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Summary

Fibroblasts from a proband with Ehlers-Danlos syndrome type VII synthesized approximately equal amounts
of normal and shortened proa2(I) chains of type I procollagen. Nuclease SI probe protection experiments with
mRNA demonstrated that the proa2(I) chains were shortened because of a deletion of most or all of the 54
nucleotides in exon 6, the exon that contains codons for the cleavage site for procollagen N-proteinase.
Sequencing of genomic clones revealed a single-base mutation that converted the first nucleotide of intron 6
from G to A. Therefore, the mutation was a change, in the -GT- consensus splice site, that produced efficient
exon skipping. Allele-specific oligonucleotide hybridizations demonstrated that the proband's mother, father,
and brother did not have the mutation. Therefore, the mutation was a sporadic one. Analysis of potential
5' splice sites in the 5' end of intron 6 indicated that none had favorable values by the two commonly employed
techniques for evaluating such sites. The proband is the fourth reported proband with Ehlers-Danlos
syndrome VII with a single-base mutation that causes skipping of exon 6 in the splicing of RNA from either
the COLlA1 gene or COL1A2 gene. No other mutations in the two type I procollagen genes have been
found in the syndrome. Therefore, such mutations may be a common cause of the phenotype. The primers
developed should be useful in screening for the same or similar mutations causing the disease.

Introduction

Ehlers-Danlos syndrome (EDS) is a heterogeneous
group of heritable disorders of connective tissue that
are characterized by varying degrees of joint hypermo-
bility, joint dislocations, skin hyperextensibility, easy
bruisability, abnormal scarring, and other manifesta-
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tions (Beighton 1970; McKusick 1972, 1983, pp.
151-153, 695-697, 1009; Byers 1983; Shamban and
Uitto 1989). More than 11 types of EDS have been
defined by the clinical, biochemical, and genetic
changes (McKusick 1983, pp. 151-153, 695-697,
1009). EDS type VII, originally known as the arthro-
calasis multiplex form, produces extreme joint laxity,
multiple joint dislocations, skin hyperextensibility,
abnormal scarring, and easy bruisability (Byers 1983;
McKusick 1983, pp. 151-153, 695-697, 1009). In
all the probands investigated to date, there was a defi-
ciency in processing the N-propeptide oftype I procol-
lagen (Lichtenstein et al. 1973; Minor et al. 1986;
Bateman and Golub 1990). Three subtypes of EDS
VII were defined on the basis of the molecular defects
(Beighton et al. 1988): subtype A, mutations in the
COLlA1 gene that change the primary structure of
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the proal (I) chain so as to make the N-propeptide
resistant to cleavage by procollagen N-proteinase
(Cole et al. 1986; Weil et al. 1989a); subtype B, muta-
tions similar to those described for subtype A but in
the COL1A2 gene (Wirtz et al. 1987; Weil et al. 1988,
1989b); and subtype C, mutations that decrease pro-
cessing of the N-propeptide possibly because of a de-
ficiency in procollagen N-proteinase (Lichtenstein et
al. 1973; Minor et al. 1986). Gene analysis in one
proband with EDS type VIIA (Weil et al. 1989a) and
in two probands with type VIIB (Weil et al. 1988,
1989b) demonstrated three single-base mutations, at
the 5' end of intron 6 or at the 3' end of exon 6, that
caused exon skipping during processing ofRNA from
either the COLlA1 or COL1A2 gene. The exon skip-
ping produced in-frame deletions of either the 24
amino acids in the proal(I) chain or the 18 amino
acids in the proa2(I) chain that included the site at
which procollagen N-proteinase cleaves the chain
(Chu et al. 1984; Dickson et al. 1985; de Wet et al.
1987; D'Alessio et al. 1988; Kuivaniemi et al. 1988b;
Tromp et al. 1988). Here we define a mutation in a
proband with EDS VII whose fibroblasts were pre-
viously shown to synthesize shortened proa2(I) chains
(Minor et al. 1986).

Material and Methods

The Proband and Her Family

The proband (fig. 1) was a female with easy bruis-
ability and recurrent dislocations of shoulder and knee
joints. She was followed by one of us (R.W.) while she
was between the ages of 10 and 16 years. The past
medical history revealed that at birth her head circum-
ference was 36 cm, chest circumference 30.5 cm,
length 48 cm, and weight 2,270 g. She had a broad
biparietal diameter. Other findings at birth included
broad forehead, flat nose, depressed nasal bridge,
slightly low-set ears, micrognathia, long cylindrical
fingers, bilateral club feet, and generalized hypotonia
together with dislocations of hips, knees, ankles, el-
bows, shoulders, wrists, and fingers (fig. 1, top).
There was no evidence of cleft palate, micromelia, or
heart murmur. Shortly after birth she was diagnosed
as having Larsen syndrome.

In her first year she was treated with a plaster spica
for both her hips and knees. She required open reduc-
tion of both hips as well as a left quadricepsplasty. She
was also noted to have an equino valgus deformity
and loose ligaments. In her second year she had recur-

I

Figure I Clinical features of proband. Top, Multiple joint
dislocations evident at birth. Note the anterior (forward) disloca-
tion of the knee joint. Bottom, hyperelasticity of the skin at the age
of 10 years.

rent hip dislocations which were treated with abduc-
tion casting. At the age of 5 years she required braces
for the extreme laxity of ligaments in her ankles, and
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she had a right quadricepsplasty and medical plica-
tion. At the age of 9 years she required a patellectomy
on the right, with imbrication of the right-quadriceps
mechanism. She also had subluxation of the first meta-
tarsal-phalangeal joints. She was placed in a Boston
bucket for scoliosis. She continued to have intermit-
tent lateral dislocations of her left knee. Her first meta-
tarsal joints showed severe hallux valgus deformity.
At the age of 13 years she required a posterior spinal
fusion from T4-5 to L3-4, with suprastability instru-
mentation. At the age of 15 years she developed para-
esthesiae in both lower limbs, with occasional calf
pain. At the age of 16 years she still had marked joint
hypermobility and was able to voluntarily dislocate
her right kneecap, shoulders, and hips. She was 4 feet
10 inches tall. Her head circumference was 56 cm, and
she weighed 110 lbs. Her intellectual development was
normal.
The proband also had a history of bruising easily,

with unusual swelling of the bruised area. Her skin
was soft and velvety and showed marked elasticity
(fig. 1, bottom). She experienced some skin splitting
with minor injury and developed cigarette-paper scars
after injury. Because of her skin involvement, the diag-
nosis of Larsen syndrome was changed to EDS VII.
The parents were phenotypically normal, and the
mother had an unaffected son from a second marriage.

Analysis of Labeled Medium and Cell-Layer Proteins

Skin fibroblasts from the proband and from three
control cell lines were cultured under standard condi-
tions (Minor et al. 1986). The fibroblast cultures were
incubated with [3H]proline for 4 h. The medium pro-
teins were precipitated with ammonium sulfate, and
they were dissolved in 0.2 M NaCl and 1 mM EDTA
in 50 mM Tris-HCI buffer (pH 7.4). The sample was
digested with pepsin (Boehringer-Mannheim) in a
0.5M acetic acid (pH 2.6) at 40C for 6 h. The sample
was then assayed by PAGE in SDS without reduction,
followed by fluorography. Cell-layer proteins were di-
gested with pepsin, as described previously except that
200 gg ofpepsin/ml was used (Steinmann et al. 1980).
Digestion was stopped with the addition of a 20-fold
molar excess of Pepstatin (Sigma), and the collagens
were precipitated with the addition of 5 M NaCl in
0.5 M acetic acid to give a final concentration of 2 M
NaCl. Precipitation was continued overnight at 40C
with slow stirring, and samples were centrifuged at
40,000g for 1 h at 40C. The pellets were washed twice
with ice-cold 75% ethanol and were Iyophilized and
stored at - 70°C.

For the analysis by reverse-phase high-performance
liquid chromatography (HPLC), pepsin-digested me-
dium and cell-layer proteins were used. Lyophilized
pellets were extracted with 500-700 pl of 0.01 M
trifluoroacetic acid (TFA; Sigma) for 3 h at 40C and
were centrifuged at 40,000 g for 20 min at 40C. The
supernatant was filtered with a 0.2-gm Spartan-3 ny-
lon filter (Schleicher and Schuell) and was heated for
10 min at 60°C prior to being injected into the col-
umn. Reverse-phase chromatography was performed
on a BioRad Model 700 titanium system, using a
10-cm jBondapak C18 cartridge (Waters) in an RCM-
100 radial compression module (Waters) that was
maintained at 40°C. Separation of collagen chains
was achieved in 30 min with a gradient of 18.2%-
33.6% acetonitrile in 0.01 M TFA with a flow rate of
1 ml/min. Absorbance was monitored at 206 nm with
an LKB Uvicord S column monitor with an 8-jl flow
cell. Radioactivity in the column effluent was continu-
ously monitored with a Radiomatic model IC/DS
Flo-One monitor controlled by a Compaq portable
computer. For detection of 3H, a 1 / 1Oth split of the
flow stream was mixed with 500 jl of liquid scintil-
lant/min (Liquiscint, National Diagnostics), and de-
tection was in a 500-jl cell. The remaining 9/lOths
split of the flow stream was collected in microfuge
tubes, in 1-min fractions.

Lyophilized aliquots of peak fractions from the
reverse-phase chromatography were dissolved in 10-
20 tl of 1 x gel sample buffer (Laemmli 1970; Minor
et al. 1986), with or without 2% ,B-mercaptoethanol.
The samples were run on a 6% acrylamide separating
gel in a Mini-Protean II apparatus (BioRad). Fluorog-
raphy was performed according to a method described
elsewhere (Minor et al. 1986).

SI Nuclease Probe Protection

The S1 nuclease probe protection experiments were
carried out using three different single-stranded DNA
probes. The 856-nucleotide (nt) and 900-nt probes
were prepared according to a method described else-
where (Kuivaniemi et al. 1988a). The third single-
stranded DNA probe, of about 470 nt, was obtained
by digesting a full-length cDNA clone (Kuivaniemi
et al. 1988b) with EcoRI and PstI. The EcoRI/PstI
fragment extended from bp 53 to bp 522 of the cDNA
clone and, therefore, contained 83 bp of 5' untrans-
lated region and coding sequences that began with the
start of translation and ended with the ninth nucleo-
tide of exon 9. The fragment was subcloned into
EcoRI/PstI-digested M13mpl 8. Antisense DNA
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probes with the 956-, 900-, and 470-bp inserts in M13
were prepared according to a method described else-
where (Kuivaniemi et al. 1988a).
To isolate RNA, fibroblasts were cultured ac-

cording to a method described elsewhere (Minor et al.
1986). RNA was extracted with guanidinium isothio-
cyanate and was pelleted by centrifugation through
cesium chloride (Maniatis et al. 1982). Poly(A) + RNA
was isolated from the total RNA by chromatography
on a column of oligo-dT cellulose. To form the RNA-
DNA hybrids, about 50,000 cpm (about 0.5 femto-
moles) of the probe were hybridized to 1 gg of po-
ly(A)+ RNA in 80% formamide, 0.25 mM EDTA,
and 300 mM NaCl in 25 mM Hepes (pH 7.0) at 560C
for 3 h. The sample was then digested for 30 min with
1-4 units of Si nuclease (Seikagaku) at 400C in 300
gl of 50 mM NaCl and 1 mM of ZnSO4 in 30 mM
NaOAc buffer (pH 5.3). The products were precipi-
tated with ethanol and were separated on a 5% DNA-
sequencing gel (Sanger et al. 1977). The size of the
fragments was estimated by comparison with 5' end-
labeled fragments from an HaeIII digest of OX174
DNA and a 123-bp DNA ladder (BRL).

Isolation and Sequencing of Genomic DNA

To isolate the proband's genomic DNA, skin fibro-
blasts were cultured under standard conditions (Mi-
nor et al. 1986), and the DNA from six 175-cm2 flasks
was extracted by a procedure involving treatment with
SDS and digestion with proteinase K (Maniatis et al.
1982). The DNA was digested with EcoRI, and a
small aliquot of it was used for a Southern blot experi-
ment (Maniatis et al. 1982) to establish that the pro-
band had the EcoRI polymorphism in her proa2(I)
collagen gene (Myers et al. 1983; Tsipouras et al.
1983; Borresen et al. 1985). Results of the Southern
blot experiments on total genomicDNA indicated that
the proband's DNA generated two EcoRI fragments,
one each of 10 and 14 kb, for the region of interest.
The remainder of the DNA digested with EcoRI was
used for sucrose density gradient (10%-40% w/v)
(Maniatis et al. 1982), and fragments of about 10
and 14 kb were cloned into the bacteriophage vector
lambda-DASH (Stratagene). The fragments were li-
gated in a 1:2 ratio of insert fragments to vector and
were packaged with a commercial packaging extract
for lambda bacteriophage (Promega). About 7 x 106
individual clones were generated. About 2.7 x 106
clones were screened with a 2.0-kb HindIII/HindIll
fragment from NJ-3, a genomic clone for the proa2(I)
gene (Myers et al. 1983). DNA from 17 positive clones

was purified and used for BamHI and HindIII diges-
tion. The digests were run on agarose gels and were
blotted on nitrocellulose (Maniatis et al. 1982). Be-
cause the size of the fragments was not totally consis-
tent with the previously published restriction map of
the gene (de Wet et al. 1987), Southern blotting experi-
ments were performed to identify the fragment con-
taining exon 6. The probe was an exon 6-specific
primer (Kuivaniemi et al. 1988b). A HindIII/HindIII
fragment of 1.35 kb was shown to contain exon 6
sequences. The 1.35-kb HindIII/HindIll fragment
from 10 positive clones was subcloned into Ml3mpl9
for nucleotide sequencing (Sanger et al. 1977). The
subclones were sequenced using a universal primer,
primers specific for sequences in the exon 6 (Kuiva-
niemi et al. 198 8b), and then with primers specific for
selected regions of the introns.

PCR using Genomic DNA as a Template

All genomic clones in lambda-DASH vector were
derived from the allele that gave a 14-kb fragment
after EcoRI digestion, and all the 10 clones sequenced
were normal. Therefore, the PCR (Saiki et al. 1985)
was carried out on genomic DNA in order to obtain
sequences from the other allele. Two oligonucleotide
primers were designed, one for intron 5 (5' CGCG-
GATCCTGGGAGTGGAGACACCGAGTT 3') and
one for intron 6 (5' CGGCGAATTCCCTAAGTAT-
TGAGTGTTAACTTA 3'), according to the sequences
obtained from the normal allele. The primers were
used for the PCR under the following conditions: de-
naturation at 94°C for 1.5 min, annealing at 64°C
for 1 min, and extension at 740C for 1 min, for a total
of 40 cycles. The PCR products were analyzed on 2%
agarose gel, were digested with EcoRI and BamHI,
were cloned into EcoRI/BamHI-digested M13mpl8
and mpl9, and were sequenced.

PCR Using cDNA as a Template
RNA was isolated from cultured skin fibroblasts

(Maniatis et al. 1982), and first-strand cDNA synthe-
sis was done according to the method of Gubler and
Hoffman (1983), after which the RNA template was
hydrolyzed by alkaline treatment. The sample was
then extracted with phenol:chloroform and was ap-
plied to an S-500 spun column. A 1 /40 volume of the
cDNA was used as a template in PCR (Saiki et al.
1985). The 5' primer (5' CGGCGGATCCTTATGG-
CTAGCAACATGC 3') in the amplification reaction
was identical to sequences in exon 1, and the 3' primer
(5' CGCGAATTCGGGCCTCTAGGTCCCATTAAG
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3') was complementary to sequences in exon 7 in pro-
a2(I) collagen cDNA (Kuivaniemi et al. 1988b). The
PCR conditions were 941C for 1.5 min, 540C for 1
min, and 741C for 1 min, for a total of 40 cycles. To
analyze the PCR products, a 4% NuSieve agarose gel
(FMC BioProducts) in 1 x TBE buffer was used.
The cDNA was also used as a template in a PCR in

which one of the primers was radioactively end-
labeled by polynucleotide kinase and 32P-ATP. After
20 cycles the PCR products were precipitated and run
on 6% DNA sequencing gel. End-labeled OX174
HaeIII fragments were used as markers (New England
Biolabs).

Analysis of Family Members for the Mutation

To determine the presence or absence of the muta-
tion in members of the family, the PCR was performed
on genomic DNA isolated from cultured skin fibro-
blasts of the proband's mother, father, and half-
brother. The PCR products were analyzed by slot-blot
hybridization (Studencki and Wallace 1984; Kontu-
saari et al. 1990). Each of the duplicate filters was
hybridized with 32P-labeled 19-mer oligonucleotides
corresponding to either the normal allele (5' ATAAG-
CATACCATTGGTCC 3') or the mutant allele (5'
GGACCAATGATATGCTTAT 3'). The filters were
washed first with 2 x SSC for 30 min at room temper-
ature and then with 5 x SSC for 10 min either at 550C
(for the normal oligonucleotide) or at 560C (for the
mutant oligonucleotide). The calculated theoretical
melting temperatures (Meinkoth and Wahl 1984)
were 601C and 620C, respectively.

All the slot-blot experiments with the DNA isolated
from cultured skin fibroblasts from the different family
members were repeated twice, using two or three
different DNA isolations and DNA from three differ-
ent PCRs. Water blanks were consistently negative.

Results

Characterization of the Mutation at the Protein Level

Previous studies had indicated that the processing
of procollagen to collagen was very slow in cultured
skin fibroblasts from the proband (Minor et al. 1986).
It also had been noted that in polyacrylamide gels the
proa2(I) chains synthesized by cells from the proband
migrated slightly faster than control proa2(I) chains
(Minor et al. 1986). The increased migration was ob-
served when the procollagen chains were hydroxyl-
ated, as well as when the cells were labeled in the

presence of the iron chelator and hydroxylation inhibi-
tor aa'-dipyridyl. The results suggested, therefore,
that the proband's procollagen contained a shortened
proa2(I) chain (Minor et al. 1986).
To investigate the mutation further, the proband's

fibroblasts were incubated with [3H]proline for 4 h,
the medium and cell layer proteins were digested with
pepsin, and the pepsin-resistant type I collagen chains
were examined by PAGE (fig. 2). The results indicated
that there was an additional band migrating between
the normal al(I) and a2(I) collagen chains. The ratio
of the normal al (I) collagen chain to the normal a2(I)
collagen chain in the proband's cell layer and medium
samples was about 4:1, instead of the normal 2:1 ra-
tio. To identify the additional band seen on the gel,
the pepsin-digested medium proteins from control and
the proband's fibroblasts were separated by reverse-
phase HPLC. As shown in figure 3A, the al(I) chains
of type I collagen were eluted from the column in frac-
tions 4-9, and a2(I) chains were eluted in fractions
10-13 from the control cell line. Analysis of the pro-
band's protein demonstrated (fig. 3B) that an addi-
tional chain was eluted from the reverse-phase HPLC
together with the normal a2(I) chains. Cyanogen bro-
mide peptide maps and amino acid analysis on al(I)
and a2(I) chains (not shown) confirmed that the addi-
tional chain was indeed derived from an a2(I) chain.
Therefore, this chain was named "a2(I)"' (fig. 3B).

Characterization of the Mutation by SI Nuclease Probe
Protection Experiments.

To locate the mutation at the mRNA level, three
overlapping cDNA clones were used in Si nuclease

EDS VII control
M C M C M C C M

a 2(I)a 2(I )'
-Ia 1()
-a 2(I)

Figure 2 SDS-PAGE of labeled proteins from pepsin-digest-
ed medium (M) and cell layer (C). An additional peptide band is
evident between the al(I) and a2(I) bands of both cell layer and
medium of the proband's fibroblasts. The results of three different
labelings of the proband's cells are shown.
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A Control
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a 1(I)

fraction number
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194 nt-

B EDS VIl
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a 1(1)

EtRI

Figure 3 SDS-PAGE of pepsin-digested medium proteins
from cultures of control (A) and of proband's fibroblast (B) that
were separated by reverse-phase chromatography. In B, note the
additional peptide band moving slightly slower than the normal
a2(I) band. The identification of a-chains was confirmed with cy-
anogen bromide peptide maps and amino acid analysis.

probe protection experiments. The probes covered nt
53 to nt 1327 and extended from exon 1 to exon

21 of the proa2(I) collagen cDNA. They therefore
included codons for amino acids from the beginning of
the translation to amino acid 307 of the triple-helical
domain (Kuivaniemi et al. 1988b). The 956-nt probe
gave two protected fragments with the proband's
RNA: a fully protected 956-nt fragment and fragment
of about 900 nt (not shown). The 900-nt probe gave
three protected fragments, one each of 900, 700, and
150 nt (not shown). The third 470-nt probe gave three
protected fragments, one each of 470, 308, and 108 nt

co-d

muta

4701W.

1) 1 N-N N .N x"----1

Plet

113
nmm

308 nt 108 nt
2)j f 1 I

Figure 4 Si nuclease probe protection experiment using
single-stranded cDNA probe extending from exon 1 to exon 9.
A, Radiograph of electrophoretic gel. Lane 1, Probe without SI
nuclease digestion. Lane 2, S1 nuclease digestion of probe without
RNA. Lane 3, RNA from proband's fibroblasts; digestion with 2
units of Si nuclease. Lane 4, Control RNA; digestion with 2 units
of Si nuclease. B, Schematic presentation of probe used for experi-
ments, and sizes of protected fragments expected with control RNA
and with RNA from proband.

(fig. 4). The S1 nuclease probe protection experiments
with the three different overlapping probes therefore
indicated that the proband's mRNA had two species:
normal size proa2(I) collagen mRNA and proa2(I)

A

1 2 3 4
503 nt -*

s- a 2(I)
31Ont -
281 nt
271 nt

234 nt-

- 470 nt

- 308 nt

- 108 nt
118nt -

ea 2(1)'
a 2(1)

B

310
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collagen mRNA that was shortened because most or
all of the codons of exon 6 were missing.

Sequencing of Genomic DNA

Since the Si probe protection experiments indicated
that the mutation in the proband's type I procollagen
gene involved exon 6 of the proa2(I) gene and because
of a lack of sequence information around exon 6, the
structure of the normal human proa2(I) gene in the
region around exon 6 was defined here at this point.
The proband's DNA was digested with EcoRI and
was cloned into lambda-DASH. Seventeen clones were
isolated using as a probe a 2-kb HindIII/HindIII frag-
ment from the 5' end of the gene (Myers et al. 1983).
The lambda insert was digested with HindIII and was
analyzed by Southern blotting with an exon 6-specific
oligonucleotide used as a probe. A 1.35-kb HindIII/
HindIII fragment that hybridized with the probe was
subcloned into M13. The fragments from 10 lambda-
DASH clones were partially sequenced. The top panel
of figure 5 shows 730 nt of the sequence: 318 nt from
the 3' end of intron 5, the 54 nt of exon 6, and 358
nt from the 5' end of intron 6. The 3' and 5' splice sites
were 79% (11/14) and 63% (5/8) identical with the
consensus sequences (Shapiro and Senapathy 1987;
Jacob and Gallinaro 1989). The sequence for exon 6
was identical to that previously published for the hu-
man proa2(I) collagen cDNA sequence in exon 6 (Kui-
vaniemi et al. 1988b). However, all 10 clones se-
quenced were from the allele containing the 14-kb
EcoRI fragment.

In order to obtain the sequences around exon 6 in
the proa2(I) collagen gene from the other allele of the
proband, a PCR was carried out using two primers
based on the sequences described above. The PCR
product was cloned into M13mpl8 and mpl9 and
was sequenced. Seven clones had the normal sequence,
and three clones had a single-base mutation that con-
verted the first nucleotide in intron 6 from G to A (fig.
5, bottom).

Demonstrating That Most of the mRNA from the
Mutated Allele Undergoes Exon Skipping
To define the extent of exon skipping caused by the

mutation, two PCR experiments were carried out. In
the first experiment, primers spanning from exon 1 to
exon 7 were used for the PCR. As indicated in the top
panel of figure 6, cDNA from normal fibroblasts gave
a single band of the expected 274-bp size. In contrast,
cDNA from the proband gave two bands, a normal
band of 274 bp and a shortened band of 220 bp. The
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Figure 5 Top, Nucleotide sequence of 730 bp of normal
proa2(I) collagen gene extending from last 318 bp of intervening
sequence 5 to first 358 bp of intervening sequence 6. Horizontal
arrows denote primers used to amplify genomic DNA to obtain
sequences from both alleles; vertical arrowhead denotes site of mu-
tation (see bottom panel); HindIII denotes cleavage site for restric-
tion endonuclease HindIII (5' cloning site). Bottom, Nucleotide se-
quence of genomic DNA clones of normal and mutant allele from
proband. The sequences are in the antisense orientation. The arrow
and asterisk indicate the G-to-A mutation of the first nucleotide of
intervening sequence 6.

two bands were equal in intensity. Also, no other
bands were seen. Therefore, the results were consis-
tent with the conclusion that one allele was normally
spliced and that the other allele underwent efficient
exon skipping,

Because the experiment in the top panel of figure 6
may have failed to detect minor RNA splicing prod-
ucts, additional PCRs were carried out using labeled
primers. As indicated in the bottom panel of figure 6, the
PCR using normal cDNA as template gave the expected
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Figure 7 Allele-specific oligonucleotide hybridization of
PCR products synthesized using genomic DNA or M13 clones as
template.

274-bp band. PCR using template from the proband's
cDNA gave two bands, one that was the normal 274
bp and one that was a shortened band of 220 bp.
Again, the bands were of equal intensity, and no other
bands were seen. The results, therefore, were consis-
tent with the conclusion that the mutation caused
highly efficient skipping of exon 6.

Confirmation of the Mutation in the Proband's Genomic
DNA and Absence in the Proband's Family
To confirm the presence of the mutation in the pro-

band, the proband's genomic DNA was used as tem-
plate for the PCR using primers that spanned from
intron 5 to intron 6 (see fig. 5, top). PCR products
were then used for slot-blot hybridization with allele-
specific oligonucleotides. As indicated in figure 7,
DNA from the proband hybridized both with the nor-
mal oligonucleotide and with the mutated oligonucle-
otide. In contrast, only the normal oligonucleotide
hybridized with DNA from the mother, father, and
half-brother.

* 'p

118- qm -

Figure 6 Analysis of PCR products synthesized with cDNA
as template. Top, Agarose gel and ethidium bromide staining for

PCR products using control (C) and proband's (EDS) cDNA as
template. The 5' primer was identical to sequences in exon 1, and
the 3' primer was complementary to sequences in exon 7. Bottom,
Polyacrylamide gel of radioactively labeled PCR products using
control (C) and proband's (EDS) cDNA as a template.

434
267
234
213-
192F
184
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Evaluation of Potential 5' Splice Sites in Intron 6

Because of the highly efficient exon skipping pro-

duced by the mutation, an attempt was made to evalu-
ate potential 5' splice sites in intron 6. Two methods
were employed. One was a modified form (Kuivaniemi
et al. 1990) of the statistical evaluation technique de-
scribed by Shapiro and Senapathy (1987). The other
was a calculation of the free-energy change for binding
to U1 RNA (Freier et al. 1986). Analysis of the se-

quences in intron 6 (fig. 5, top) indicated that there
were nine -GT- sequences that could serve as potential
5' splice sites. All nine gave unfavorable scores by both
analytical techniques (table 1). In the numerical scor-

ing system, eight of the potential 5' splice sites (nucleo-
tides +13, +58, +94, + 135, +159, + 167, +264,
and + 326) had values of 46 or less. The first six of
these sites also had unfavorable free-energy changes
and values of about - 0.2 kcal/mol at 370C. A site
at + 289 had a numerical score of 50 and a free-
energy-change value of - 2.4 kcal/mol. The site at
+ 326 had a similar free-energy-change value, - 2.5
kcal/mol. The normally used splice site in the intron
had a numerical value of 61 and a free-energy-change
value of - 4.7 kcal/mol. In contrast, there were in

intron 6 of the proal (I) gene several potential 5' splice
sites that had high values with both methods (table 1).

Discussion

EDS type VII is characterized by extreme laxity of
joints that give rise to multiple dislocations (Beighton
1970; McKusick 1972, 1983, pp. 151-153, 695-
697, 1009; Byers 1983; Shamban and Uitto 1989).
The common feature of all probands studied to date
is decreased processing of the N-propeptide of type I
procollagen. The decreased processing of the N-pro-
peptide can be caused by either a mutation that
changes the primary structure of the proal(I) chain
(subtype A) (Cole et al. 1986; Weil et al. 1989a), a

mutation that changes the primary structure of the
proa2(I) chain (subtype B) (Wirtz et al. 1987; Weil et
al. 1988, 1989b; present study), or possibly a muta-
tion that decreases the activity of procollagen N-pro-
teinase (subtype C) (Lichtenstein et al. 1973; Minor
et al. 1986). Persistence of the N-propeptide on the
molecule probably interferes with normal assembly of
collagen into fibrils (Hulmes et al. 1989) and probably
generates the thin and highly distorted fibrils of the

Table I

Evaluation of Normal and Potential 5' Splice Sites in Intron 6 of COLIA2 and
in Intron 6 of COLIAI

Numerical Scorea AG37 valueb
Site (%) (kcal/mol)

COL1A2
Normal 5' site (+ 1) .................... 61 -4.7
+58 ......................... 46 0
+94 ......................... 46 -0.2
+289 .........................5 0 -2.4
+326 ......................... 36 -2.5

COLlAl
Normal 5' site ( + 1) .................... 73 - 6.8
+43 ......................... 38 -5.4
+ 56 .......... ............... 69 - 5.4
+73 ......................... 53 -4.7
+91 ............................ 50 -5.0
+146 ......................... 68 -6.8
+149 ......................... 36 -3.3

a Values calculated according to the method of Shapiro and Senapathy (1987). All potential 5' splice
sites with numerical scores of greater than 30 are shown. For COL1A2, only the first 358 nt of intron
6 were analyzed.

b Values for binding to U1 RNA, calculated with free-energy parameters of Freier et al. (1986).
Calculations were carried out without allowance for internal bulges, but G-U mismatches and internal
loops by two or three nucleotides were allowed. Values include increments for terminal mismatches.
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Table 2

Comparison of Effects of Four Different Single-Base Mutations in Splicing Event in Four EDS VIl Patients

Splice sitea
Sequence Location Splicing Pattern References

Normal .......... ATG gt COLlA1
COL1A2

Proband 1 ........ ATG gc COL1A2 Exon skipping Wirtz et al. 1987; Weil et al. 1988
Proband 2 ........ ATA gt COLlA1 Exon skipping; low amounts of Cole et al. 1986; Weil et al. 1989a

normal splicing
Proband 3 ........ ATA gt COL1A2 Exon skipping, normal splicing Steinmann et al. 1980; Weil et al. 1989b

at 310C
Proband 4 ........ ATG at COL1A2 Exon skipping Minor et al. 1986; present study

a For both the proal(I) collagen gene and the proa2(I) collagen gene, the last three nucleotides of exon 6 are -ATG- (Kuivaniemi et al.
1988b; Tromp et al. 1988). The underlining indicates the mutated base.

kind seen in animal cognates of the same disease (Mi-
nor et al. 1987; Uitto and Minor 1987). As reported
recently (Wirtz et al. 1990), all three chains of the
N-propeptide may remain associated with the collagen
molecule after cleavage of two normal chains.

Initial studies of three probands with EDS type VII
suggested that deficiencies in procollagen N-protein-
ase are common in the disease (Lichtenstein et al.
1973). Also, deficiencies of the enzyme together with
recessive inheritance of fragile skin were found in cat-
tle (O'Hara et al. 1970; Lenaers et al. 1971) and sheep
(Fjolstad and Helle 1974)- and probably in dog (Heg-
reberg et al. 1970) and cat (Counts et al. 1980). The
enzyme, however, is difficult to assay either in tissues
or in cultured cells, apparently because it is membrane
bound and not readily extracted (Hojima et al. 1989).
However, the only probands with EDS type VII in
whom the molecular defect was definitively estab-
lished were three probands with mutations in either
the gene for the proal(I) (Weil et al. 1989a) or the
gene for the proa2(I) (Weil et al. 1988, 1989b) chain
of type I procollagen (table 2). The three probands,
like the one examined here, had single-base mutations
that produced exon skipping. One mutation was in
the proa2(I) chain and converted the consensus se-
quence of -GT- at the 5' end of intron 6 to -GC- (Weil
et al. 1988). The other two were both G-to-A muta-
tions in the last nucleotide of exon 6, one in the
proal(I) chain (Weil et al. 1989a) and the other in the
proa2(I) chain (Weil et al. 1989b). Because the codons
of exon 6 are in-frame codons, the reading frame of
the mRNA was maintained after exon skipping. One
of the mutations (proband 3 in table 2) produced vari-
able RNA splicing, in that normal splicing was ob-
served at 31°C (Weil et al. 1989b).

The G-to-A mutation defined here destroyed the
-GT- dinucleotide sequence at the 5' end of intron 6.
The -GT- dinucleotide is found at the 5' end of at least
99.4% of some 3,000 introns that have been analyzed
(Shapiro and Senapathy 1987; Jacob and Gallinaro
1989). A series of mutations that change the -GT-
dinucleotide sequence at the 5' end of introns were
shown to markedly alter RNA splicing (Mitchell et
al. 1986; Weil et al. 1988; Grandchamp et al. 1989;
Kuivaniemi et al. 1990). However, not all produced
efficient exon skipping (Kuivaniemi et al. 1990). The
efficient skipping of exon 6 of the proa2(I) collagen
gene, a skipping seen both here and in two other pro-
bands with EDS type VII, may well be explained by
the absence in intron 6 of any potential 5' splice sites
that have favorable values as judged by the two com-
monly employed techniques for evaluating cryptic
splice sites. Efficient skipping ofexon 6 in the proal (I)
collagen gene, however, cannot be explained on this
basis (table 2). As discussed elsewhere, the efficiency
of exon skipping versus the use of cryptic splice sites
may well be dependent on the normal sequence in
which introns in a multiexon gene are spliced (Lang
and Spritz 1987; Kuivaniemi et al. 1990).
The results from both the proband studied here and

the three probands previously reported suggest that
single-base mutations that cause skipping of exon 6
may be a common cause of the EDS type VII pheno-
type. The primers here for analysis of exon 6 in the
proa2(I) collagen chain should be useful in screening
for the same or similar mutations causing the disease,
by using the current technology to detect single-base
mutations (see Cotton 1989; Gibbs et al. 1989; Gan-
guly and Prockop 1990; Higuchi et al. 1990).

Note added in proof: While the present work was in
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press, Weil et al. (1990) published a study on an EDS
VII patient. The defect found in the patient they de-
scribed was identical to the defect found in the unre-
lated patient reported here.
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