F  5'-GCCTGTATAAGAATGGCACC-3' 1838 (Sense)
CXFo  5'-GCAACAGCATTATGACCCAAGG-3’ 1749 (Sense)
CXRe 5'-TACATTCTTTTCAGCCTACCTCC-3' 2160 (Antisense)

1804 (Sense)
2115 (Antisense)

2 For additional primers see also Ref. (14).

epiphysis was enlarged and malformed in both chil-
dren; the spine and other parts of the skeleton were
normal. Biochemical investigation revealed normal
serum and urine calcium and phosphorus concentra-
tions. Serum parathyroid hormone (PTH), vitamin
D metabolites, and alkaline phosphatase levels were
also normal.

Methods

Genomic DNA was prepared from the patients and
normal controls as previously described (13). PCR
amplification, SSCP, and ddF analyses were per-
formed with primers previously reported (2,3,5,14).
Simple PCRs were first performed in order to detect
major gene deletions or rearrangements. The prod-
ucts of these reactions were run on ethidium bro-
mide-stained 1% agarose gels and were found to be
of the expected size (data not shown). The conditions
of the PCR and SSCP analysis were previously de-
scribed (3,5,14). For the new primers (Table 1), the
conditions were slightly different: the reactions were
carried in a 100-ul volume containing ~100 ng of
DNA, 10 pmol of each unlabeled primer, 20 nmol of
each dNTP, in 1.5 mm MgCI, PCR buffer, with 1 U
of Taq polymerase (Perkin—Elmer, Norwalk, CT).
Thirty cycles were performed (94°C for 1 min, 57°C
for 1 min, 72°C for 30 s) followed by a final 10-min
extension at 72°C. ddF analysis was performed as
described (15). Primers CXFo and CXRe were used
for generation of an amplicon encompassing the NC1
domain-coding sequence of the COL10A1l gene (nu-
cleotides 1749-2160 of the cDNA), with conditions
similar to the ones described above. A nested T-4
kinase end-labeled primer (13) was then used for the
ddF reaction. For a total volume of 10 ul, the reaction
included 6.0 ul ddH,0O, 2 ul of 5X Taq polymerase
buffer (Invitrogen, San Diego, CA), 0.1 ul of 2.5 mm
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NTP, 0.2 ul of 10 mm ddGTP/L, 2 pmol/liter (1 ul) of
labeled primer, 0.2 ul (5U/ul) Taq polymerase (Per-
kin—Elmer, Norwalk, CT), and 0.5 ul of the amplicon
prepared above. Forty cycles of PCR were then per-
formed and stopped with the addition of 15 ul of stop
solution (7 mol/liter urea, 50% formamide, 3 mmol/
liter EDTA, 0.5% bromphenol-blue-xylene cyanol).
Three to five microliters was loaded in a standard
1x MDE nondenaturing gel (AT Biochem, Malvern,
PA), after heating the samples to 95°C for 5 min.
The gel was run at constant power for 8 h, dried,
and subjected to autoradiography. Following the
identification of the change by SSCP and ddF, 10
normal control individuals were screened by SSCP
for mutations in the NC1 domain of the COL10A1
gene and a normal pattern was revealed (data not
shown). cDNA synthesis was accomplished from to-
tal RNA extracted from the EBV-transformed lym-
phocytes of the patients and two normal control cell
lines as previously reported (16). The reverse tran-
scriptase-PCR kit (Boehringer-Mannheim, Mann-
heim, Germany) was used for this reaction. Primer
X16R at position 2115 of the 3’-untranslated se-
quence was used for reverse transcription and the
previously used 5'E (X22F) for subsequent amplifi-
cation by PCR. Direct and asymmetric PCR sequenc-
ing was performed as we previously reported (16) by
the fmol-sequencing method (Promega Corp., Madi-
son, MI), and the Sequenase version 2.0 kit (U.S.
Biochemicals, Cleveland, OH), respectively.

RESULTS

PCR analysis of 5 fragments of the COL10A1 gene
in the 3 patients and 1 normal control revealed am-
plicons of the expected size, excluding major dele-
tions or other major rearrangements of this gene
(data not shown). SSCP analysis of the COL10Al
gene in the 3 patients and 3 controls was then per-
formed for 10 amplicons covering the full length of
the COL10A1 coding sequence. SSCP alterations
were found in amplicon E (primers X22F and X22R),
which covers the distal 271 bp of exon 2 of the
COL10A1 gene and includes parts of the NC1 do-
main-coding sequence and the 3’-end untranslated
sequence (Fig. 2). However, the band pattern of the
two affected children was different from that of their
mother, although all three affected individuals had
bands which were different from those of the normal
controls. ddF analysis showed that, indeed, there
was variance between the band patterns of the
mother and the two affected children, but not for
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FIG. 2. SSCP and sequence analysis of the COL10A1 genes.
(A) SSCP analysis of the COL10A1 gene [NC-1 domain, amplicon
E (Ref. 14)] from the mother (I.1), her two sons (I11.1 and 11.2) and
three normal controls. (B) Sequencing results indicating the T/
C missense mutation at position 2011 of the COL10A1 coding
sequence and the amino acid substitution S671P (the gel reads
from top to bottom in the 5’-to-3’ direction). In the two children
there is an overlap in the sequence, due to the CCC(—) polymor-
phism (see Figs. 3 and 4).

the entire length of the amplicon (Fig. 3). No other
changes were detected by SSCP and/or ddF analysis
of the rest of the COL10A1-coding and proximal in-
tronic sequences.

The COL10A1 cDNA obtained by reverse tran-
scription of total RNA from EBV-transformed lym-
phocytes was of the expected length, excluding
splice-site mutations or other genetic defects that
would alter the transcription of the COL10A1 gene
(data not shown). Sequencing of amplicon E revealed
two sequence alterations: the first was present in all
three patients; the second was present in the boys
only. The former was a missense mutation at nucleo-
tide position 2011 of the COL10A1 coding sequence,
which replaced a thymidine (T) with a cytosine (C)
in the first base of a TCT codon. This mutation led
to a nonconservative amino acid substitution at posi-
tion 671 of the NC1 domain of the protein, changing
serine (Ser, S) to proline (Pro, P) (5671P) (Fig. 2).
The second sequence alteration, present only in the
two boys and inherited apparently from their unaf-
fected father, was the CCC(—) polymorphism of the
COL10A1 gene, which is located 6 bp downstream
from the TGA termination codon and results in a 3-
bp deletion (CCC) at position 2048 of the COL10A1
cDNA (12) (Fig. 4). This polymorphism was present
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1.2

FIG. 3. Dideoxy fingerprinting (ddF) analysis of an amplicon
of the COL10A1 exon 2, encompassing the same region as that
studied by SSCP (Fig. 2A) with an antisense primer. From the
top of the gel to arrow A, all lanes have a band pattern which is
similar in the mother (1.1) and her two children (11.1 and 11.2)
and different from that of the control, as a result of the S671P
mutation. As we approach sequences that are closer to the primer
(after arrow B) the band pattern differs between the mother and
her two children because of the CCC(—) deletion, a polymorphism
of the COL10AL1 gene.

in 1 of the 10 normal control individuals screened
by SSCP analysis (data not shown) and was respon-
sible for the difference in the band patterns between
the mother and her two affected children, as detected
by SSCP and ddF analysis.

DISCUSSION

Several lines of evidence suggest that the S671P
mutation is responsible for SMCD in our kindred.
First, the mutation segregated with the disease in
all three affected individuals. Second, this mutation
was located in the NC-1 domain of the COL10Al
gene product, where 12 other, different mutations
have been identified in patients with SMCD. Thus,
we suggest that its role in the pathogenesis of this
disorder is similar to the one proposed for the other
disease-causing mutations, i.e., disruption of trimer
assembly of the collagen X molecule. Third, as ob-
served for the sites of the other reported mutations,
the serine moiety at position 671 is conserved in
sequences of this molecule from all the species pub-
lished to date, including the avian, murine, and bo-
vine genes (11,12). Finally, the nature of the amino
acid change indicates that this mutation may di-
rectly affect the function of the collagen X molecule.

Substitution of a serine by a proline may offer an
additional site for proteolysis; in addition, serine res-
idues favor the formation of reverse turns in the a-
helix structure of polypeptide chains, whereas pro-
line moieties generally disrupt the «-helix forma-
tion. The end result of these modifications would
be either haploinsufficiency of the COL10A1 gene
product, or a dominant-negative effect in the struc-
ture of the collagen X homotrimer, or both.

An in vitro transcription system was recently used
in order to show that substitution of glycine at posi-
tion 618 of the human COL10AL1 gene by valine dis-
turbed the aggregation of collagen molecules into
trimers and larger assemblies (8). This finding was
consistent with the abnormal disorganized cartilage
seen in the growth plate of the patient with this
mutation, although it did not provide any details for
the mechanism by which this abnormality occurred.
Transfection studies with wild-type and mutant
COL10A1 sequences have not been reported and di-
rect proof of the involvement of the reported muta-
tions in disease pathogenesis is currently lacking. It
is noteworthy that homozygous murine knockouts
for type X collagen have a normal phenotype, indi-
cating species-specific differences in the function of
this molecule (9,10).

The S671P substitution is the mutation closest to
the TGA-stop codon identified to date, extending the
region of disease-causing substitutions almost to the
end of the coding sequence of the COL10Al gene.
Definite phenotype—genotype correlations are lack-
ing, although there do not appear to be significant
differences in the clinical severity of the disease be-
tween patients bearing deletions and those who are
carriers of missense mutations. It is possible that
the observed wide variation in clinical symptomatol-

G A GATCGA

TC GA

Normal 1.2 1.1 1.1
Normal sequence : 5-TGA-GTACA CCC CACAGA-3'
Stop

CCC(-) polymorphism : 5'-TGA-GTACACACAGA-3'

FIG. 4. Sequencing ladder indicating the overlap in nucleo-
tides due to the CCC(—) polymorphism in the paternal COL10A1
allele in the two children (I1.1 and 11.2) (the CCC trinucleotide is
shown in the box). The mother (1.1) has the same sequence as
the normal control individual (four leftmost columns). The normal
and polymorphic sequences are shown at the bottom.
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ogy of patients with SMCD is due to other factors,
perhaps the function of other genes. The possibility
that polymorphisms of the COL10A1 gene might
play a role in disease expression has not been inves-
tigated. In particular, a polymorphism of the proxi-
mal 3’-untranslated sequence of the COL10A1 cod-
ing sequence, for which the carrier frequency is close
to 10% in at least one studied population (14), may
play a role in COL10A1 mRNA stability because of
its position (17). This polymorphism, a trinucleotide
(CCC) deletion at position 2048 of the cDNA, was
present in the two children but not in their mother.
It is tempting to speculate that the unusual severity
of SMCD in the two children (bowing of the extremi-
ties before the age of 2 years and severe damage of
the femoral capital epiphysis) was due to the fact
that they were carrying not only the disease-causing
mutation, in the maternal allele, but also the tri-
nucleotide deletion, which may have reduced the sta-
bility of the message produced from the paternally
inherited COL10A1 allele. The presence of this poly-
morphism in unaffected individuals (14) does not ex-
clude this possibility, since such an effect would only
be clinically significant in cases where any amount
of normal collagen X formation would be critical.
This suggests that further studies are needed in or-
der to obtain a better understanding of the effect of
polymorphisms of the COL10A1 gene on the pheno-
type of SMCD patients.
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