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Ehlers-Danlos Syndrome Type VIIA and VIIB Result
From Splice-Junction Mutations or Genomic
Deletions That Involve Exon 6 in the COL1Al and
COL1A2 Genes of Type I Collagen
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Ehlers-Danlos syndrome (EDS) type VII re-
sults from defects in the conversion of type |
procollagen to collagen as a consequence of
mutations in the substrate that alter the
protease cleavage site (EDS type VIIA and
VIIB) or in the protease itself (EDS type
VIIC). We identified seven additional fami-
lies in which EDS type VII is either domi-
nantly inherited (one family with EDS type
VIIB) or due to new dominant mutations
(one family with EDS type VIIA and five
families with EDS type VIIB). In six families,
the mutations alter the consensus splice
junctions, and, in the seventh family, the
exon is deleted entirely. The COL1A1 muta-
tion produced the most severe phenotypic
effects, whereas those in the COL1A2 gene,
regardless of the location or effect, pro-
duced congenital hip dislocation and other
joint instability that was sometimes very
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marked. Fractures are seen in some people
with EDS type VII, consistent with alter-
ations in mineral deposition on collagen
fibrils in bony tissues. These new findings
expand the array of mutations known to
cause EDS type VII and provide insight into
genotype/phenotype relationships in these
genes. Am. J. Med. Genet. 72:94-105, 1997.
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INTRODUCTION

The Ehlers-Danlos syndrome (EDS) is a group of in-
herited connective tissue disorders characterized by
joint hypermobility, increased skin extensibility, bruis-
ing, abnormal scar formation, and, in some forms, an-
eurysm formation and propensity to bowel and uterine
rupture [Beighton, 1970; McKusick, 1972; Beighton,
1993; Steinmann et al., 1993; Byers, 1995]. EDS type
VII is distinguished from other types of EDS by the
frequency of congenital hip dislocation and extreme
joint laxity but minimal skin involvement [Lichten-
stein et al., 1973; Steinmann et al., 1993].

EDS type VII is heterogeneous in terms of its mo-
lecular basis. EDS type VIIA results from mutations in



the COL1A1 gene that encodes the proal(l) chains of
type | procollagen [Weil et al., 1989; D'Alessio et al.,
1991]. These mutations interfere with the normal splic-
ing of exon 6, which encodes 24 amino acids that in-
clude the protease cleavage site at the amino-terminal
end of the triple helix of the chain. Similar mutations
in the COL1A2 gene that encodes the proa2(l) chains of
type | procollagen result in the EDS type VIIB pheno-
type [Weil et al 1988, 1989b, 1990; Nicholls et al., 1991;
Vasan et al., 1991; Chiodo et al., 1992; Watson et al.,
1992; Lehman et al., 1994; Ho et al., 1994]. Mutations
that abolish the enzymatic activity of the N-proteinase
itself result in a more severe phenotype, now termed
EDS type VIIC in humans [Smith et al., 1992; Nusgens
et al., 1992; Wertelecki et al., 1992; Petty et al., 1993;
Reardon et al., 1995] and dermatosparaxis in animals
[O'Hara et al., 1970; Lenaers et al., 1971].

Here, we describe individuals in seven additional
families with mutations in the COL1A1 gene or the
COL1AZ2 gene that have mutations in the splice donor
or acceptor sites of exon 6 or delete the exon in COL1A2
entirely. These mutations result in different splicing
products from the two genes, result in disparate phe-
notypes, alter collagen fibril structure to different ex-
tents, and predispose to bone fracture.

MATERIALS AND METHODS
Clinical Description and Natural History

Family A. The index case, a female infant (Fig. 1,
IV3), was born at term after an uncomplicated preg-
nancy and delivery to a healthy mother. At the age of 9
months, she was referred for evaluation because of
joint laxity and inability to sit unsupported. Her feet
and wrists could be dorsiflexed 180°, and her skin was
soft and hyperextensible. Radiographs showed bilat-
eral hip dislocations. Because bracing was unsuccess-
ful in stabilizing her hips, at 16 months, she underwent
open reduction of both hips, capsular reefing, and
varus osteotomies with casting and bracing; these were
not successful in preventing further dislocations. At
the age of 32 months, open reduction of the right hip
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Fig. 1. Pedigree of family A. Inheritance of the phenotype in this family

is consistent with an autosomal dominant disorder. Affected individuals
are marked by black symbols, and the presence of the mutation was con-
firmed in those marked by an asterisk.
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with femoral osteotomy and a Salter osteotomy of the
right ilium were performed. Following surgery, she
walked with excessive eversion and subluxation of the
talonavicular joints but without discomfort. Since then,
she has sustained at least two hip dislocations from
minor falls but has been able to reduce them herself. At
the age of 6 years, she had normal intelligence. The
child’s father (Fig. 1, 111-5) had bilateral hip dislocation
identified at the age of 1 month. He underwent closed
reduction, casting, and bracing without success. Sub-
luxation of the metacarpophalangeal joint of one
thumb, dislocation of the other, and subluxation of the
first metatarsal joints were noted. At the ages of 11 and
14 years, he had dislocation of the right radial head,
which he reduced. At the age of 17 years, he was 168 cm
tall (tenth centile) and had chronically dislocated hips.
He declined to donate blood samples for study. The
index case’s paternal uncle (Fig. 1, 111-2) had bilateral
congenital hip dislocation with unsuccessful correction;
he was of average height. Two paternal aunts (111-3
and 111-4) have not been examined but were reported to
be unaffected.

IV-1, a first cousin of the index case, was noted at the
age of 7 weeks to have dislocated hips and dislocations
of the right elbow, patellas, fingers, and toes. Closed
reduction of the hips was not successful, and his par-
ents elected not to have surgery. His mother (I111-1) and
his sister (IVV-2) are unaffected.

Radiographs of the index case’s paternal grandfather
(11-3) showed that he had bilateral hip dislocations; he
walks with difficulty, using crutches. Both his parents
were alive and unaffected. No affected relatives had
fractures, dental or hearing abnormalities, blue
sclerae, poor wound healing, or hernias described or
reported.

Family B. The index case was 39 years old when
he was evaluated. He was the product of a 38-week
gestation and breech vaginal delivery. At birth, a se-
verely clubbed left foot was noted; one thumb, his right
and left radial heads, and both hips were dislocated. At
birth, he had kyphosis and hypermobility of all joints;
both femoral heads were absent by radiological exami-
nation. Multiple surgical attempts to reduce his bilat-
eral hip dislocation were unsuccessful, as were at-
tempts to repair clubbed feet and other dislocations. He
never walked without support and generally did not
use Canadian crutches extensively because of elbow
and shoulder instability. He had bled excessively at
surgery in the past, but results of hematologic evalua-
tion were normal. Bladder diverticulae had developed
previously and interfered sufficiently with function so
that he relied on self-catheterization to void. At the age
of 39 years, he had soft and lax skin without bruising.
His forehead was prominent, and he had a depressed
nasal bridge. He had extreme hypermobility of small
and large joints, scoliosis and kyphosis, and severe
equinovarus of both feet. His teeth were normal.

Family C. The index case was the only child of a
normal nonconsanguineous couple, and there was no
family history of connective tissue disorders. At birth,
she was noted to be hypotonic with extensible skin and
hypermobile large and small joints, and she had bilat-
eral congenital hip dislocation. She had a leptomenin-
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gocele in the right occipital region and had a right in-
tracranial hemorrhage in the perinatal period. Her
hips were treated with a Pavlik harness but without
success. An open reduction was performed at the age of
2 months on both hips. Because of difficulty walking, a
second bilateral open reduction with femoral osteoto-
mies was performed at the age of 3 years. Further op-
erations occurred at the age of 7 years. The meningo-
cele was repaired after birth. She was left with mild
cortical atrophy, a seizure disorder, palsy of the third
cranial nerve, left hemiparesis, and a left homonymous
hemianopsia. At the age of 10 years (the age of the skin
biopsy), she walked with braces and had a normal
range of cognitive function, but she was mildly delayed
in school and had mild difficulties with articulation.

Family D. The index case was the first child born
to 20-year-old normal, nonconsanguineous parents. He
was noted to have joint laxity and bilateral hip dislo-
cation at birth, which were treated with pelvic harness
traction, spica case, and abduction brace. By the age of
17-18 months, he was able to ambulate independently.
At the age of 20 months, he underwent open reduction
of both hips with Pemberton pelvic osteotomies and
varus derotation of the femoral osteotomies He did not
have joint dislocations other than the hips, although
generalized joint hypermobility and ligamentous laxity
were evident. At the age of 3.5 years, he fell onto his left
hip and fractured his left femur. The fracture was
treated by closed reduction and application of a spica
cast. By the age of 7 years, there had been good healing
of the fracture and osteotomy sites, with mild left coxa
valga. In the cervical spine, 5 mm of anterior subluxa-
tion of C1 on C2 was noted, which was reduced to 4 mm
with extension.

Family E. The fifth index case was adopted from
Korea at the age of 9 months and arrived with hip spica
casts because of bilateral hip dislocation. She was
treated with braces until the age of 3 years, when bi-
lateral surgical repair of both hips was performed suc-
cessfully. At the age of 4 years, she had hypermobility
of all large and small joints, soft skin without marked
scarring, and had had no fractures.

Family F. The sixth index case was a 25-year-old
woman who had carried a diagnosis of EDS since in-
fancy because of bilateral congenital hip dislocation
and marked joint laxity. Her hips required intermit-
tent casting for a period of 5 years, but they were not
treated surgically. She was the second of three children
in the family and the only affected individual. Her non-
consanguineous parents had been 26 and 24 years old
at the time of her birth; there was no family history of
EDS or joint dislocation. During childhood, she had
multiple dislocations of her shoulders, knees, and el-
bows. Following a fall at the age of 8 years, she sus-
tained a fracture of her right radial head, and she frac-
tured several ribs in a fall down stairs in her early 20s.
She bruised easily. There was no history of ocular or
cardiac difficulties, and an echocardiogram done at the
age of 25 years was normal. On physical examination
at the age of 25 years, she had marked hypermobility of
large and small joints, with the exception of restricted
motion at the right elbow. She had lordosis of the lower
spine, with spondylolisthesis at L5-S1 on x-ray films,

and she had a mild thoracic scoliosis. Her skin was
thin, soft, and hyperextensible. She had many scars.
She was of normal height and had normal intelligence.

Family G. The seventh index case was the term
product of a cesarean delivery for breech presentation
and was born to a 23-year-old caucasian father and a
31-year-old mother of Japanese origin. At birth, she
was noted to have large fontanelles, a small umbilical
hernia, joint laxity, contractures of the second, third,
and fourth digits of both hands, short femurs, and pen-
dulous skin folds. Radiographs demonstrated bilateral
hip dislocation. At the age of 5 months, she was at the
50th centile in length, had a head circumference at the
75th centile, and had patent and bulging fontanelles
with prominent frontal bossing. She had a small chin,
deep blue sclerae, a narrow thorax with a mild pectus
excavatum, and a large umbilical hernia. Her large
joints were hypermobile.

Biochemical Studies

Skin biopsies taken with consent from all individuals
studied were explanted, and proteins were labeled and
studied, as previously described [Bonadio et al., 1985],
in the presence or absence of dextran sulfate [Bateman
and Golub, 1990].

Electron Microscopy

Skin biopsies were fixed in half-strength Karno-
vsky’s fixative, postfixed in 1% OsO,, en bloc stained in
1% uranyl acetate, dehydrated, and embedded in Epon,
as previously described [Holbrook and Byers, 1981].
Thin sections were collected onto copper grids; stained
sequentially with phosphotungstic acid, uranyl ac-
etate, and lead citrate; and then viewed by using a
Philips 420 STEM transmission electron microscope.

Analysis of mMRNA Transcripts

RNA was extracted from cultured fibroblasts with
guanidine-isothiocyanate [Chomczynski and Sacchi,
1987], and cDNA was synthesized by using random
hexamers [Fineberg and Vogelstein, 1984]. Sequences
in the COL1A1 and COL1A2 cDNAs surrounding exon
6 were amplified [Saiki et al., 1988] by using sense
primers in exon 5 (COL1A1) and exon 1 (COL1A2) and
primers complementary to sequences in exon 8
(COL1A1) and exon 10 (COL1AZ2; Table I). The condi-
tions for COL1A1 were 94°C for 1.5 min, 65°C for 2
min, and 72°C for 2 min for 35 cycles; the conditions for
COL1A2 were 94°C for 1.5 min, 55°C for 2 min, and
72°C for 1 min for 35 cycles. The products were ana-
lyzed by electrophoresis on polyacrylamide gels and
were stained with ethidium bromide.

The amplified products were separated by electro-
phoresis in low-melting-temperature agarose and then
sequenced directly, or they were cloned in the TA clon-
ing system (Invitrogen, San Diego, CA). Several normal
and mutant clones from each population were selected
and sequenced by using the di-deoxy chain-termination
technique [Sanger et al., 1977] with amplification
primers and Sequenase® (Amersham, Arlington
Heights, IL).



Identification of Mutations in Genomic DNA

The DNA sequences surrounding exon 6 in the
COL1A1 or COL1A2 gene were amplified by using pub-
lished primer sequences for introns 5 and 6 in the
COL1A2 gene [Chiodo et al., 1992] and sequences in
intron 5 and 6 of the COL1Al gene [D’Alessio et al.,
1988]. The amplified fragments were purified by elec-
trophoresis in low-melting-temperature agarose, and
the purified fragments (containing both alleles) were
sequenced directly, as described above, or the frag-
ments were cloned in the TA system, and individual
clones were sequenced.

RESULTS

Defective Conversion of Procollagen to
Collagen in Three Cell Strains

The amounts of type | and type Il procollagen syn-
thesized by cells from the index case in each family
were indistinguishable from controls. The apparent
conversion of type | procollagen to collagen in the me-
dium was unhindered in the cell strains (Fig. 2A,C).
Following digestion with pepsin, there was an addi-
tional band that migrated between the a1(l) and the
a2(1) chains of type I collagen in six cell strains (those
from families A—F; Fig. 2B), and a faint additional band
that migrated more slowly than the a1(l) chains was
apparent in the seventh cell strain (family G; Fig. 2D).
Peptide maps of the abnormal band synthesized by
cells from members of family A confirmed that it was
related to the «2(l) chain and appeared to contain an
amino-terminal extension (data not shown). To deter-
mine whether the abnormal chains represented amino-
terminal extensions of the proa2(l) and proal(l)
chains, we incubated cells with [3H]proline in the pres-
ence of dextran sulfate to promote conversion of pro-
collagen to collagen. Six cell strains accumulated a
chain in the cell layer that migrated between a1(l) and
a2(l) chains (families A—F; Fig. 2A), whereas the sev-
enth (family G) accumulated a chain that comigrated
with pNal(l) chains (Fig. 2C). These findings sug-
gested that, in the affected individuals from families
A-F, mutations affected the cleavage of the amino-
terminal propeptide of the proa2(l) chains, whereas in
family G, the mutation affected the proal(l) chains.
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Identification of Mutations That Interfere With
Amino-Terminal Processing

To identify the mutations in these seven cell strains,
we reverse transcribed RNA. Then, by using the poly-
merase chain reaction, we amplified the regions sur-
rounding exon 6 of either the COL1A2 or the COL1Al
cDNA. In cells from the index case in family A, ampli-
fication around exon 6 in the proa2(l) cDNA produced
two bands, one of normal size and a second that was
15-20 bp smaller; the two bands were present in ap-
proximately equal amounts (Fig. 3). The DNA sequence
of the two fragments showed the normal sequence in
the band of normal size but demonstrated the loss of 15
bp from the shorter band (Fig. 4). The inferred peptide
sequence of the smaller product was lacking the first
five amino acids encoded by exon 6, Asn-Phe-Ala-Ala-
GIn, which contain the N-proteinase site (Ala-GlIn) and
the pepsin-sensitive site (Phe-Ala; Fig. 5). At the geno-
mic level, this cell strain contained a point mutation in
the splice acceptor site (AG-GG; Fig. 5), which al-
lowed the use of the cryptic 3'-splice site (AG) at posi-
tion 14,15 of the exon (Fig. 6). The mutation in this
family resulted in loss of an Xbal site (tctagA at the
intron-exon border). To determine whether all mem-
bers of the family carried the same allele (and to con-
firm the presence of the mutation in the index case), we
amplified a short fragment surrounding the COL1A2
exon 6 and digested the products with Xbal. In the
DNA from the index case (Fig. 1, 1V-3), her cousin (I1V-
1), and his father (111-2), three bands were apparent,
the uncut amplified fragment and the digested frag-
ments, consistent with the presence of one normal and
one mutant allele; in the unaffected members of the
family, only the digested products were apparent (data
not shown).

In the cell strain from family B, amplification around
exon 6 of the proa2(l) cODNA produced three bands, one
that was in the normal position, one that was consis-
tent with a small deletion, and a third that was con-
sistent with the deletion of the entire exon 6 sequence
(Fig. 3). The two shortened fragments corresponded to
a deletion of 15 bp, identical to that seen in cells from
family A, and deletion of the entire sequence of exon 6.
At the genomic level, this cell strain contained a point
mutation in the splice acceptor site (AG - AA; Fig. 5)

TABLE I. Primers Used for cONA and Genomic Amplification

Location

Sequence

COL1A1*
Intron 5 (sense)
Intron 6 (antisense)
Exon 5 (sense)
Exon 8 (antisense)

COL1A2®
Intron 5 (sense)
Intron 6 (antisense)
Exon 1 (sense)
Exon 10 (antisense)

5" CAAGAGCATTCTCTTAACTGACCT 3’

5" CATGGTGATCCCTCTGTAGGA 3’

5" AGATGGCATCCCTGGACAGCCTGGACTTC 3’
5" CAGGCTCACCAGGGGACCTTGGAAGC 3’

5" GTGGGAGTGGAGACACCGAGTT 3’

5" CTAAGTATTGAGTGTTAACTT 3’

5" CAGGGCTCTGCGACACAAGGAGTCGCATG 3’
5" TCCAACAACTCCTCTCTCACCA 3’

aThe genomic primers amplify a product of 732 bp; the cDNA primers amplify a product

of 233 bp.

PThe genomic primers amplify a product of 453 bp; the cDNA primers amplify a product

of 523 bp.
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that permitted both the complete excision of the exon
and the use of the internal cryptic splice site at position
14,15 of the exon (Fig. 6). The mutation disrupted an
Xbal site; digestion of the amplified genomic DNA
product with Xbal confirmed that the DNA from the
affected individual contained one normal and one mu-
tant allele (data not shown).

In the cell strains from families C, D, E, and F, am-
plification around exon 6 of the proa2(l) cONA demon-
strated two bands, the normal fragment and one ap-
proximately 50 bp smaller, in about equal amounts
(Fig. 3). In each instance, the small fragment lacked
the entire sequence of exon 6, thus deleting 18 amino
acids that included the pepsin-sensitive site, the N-
proteinase site, and a lysyl residue used in cross-link
formation (Fig. 5). At the genomic level, cell strains C
and D contained a point mutation in the splice donor
site (GT - TT) of one COL1A2 allele (Fig. 5), which re-

sulted in complete skipping of exon 6 (Fig. 6). In cell
strain E, there was substitution of the last nucleotide
(G) of exon 6 by A (Fig. 5). In cell strain F, there was an
83-bp deletion from one COL1A2 allele that included
17 bp of intron 5, the 54 bp of exon 6, and 12 bp of
intron 6 (Fig. 5). In cell strains from index cases in
families C, D, and F, the excision of exon 6 was the only
consequence of the mutation. In cell strain E, there was
alternative splicing, so that some products of the mu-
tant allele included the exon, with the resultant amino
acid substitution of isoleucine for methionine (Figs. 5,
6).

In the seventh cell strain (family G), amplification
around exon 6 of the proal(l) cDNA produced three
bands, one of the normal size, one about 15-20 bp
smaller, and the third equivalent to the product ex-
pected with deletion of the sequence of the entire exon
(Fig. 3). The last two were in approximately equal
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Fig. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of procollagens synthesized in the presence or absence of dextran
sulfate by cells from the index cases in family B (A,B) and family G (C and D). Cells were incubated with [3*H]proline overnight in the presence or absence
of dextran sulfate to enhance conversion of procollagen to collagen. Medium and cell layer samples were harvested separately and analyzed by SDS-PAGE
under reducing conditions (A,C) or under nonreducing conditions following partial proteolysis with pepsin (B,D). In cells from the index case in family
B, in the presence of dextran sulfate a band is present in the position of pNa2(l) (arrow), which is resistant to protelytic cleavage. In the cells from the
index case in family G, in the presence of dextran sulfate, a band is present in the position of pNa1(l) (C, double arrow) that is only partly resistent to
proteolysis. In the presence of dextran sulfate, the majority of secreted procollagen is precipitated in the extracellular matrix of the cell layer and is

converted to collagen by partial proteolysis.

COL1A2 COL1A1

Family: A B CD N M N G
E/F

Fig. 3. Polymerase chain reaction amplification of cDNA from cultured
fibroblasts from index cases of families A—-F (COL1A2) and family G
(COL1A1l). For the COL1A2 fragments, the normal band is 523 bp. The
products from the index case in family A are the normal and are a product
smaller by 15 bp. For the index case in family B, the three products are the
normal fragment and two shortened fragments, one that is missing 15 bp and
a second that is missing the entire exon. The amplification products from the
index cases in families C, D, E, and F were identical; those shown are from
family C. The amplification product from the COL1Al cDNA is 233 bp in
size. The additional products amplified from the cDNA from the index case in
family G represent one fragment missing 15 bp and a second missing the
entire exon. The bands above the normal fragments represent heterodu-
plexes formed at the last rounds of amplification between the different
products.
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Fig. 4. DNA sequence of abnormal cDNAs from COL1A2 (A) and from COL1A1 (B). Three different transcripts were identified from COL1A2 and three
from COL1ALl in the different families. The complete sequence of exon 6 was always present. A: The three products of the COL1A2 alleles are the
full-length fragment (normal), the fragment missing 15 nt (6*), and the fragment missing the entire sequence of exon 6 (6del). All three products were
identified in the cells from the index case in family B (from which these sequences are derived). The cells from the patients in family A made the normal
product and the 6* product, whereas those from the index cases in families C, D, E, and F made the normal product and the 6del product. B: The three
products of the COL1A1 alleles synthesized by the cells from the index case in family G are the full length transcript (normal), one missing 15 nt (6*) and
one missing the sequence of exon 6 (6del). All sequences were determined from the complement of the message equivalent strand.

amounts (Fig. 3). The sequence of the smaller band
indicated that there was a deletion of 15 bp (Fig. 4)
encoding five amino acids (Asn-Phe-Ala-Pro-GlIn),
which include the pepsin-sensitive site (Phe-Ala) and
the N-proteinase cleavage site (Pro-Gln; Fig. 5). At the
genomic level in this cell strain, one allele has a G- A
transition in the splice-acceptor site (AG - AA; Fig. 5).

COL1A2

Intron 5 Exon 6
Family A g
Family B a
Family C/D
Family E

7
sl

The cryptic splice site at position 14,15 of the exon, as
a consequence of the mutation, is activated but is used
only part of the time. (Fig. 6). The mutation disrupts an
Xbal site; digestion with Xbal of amplified DNA sur-
rounding COL1A1 exon 6 from the index case con-
firmed the presence of the mutant sequence in one al-
lele (data not shown).

. Intron 6

t

a
c ™

tatataattttttttttttacttetctagAACTTTGCTGCTCAGTATGATGGAAAAGGAGTTGGTCTTGGCCCTGGACCAATGgtatgettatectgttta 3

AsnPheAlaAlaGlnTyrAspGlyLysGlyValGlyLeuGlyProGlyProMet

COL1Al1
Intron 5 Exon 6
Family G a

T

Ile

Intron 6

5' tcttgtttgttctagAACTTTGCTCCCCAGCTGTCTTATGGCTATGATGAGARAATCARCCGGAGGAATTTCCGTGCCTGGCCCCATGgtgagee 3!
AsnPheAlaProGlnLeuSerTyrGlyTyrAspGluLysSerThrGlyGlyIleSerValProGlyProMet

Fig. 5. Representation of sequence and mutations in genomic DNA. The complete sequences of exons 6 (upper case letters) in the COL1A1 and
COL1A2 genes and the sites of mutation in each family are indicated. The extent of the genomic deletion of one COL1A2 allele in family F is underlined.
The AG dinucleotides at position 14,15 of both the COL1A2 and COL1A1 gene are italicized and represent the cryptic splice-acceptor sites. The T/C
polymorphism in the third position of the Asp codon of the COL1A2 exon is indicated.
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Fig. 6. Effects of different mutations on COL1A2 and COL1A1 mRNA
processing. Exons are represented by boxes, and intron sequences are rep-
resented by the straight lines that join the boxes, including the nucleotides
of the 3’ and 5’ splice sites. The AG within the exon of both of the normal
COL1A1 and COL1A2 genes are at position 14,15 of the exon and represent
the cryptic 3’ splice sites. The normal splicing pathway is indicated by the
lines that join the adjacent exons in the normal schematic. The new splice
pathways with each mutation are indicated by the dashed lines.

Effect of the Mutations on Fibril Formation in
Skin

Fibrils in skin from the index case and her cousin in
family A were somewhat irregular, and the interfibril-
lar spacing was less uniform than in the control (Fig.
7). Fibrils in skin from the index case in family G were
far more irregular than either the control or those from
family A (Fig. 7). They were not as distorted as fibrils
from individuals with EDS type VIIC, a defect in the
type | procollagen N-proteinase that abolishes proteo-
lytic conversion at the amino-terminal end.

A sample of the dermis from the index case in family
D was digested with 50 pgm/ml of pepsin in 0.5 M
acetic acid at 2°C for 48 hours, and the chains of type |
collagen were resolved by sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) and
were stained with Coomassie blue. There was a minor
band that migrated more slowly than the «2(l) chains,
consistent with the position of the abnormal band ob-
served in collagen labeled from his cells in culture. This
more slowly migrating band was not observed in
samples from normal subjects. Thus, the partially pro-
cessed a2(l) chain is present in heterotrimers deposited
in skin and explains, in part, the altered fibril struc-
ture.

DISCUSSION

EDS type VII was first described more than 20 years
ago [Lichtenstein et al., 1973], when, in the context of
the then recent discoveries of procollagen N-proteinase
deficiency in cattle [Lenaers et al., 1971], it was
thought to be the consequence of failure of enzymatic
cleavage of the amino-terminal propeptide from type |
procollagen molecules. Studies by Steinmann et al.
[1980] first raised the possibility that the defective
cleavage of the type I procollagen molecules could be
the result of a mutation in one of the genes (COL1A1l
and COL1A2) that encode the substrate chains
[proal(l) or proa2(l)], an idea that proved to be correct.

The seven affected individuals described here bring
the total in the literature to 16, all but one of whom
have mutations in the splice-junction sequences of the
COL1A1 gene (three individuals) or the COL1A2 gene
(12 individuals). These previously reported mutations
affect the splice donor site of the COL1A2 gene [Weil et
al., 1988, 1990; Nicholls et al., 1991; Vasan et al., 1991;
Watson et al., 1992; Ho et al., 1994; Lehman et al.,
1994], the last nucleotide of the exon in the COL1A2
gene [Weil et al., 1989b], the splice-acceptor site of the
COL1A2 gene [Chiodo et al., 1992], or the last nucleo-
tide of exon 6 in the COL1A1 gene [Weil et al., 1989a;
D’Alessio et al., 1991].

The splice-acceptor site mutations result in efficient
recognition of a cryptic splice site in exon 6 of each
gene. In both genes, when the G nucleotide is substi-
tuted by A in intron 5, there is alternative splicing from
the same allele, so that the internal cryptic site is used
about half of the time, and exon 6 is skipped in the
remainder. The G- A transition creates a sequence
that is more similar to the consensus branch-point se-
guence than the ones normally employed (for a model,
see Fig. 8). The coexistence of this putative alternative
branch site and the constitutive branch-point sequence
may lead to competition for interaction with U2 sn-
RNP, a branch site binding molecule. The new branch
point A (the second A of the CUAA sequence derived
from the normal CUAG sequence at the original splice
acceptor site) is too close to the cryptic acceptor site to
prevent steric hindrance between splicing factors that
are essential for splice-site recognition. Consequently,
pairing of the cryptic acceptor and the downstream do-
nor site probably would be inhibited and would lead to
exon 6 skipping due to lack of exon definition [Berget,
1995]. Substitution at the intron 5 G position by C or
at the A2 position by G supports the recognition of the
cryptic internal splice-acceptor site (see Fig. 6) in all
transcripts. In these instances, there would not be com-
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Fig. 7. Electron micrographs of collagen fibrils in the reticular dermis from a control individual (A), the index cases in family A (B) and family G (C),
and a child with dermatosparaxis, Ehlers-Danlos syndrome (EDS) type VIIC (D). The fibrils from the index case in family A (a COL1A2 mutation) are
slightly irregular, those from the index case in family G (a COL1A1 mutation) are highly irregular, whereas those from the child with EDS type VIIC are

branched, twisted, and ribbon-like in their structure.

petition for the site by U2 snRNA, because these
changes do not create branch-point sequences.

All recognized substitutions in the GT dinucleotide of
the donor site in the COL1A2 gene lead to complete
excision of exon 6; substitution of the last nucleotide of
the exon, G- A, permits splicing in the COL1A1 gene
about half of the time but, in the COL1A2, gene ap-
pears to ablate splicing, perhaps a reflection of the 3/6
nucleotide difference from the consensus donor se-
quence in that altered allele. That reaction appears to

l«—— >18 nt (requisite minimal distance) —»

3' (acceptor) splice site

be temperature sensitive, with normal splicing favored
by low temperature [Weil et al., 1990].

In contrast to exon-skipping mutations or small de-
letions within the body of the triple helix of type I col-
lagen molecules, these mutations do not appear to have
a significant effect on secretion of molecules that con-
tain the abnormal chains. Instead, the major conse-
guence of these mutations is on the removal of the
amino-terminal partial propeptide and then on fibril-
logenesis. There is a single site at which N-proteinase

consensus
RNA sequence

COL1A2 pre-mRNA

*
YNYURAC

I
YYYYYYYYYYYNYAG

*
AUAUAAUUUUUUUUUUUUACUUCUCUAG IAAC UUU GCU GCU CAG----exon6

|

. *
AUAUAAU CUCUAAA
constitutive competition for alternative
branch site [* U2 snRNP binding ™ branch site

[ s [e17]
exon 6 truncation

mature mRNA

exon 6 skip

Fig. 8. Schematic representation of proposed mechanisms for the generation of alternate splice products from the COL1A2 precursor mRNA that
contains a point mutation at the 3’-splice site of intron 5 (IVS5 G™* - A). The G - A transition creates a sequence that is equivalent to a branch point with
the newly introduced A as the lariat site. If U2 snRNP binds to the constitutive branch site in the sequence, then exon 6 truncation would occur with
recognition of the cryptic 3'-splice site in exon 6 (pathway 1) and creates the shortened form of exon 6 (6*). Use of the alternative branch site predicts exon
6 skipping (pathway 2), because the distance between the new branch point A (A with diamond symbol) and the cryptic 3’-splice site is too short to be

recognized by the spliceosome.
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TABLE II. Clinical Findings in Individuals With Ehlers-Danlos Syndrome Type VII

Family or reference CHD?® Dislocation Scoliosis Fractures Bruising Scars Family history  Gene Mutation
Family A + + - + COL1A2 Intron5A2.G
Family B + + + - - COL1A2 Intron5G™*-A
Chiodo et al., 1992 + + + + + + + COL1A2 Intron5G™*-C
Family E + - NAP COL1A2 Exon 6 G1-A
Weil et al., 1989b° + + - COL1A2 Exon6 G'-A
Vasan et al., 1991 + + + + - COL1A2 Intron 6 G- A
Nicholls et al., 1991 + + + + COL1A2 Intron 6 G- A
Weil et al., 1990¢ + + - COL1A2 Intron 6 G- A
Lehmann et al., 1994 + + - COL1A2 Intron 6 G- A
Watson et al., 1992¢ + + + + COL1A2 Intron 6 G A
Family C + - COL1A2 Intron 6 G T
Family D + + + - COL1A2 Intron 6 G™ T
Weil et al., 1988" + + - COL1A2 Intron 6 T*?-C
Ho et al., 1994 + + + - COL1A2 Intron 6 T2.C
Family F + + + + + + - COL1A2 Exon 6 deletion
Family G + - COL1Al Intron5G™*-A
D’Allesio et al., 1991 + + + + - COL1A1 Exon6 G'-A
Weil et al., 1989a¢ + + + - COL1A1l Exon6G'-A

2CHD, congenital hip dislocation.
PNA, not available.

°Clinical information is also contained in Steinmann et al. [1980] and Lichtenstein et al. [1973].

dClinical information is also contained in Eyre et al. [1985].
¢Clinical information is also contained in Viljoen et al. [1987].

fClinical information is also contained in Wirtz et al. [1987, 1990] and Steinmann et al. [1985].

9Clinical information is also contained in Cole et al. [1987].

cleaves the amino-terminal propeptide within all three
chains [Hojima et al., 1994]. Cleavage by the enzyme is
thought to require that the procollagen molecule is in
triple helical array and that all three chains are in
register [Tanzawa et al., 1985]. In the presence of dex-
tran sulfate, normal cells convert virtually all of the
procollagen in the extracellular matrix of the cell layer
to collagen. Cells with COL1A2 mutations fail to cleave
about half of the proa2(l) chains but successfully cleave
far more than half of the proal(l) chains. Each abnor-
mal molecule would contain one abnormal proa2(l)
chain and two normal proal(l) chains (see Fig. 2). If
cleavage is dependent upon normal conformation and
sequence of all three chains in the molecule, then it
would be expected that the accumulation of noncleaved
proal(l) chains would approximate that of proa2(l)
chains. There is less radioactivity in the pNal1(l) chains
than in the pNa2(l) chains, suggesting that many of
the proal(l) chains in the abnormal molecules can be
converted. In a similar but more dramatic fashion, cells
from the child in family G (splice-acceptor mutation in
the COL1A1 gene that activates an internal splice site
in exon 6) cleave the amino-terminal propeptide of the
proa2(l) chains less efficiently than the normal cells
but fail to cleave about half of the proal(l) chains.
These findings suggest that no chains in molecules that
contain two abnormal proal(l) chains can be cleaved
but that proa2(l) chains in those molecules that con-
tain only a single abnormal proal(l) chain (or only nor-
mal chains) can be cleaved normally. Thus, some
chains in the abnormal molecules can be cleaved effi-
ciently.

The clinical effects of mutations that alter amino-
terminal propeptide cleavage vary, depending on the
gene in which the mutation occurs and the effect of the
mutation on excision of the propeptide. The most se-

vere phenotype results from mutations that affect the
enzyme procollagen N-proteinase, which cleaves the
amino-terminal propeptide. These children have strik-
ing joint hypermobility, soft and fragile skin, easy
bruising, a small chin, blue sclerae, mild hirsutism,
and wrinkled skin over the hands and feet [Nusgens et
al., 1992; Smith et al., 1992; Wertelecki et al., 1992;
Petty et al., 1993; Reardon et al., 1995].

Out of all those reported with splice-junction muta-
tions (for summary, see Table I1), the phenotype of the
patient in family G (who has a COL1Al1 mutation)
bears the greatest similarity to the children with EDS
type VIIC. This affected child has very marked joint
laxity, deep blue sclerae, and a large umbilical hernia.
The other two children described, who have mutations
in the COL1A1 gene, both have substitutions for the
last nucleotide of exon 6. This results in alternative
splicing, so that part of the product deletes the exon
sequence from mRNA, whereas the remainder permits
normal splicing, and the protein product contains an
isoleucine at position 3 of the triple helix in place of
methionine. In those instances, the proportion of the
protein product that cannot be cleaved is far smaller,
and the effect on fibrillogenesis in skin is less dramatic
(compare with Fig. 8 in Carr et al. [1994]). It is not
clear that the clinical phenotypes of the different mu-
tations in the COL1A2 gene can be distinguished in a
reliable fashion. For mutations in the substrate, those
in the COL1A1 gene do appear to give rise to a more
severe phenotypic expression than those in the
COL1AZ2 gene. This would be expected, because there
are two proal(l) chains in each type I procollagen and
only a single proa2(l) chain. Thus, heterozygosity for
mutations in the COL1A1 gene would be expected to
affect three-fourths of the type | procollagen molecules
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synthesized, whereas those in the COL1A2 gene would
affect only half.

Although these mutations result in phenotypes that
are expressed principally in soft tissues (skin and liga-
ments), bone fragility is an element in some individuals
(see Table 1). Indeed, one family was initially thought
to have a variant of osteogenesis imperfecta with mul-
tiple fractures, blue sclerae, and wormian bones [Vil-
joen et al., 1987; Watson et al., 1992]. In mineralized
tissues, initial deposits of the inorganic mineral phase
occur in the hole zones of the collagen fibrils, regions
that would be occupied by the amino-terminal propep-
tides if they were present. Thus, retention of the pep-
tides might result in alterations in bone mineral den-
sity and strength, and, although they are not as dra-
matic as mutations within the triple helix, it is now
apparent that fractures must be considered as part of
the clinical features of EDS type VII.
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