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Summary
Inheritance of a single base mutation in the type III procollagen gene (COL3A1) was studied in a family
with aortic aneurysms and easy bruisability. The mutation was a substitution of A for G+1 of intron 20 of
the gene and caused aberrant splicing of RNA transcribed from the mutated allele. The phenotype in the
family included aortic aneurysms that ruptured and produced death. It also included easy bruisability, but
it did not include other characteristic features of Ehlers-Danlos syndrome type IV, such as ecchymoses, abnormal scarring, or prominent subcutaneous blood vessels. The data from the family, together with a review of other probands with mutations in the type III procollagen gene, indicated that there is phenotypic
overlap between Ehlers-Danlos syndrome type IV and familial arterial aneurysms not associated with any
of the striking changes in skin originally cited as a characteristic feature of Ehlers-Danlos syndrome type
IV. In addition, the results suggested that DNA tests for mutations in the type III procollagen gene may be
useful to identify individuals predisposed to developing arterial aneurysms.
Introduction

The Ehlers-Danlos syndrome (EDS) includes a heterogenous group of diseases characterized primarily by
looseness of joints and variable involvement of skin and
other connective tissues (Beighton 1970; McKusick
1972; Byers 1983; Uitto et al. 1986; Shamban and Uitto
1989). The type IV variant of EDS is the severest form
of the disease and may produce life-threatening consequences such as rupture of arteries or hollow organs
(Beighton 1970; McKusick 1972; Byers et al. 1982;
Uitto et al. 1982, 1986; Byers 1983; Shamban and Uitto
1989). As originally defined by Beighton (1970), a cardiReceived December 14, 1989; revision received February 23, 1990.
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nal feature of EDS type IV is that extensive ecchymoses
are usually present and that bony prominences are covered with characteristically thick and darkly pigmented
scars. The skin is not hyperelastic as it is in many other
forms of EDS. Instead, it feels velvety and is so thin
that subcutaneous vessels are visible. Also, the skin may
be fragile. In addition, the joint hypermobility seen in
other forms of EDS is usually limited to the digits.
Studies in cultured fibroblasts indicated that a series
of probands with EDS type IV had mutations that altered either the rate of synthesis of type III procollagen
or the structure of the protein (Pope et al. 1975; Byers
et al. 1981; Stolle et al. 1985). Only a few mutations
in the gene (COL3A1), however, have been defined. They
appear similar to the mutations in the two genes for
type I procollagen (COLlAl and COL1A2) found in
many probands with osteogenesis imperfecta (01)
(Prockop et al. 1989). Two mutations were single base
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substitutions that replaced codons for glycine with
codons for bulkier amino acids (Tromp et al. 1989a,
1989b). In addition, Southern blot analyses of two probands with EDS type IV suggested large deletions of
3.3 and 7.5 kb in the gene (Superti-Furga et al. 1988,
1989).
Here we describe a family with a single base substitution of G + 1 in intron 20 of the type III procollagen
gene, a substitution that caused aberrant splicing of
RNA transcribed from the mutated allele. The phenotype in the family included aortic aneurysms and easy
bruisability but did not include other characteristic features of EDS type IV, such as ecchymoses, abnormal
scarring, or prominent subcutaneous blood vessels.
Subjects and Methods
The Proband and His Family (Fig. I)
The proband (11-2) was a male who died of a massive
intrathoracic and intraabdominal hemorrhage at the
age of 34 years. He was admitted to an emergency ward
because of acute onset of back and abdominal pain that
radiated to the groin. He had thin skin but no ecchymoses or abnormal scarring. He had a well-healed
5-cm scar on his neck. He was in shock and underwent
emergency surgery. He had massive left retroperitoneal
hemorrhage without any obvious bleeding point. He
continued to bleed postoperatively and died within
24 h. An autopsy revealed massive mediastinal, intraabdominal, and retroperitoneal hemorrhage. No distinct
aneurysm or bleeding point was detected, but microscopic sections of aortarevealed an apparent decrease
and disorganization of elastic fibers. All the abdominal
soft tissues appeared to be unusually friable. The patient had a previous history of easy bruisability. On
one occasion he developed a large hematoma from
throwing a baseball. He had a history of nosebleeds
and of bleeding from gums after brushing his teeth.
He had no history of joint dislocations, and his wife
stated he did not have loose joints or prominent cutaneous vasculature.
The proband's father (I-1) died at the age of 43 years
of a ruptured aneurysm of the abdominal aorta. One
of his brothers (11-3) died at the age of 35 years of a
ruptured aneurysm of the proximal descending thoracic
aorta. Another brother (11-5) died at the age of 5 years
of meningitis. A third brother (11-4) was alive but did
not want any genetic analysis or counseling. The proband's three sisters were all alive at 41 (11-6), 36 (11-7),
and 31 (II-8) years of age. The eldest sister (11-6) had
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Figure I
Proband's family. The arrow indicates the proband
(11-2). A black square (U) indicates death from ruptured aortic
aneurysms. One of the proband's brothers died at S years of age from
meningitis. Plus signs (+) and minus signs (-) indicate, respectively,
mutated and normal alleles for type III procollagen.

easy bruisability but no other signs of connective-tissue
disorder. The other two sisters (11-7 and 11-8) were
asymptomatic. The proband also had three sons, who
were 5 (111-1), 4 (111-2), and 2 (111-3) years of age. The
proband's wife reported that the 4-year-old son (III-2)
was similar to his father in that he had slightly thin
skin and bruised easily. Otherwise the children were
asymptomatic.

PCR with Templates of cDNA and Genomic DNA

To prepare a cDNA template for the polymerase chain
reaction (PCR) (Saiki et al. 1985), total RNA was extracted from cultured skin fibroblasts with guanidinium
isothiocyanate (Maniatis et al. 1982). The RNA was
purified by centrifugation on a cesium chloride gradient
and was used to synthesize double-stranded cDNA, according to a method described by Gubler and Hoffman
(1983), with a commercial kit (Bethesda Research
Laboratories).
In initial experiments using cDNA as template for
the PCR (Saiki et al. 1985), four sets of oligonucleotides based on the cDNA sequence (Ala-Kokko et al.
1989; Tromp et al. 1989b) were used as primers so as
to generate overlapping products that included all the
coding sequences of the a chain domain (fig. 2). In subsequent experiments, an additional set of primers were
used that provided a PCR product that extended from
the codon for amino acid 270 of the triple-helical domain of the al(III) chain to the codon for amino acid
892 (product 5 in fig. 2). The primers were 30-mers
in which 20 nt were complementary to the cDNA and
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Figure 2
Schematic representation of the five PCR products
prepared and analyzed here. The top line indicates the cyanogen bromide peptides (CB-peptides) of the al(III) chain. The second line
is a partial restriction map of the cDNA. X = Site of the intron
insertions caused by the GC+ mutation in intron 20.

in which 10 nt contained sequences of restriction sites
convenient for cloning (Tromp et al. 1989b).
For nucleotide sequencing, the PCR products were
cloned into the filamentous bacteriophage M13mpl8
or M13mpl9, and the clones were sequenced with the
dideoxynucleotide method (Sanger et al. 1977) and with
recombinant T7 DNA polymerase under the conditions
recommended by the manufacturer (U.S. Biochemicals).
The ends of the inserts were sequenced by using the
M13 universal primer. To obtain complete sequences
of clones of product 5 (fig. 2), several internal primers
were also employed (Tromp et al. 1989a).
To isolate genomic DNA templates for the PCR, DNA
was extracted from 175-cm2 flasks of cultured skin
fibroblasts (Maniatis et al. 1982) or from 3-5 ml of
human blood (Bell et al. 1981) anticoagulated with
EDTA.
To use the genomic DNA as template for the PCR,
three oligonucleotide primers were employed. The first
was identical to nucleotide sequences in the middle of
exon 19; the second was identical to nucleotide sequences in the 5' end of exon 20; and the third was
complementary to sequences at the 3' end of exon 21
(Ala-Kokko et al. 1989; Tromp et al. 1989a). The products were cloned into M13 and were sequenced (Sanger
et al. 1977).
Assays of Pepsin-resistant Type Ill Procollagen in the
Medium of Cultured Fibroblasts

Cultures of skin fibroblasts from the proband were
incubated with [3H]proline for 24 h (Stolle et al.
1985). The medium proteins were precipitated with ammonium sulfate, and they were dissolved in 0.4 M NaCl
and 0.01% NaN3 in 0.1 M Tris-HCl buffer (pH 7.4).
The sample was acidified by adding an equal volume
of 0.5 M acetic acid, and the pH was adjusted to between 2 and 3 with dilute HCl. Pepsin (Boehringer-

Mannheim) was added to a final concentration of 0.1
mg/ml, and the sample was digested at 4VC overnight.
The sample was then assayed by PAGE in SDS without
reduction, followed by fluorography.
Analysis of Family Members for the Mutation

To determine the presence or absence of the mutation in members of the family, the PCR was performed
on genomic DNA isolated from blood. The PCR products were analyzed either by gel electrophoresis with
and without prior digestion by BstUI or by slot-blot
hybridization (Studencki and Wallace 1984). For the
slot-blot analysis, 20 gl of amplified sample and 500
gl of deionized water were mixed, and fourfold serial
dilutions were made. The samples were denatured in
boiling water for 10 min and rapidly cooled on ice. A
sample of 125 il was mixed with an equal volume of
20 x SSC solution (1 x SSC = 0.15 M NaCl in
0.015 M sodium citrate, pH 7.0). Duplicate filters were
prepared by loading 100 gl of each sample into each
of two parallel slots of a slot-blot apparatus (Schleicher
and Schuell) containing a nitrocellulose filter that was
equilibrated with 10 x SSC. After the liquid was slowly
sucked through the filter with a weak vacuum, each
well was washed twice with 200 jil of 10 x SSC. Filters
were air-dried, baked for 2 h in a vacuum oven at 800C,
and prehybridized overnight at 421C in 10 ml of 6 x
SSC, 5 x Denhardt's solution, 200 tg sheared salmon
sperm DNA/ml, 100 ig yeast tRNA/ml, and 0.5% Sarkosyl. Each of the duplicate filters was hybridized with
y- 32P-ATP-labeled 19-mer oligonucleotides corresponding to either the normal or the mutant allele. The
filters were washed first with 2 x SSC for 30 min at
room temperature and then with 5 x SSC for 10 min
at either 570C (for the normal oligonucleotide) or 550C
(for the mutant oligonucleotide). The calculated theoretical melting-temperature values (Meinkoth and Wahl
1984) were 520C and 500C, respectively.
All the PCR experiments with the DNA isolated from
blood from the different family members were repeated
twice using two or three different DNA isolations and
three different PCR reactions. Water blanks were consistently negative.
Results
Analysis of cDNA Clones

Total RNA from the proband's (11-2 in fig. 1) fibroblasts was isolated and used to synthesize cDNA. The
cDNA was then used as a template for PCRs. Sequenc-
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ing of 156 clones of the PCR product 1 (fig. 2) indicated that three of them had an insertion of all 132
nt from intron 20, that 60 had an insertion of the first
24 nt of intron 20, that two lacked all the codons of
exon 20, and that 91 had a normal sequence (fig. 3).
All the clones with the 24-nt or 132-nt insertions contained a single base mutation that converted the first
G of intron 20 to an A. As a result, the consensus sequence of -GT- found in most of the introns of eukaryotic genes (Shapiro and Senapathy 1987; Jacob and
Gallinaro 1989) was converted to -AT-.
Parallel experiments were then carried out using
genomic DNA from the proband as template for PCRs.
Analysis of nine M13 clones indicated that seven had
the G-to-A mutation in the first nucleotide of intron
20, whereas the remaining two clones had a normal
sequence in the same region (fig. 4).
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Experiments to Rule Out a Second Mutation in the Two
Alleles for Type Ill Procollagen

Further experiments were carried out to establish that
the mutation of G +1 to A in intron 20 was the only
mutation in the two alleles for type III procollagen from
the proband.
PCR products 1 and 5 in figure 2 were prepared and
cloned into M13. The presence of the G + 1-to-A mutation was used to identify clones from the two alleles.
At least two clones from each allele of PCR product
1 and at least two clones of each allele of PCR product
5 were entirely sequenced. The codons sequenced were
for 15 amino acids of the N-telopeptide and for amino
acids 1-892 of the al(III) chain. They corresponded
to nucleotides 468-3176 of the cDNA (Chu et al. 1985;
Ala-Kokko et al. 1989). A total of over 12,000 nucleotide sequences were examined. The data revealed only
12 single base differences when compared with the previously published nucleotide sequence of the cDNA for
the proal(III) chain (Ala-Kokko et al. 1989).
Three of the 12 single base changes were found in
all clones from one or both alleles. All three involved
the third base of codons and did not change the amino
acid encoded. One of the single base changes was at
nucleotide position 912 (amino acid 137). It converted
the codon of -GCT- for alanine to -GCC-, another
codon for alanine. It was found in two clones from the
mutant allele but not in two clones from the normal
allele. The second single base change was at nucleotide
position 1851 (amino acid 450), and it converted the
codon of -CAA- for glutamine to -CAG, another codon
for glutamine. The third single base change was at
nucleotide position 2244 (amino acid 581). It converted
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Figure 3 A, DNA sequences of three clones prepared from PCR
products synthesized with cDNA as a template. The sequences indicate insertions of 132 nt or 24 nt from intron 20 and a deletion of
the 54 nt found in exon 20. The normal sequences of exons 19-21
are shown in the middle panel. B, Schematic representation of the
exon and intron nucleotides found in the cDNA clones.
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Figure 4 DNA sequence of clones prepared from PCR products synthesized with genomic DNA as template. The arrow-andasterisk (*-) combination indicates the single G-to-A mutation of
the first nucleotide in intron 20.

the codon of -GGC- for glycine to a codon of -GGT,
another codon for glycine. The single base changes at
positions 1851 and 2244 were found in all clones from
both alleles.
The other nine single base changes were shown to
be artifacts probably generated by the PCR (Tromp et
al. 1989b). Each of these nine single base differences
from the consensus sequence was found in only one
clone from either the mutated or the normal allele, but
it was not found in one or two other clones from the
same allele.
Decrease in Pepsin-resistant Type Ill Procollagen in
Medium from the Proband's Fibroblasts

The proband's fibroblasts were incubated with

[3H]proline for 24 h, and the medium proteins were
examined by PAGE in SDS. The medium proteins were
digested with pepsin, and the pepsin-resistant type III
collagen was identified as the slowly migrating band
of disulfide-linked al(III) chains (fig. 5). The results
indicated that there was a relative decrease in the amount
of pepsin-resistant type III collagen in the medium.
Therefore, the results were similar to those obtained
with fibroblasts from several other probands having mutations that change either the rate of synthesis or the
structure of type III procollagen (Byers 1983; Stolle et
al. 1985; Tromp et al. 1989b).

Figure 5
Pepsin-resistant type III procollagen in the medium
from the proband's fibroblasts and from control fibroblasts. Fibroblasts were incubated with [3H]proline for 24 h, and medium proteins were digested with pepsin as described in text. The samples
were used for PAGE in SDS without reduction and then for fluorography. P = Proband; C = control; [al(III)]3 = disulfide-linked
trimers of al(III) chains of type III collagen; ul(I) and a2(I) = a
chains of type I collagen.

Analysis of DNA from the Proband's Family for the
Presence of the Mutation

The G + l-to-A mutation in intron 20 destroyed a restriction site for cleavage by BstUI. Therefore, members of the proband's family were assayed for the presence of the mutation by preparing PCR products with
genomic DNA as template and by analyzing the products by gel electrophoresis with and without prior cleavage by BstUI. As indicated in figure 6, the test confirmed
the presence of the mutation in the proband's (11-2)
genomic DNA. The results also indicated that the proband's 41-year-old sister (11-6) and 4-year-old son (III-2)
were also heterozygous for the same mutation.
To confirm the observations, the PCR products were
also used for allele-specific hybridization (Studencki and
Wallace 1984) with a normal oligonucleotide and with
an oligonucleotide containing the G + 1-to-A mutation.
As indicated in figure 7, the results again confirmed
the presence of the mutation in the proband's (11-2)
DNA. The results also confirmed the presence of the
mutation in the proband's eldest sister (11-6) and 4-yearold son (111-2).
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Figure 6 Analysis of genomic DNA from the proband and his
family for the presence of the mutation. Genomic DNA and M13
clones were used as template for PCRs, and the PCR products were
analyzed by agarose gel electrophoresis after digestion with BstUI.
As indicated in the text, the G-to-A mutation of the first nucleotide
of intron 20 destroyed a BstUI site. The mutation is present in the
proband's 4-year-old son (III-2), in the proband (11-2), and in his
eldest sister (11-6).

Discussion

The results here are the first full-length report of a
mutation in the type III procollagen gene that causes
aberrant RNA splicing. The proband had, in one allele
for type III procollagen, a mutation that converted the
first G in intron 20 to an A. The mutation caused aberrant splicing of about 50% of all the mRNA for
proal(III) chains from the proband's fibroblasts and apparently all of the RNA transcribed from the affected
allele (Kuivraniemi et al., in press). The pattern of
aberrant splicing was, therefore, consistent with the pattern seen with similar G + 1-to-A mutations in other
genes (see Mitchell et al. 1986; Grandchamp et al.
1989).
The proband died of a massive thoracic and abdominal hemorrhage that was probably secondary to a ruptured artery. Both his father and one of his brothers
died of ruptured aortic aneurysms. The mutation of
the type III procollagen gene was dominantly inherited
in the proband's family, in that the mutation was present in the proband's 41-year-old sister and in one of
his three children. The 41-year-old sister and the 4-yearold- son were similar to the proband in that they had
easy bruisability. We have advised both these individuals that they should be followed closely for the possible
development of aortic aneurysms. Surgical reports indicate that the mortality from aortic aneurysms that

111-3

Figure 7 Allele-specific oligonucleotide hybridization of PCR
products synthesized using genomic DNA or M13 clones as template. DNA from the proband (II-2), from his eldest sister (11-6), and
from his 4-year-old son (111-2) are positive for the presence of the
mutation. Other members of the family were negative. N = normal
oligonucleotide used as a probe; M = mutant oligonucleotide used
as a probe.

have ruptured is about 90%, whereas the mortality from
elective surgery for aortic aneurysms is less than 10%
(Crawford et al. 1981; Rutherford and Pearce 1988).
Ruptured arterial aneurysms are a prominent feature
of the type IV or ecchymotic form of EDS (Beighton
1970; McKusick 1972), and mutations in the type III
procollagen gene have been reported in eight probands
initially classified as having EDS type IV (Pyeritz et al.
1984; Stolle et al. 1985; Superti-Furga et al. 1988;
Tromp et al. 1989a, 1989b; Kontusaari et al. 1990).
The proband and affected members of the family described here had slightly thin skin and easy bruisability
but did not have such features as (a) fragile skin with
prominent venous network, (b) extensive ecchymoses,
or (c) thin, darkly pigmented scars over bony prominences - features that were originally cited by Beighton
(1970) as being characteristic features of EDS type IV.
Several authorities, have continued to emphasize such
striking cutaneous changes as being hallmarks of EDS
type IV (McKusick 1972; Uitto et al. 1982; Shamban and Uitto 1989). In contrast, some have suggested
the same diagnosis for probands having aortic
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hepatic, and celiac arteries. Therefore, there are no ready
criteria with which to distinguish these individuals, who
were classified as having EDS type IV, from individuals
having familial aneurysms (Collin 1985; Bergqvist and
Bengtsson 1986; Darling et al. 1989).
These considerations raise the possibility that mutations in the type III procollagen gene may well account
for a considerable fraction of the 1%-2% of adult males
who die of ruptured aneurysms of the abdominal aorta
(Collin 1985; Bergqvist and Bengtsson 1986; Darling
et al. 1989)-and even of the 8% or so of individuals
who die of intracranial aneurysms (Weir 1987). Because
early surgical intervention is frequently effective (Crawford et al. 1981; Rutherford and Pearce 1988), DNA
tests for mutations in the type III procollagen gene may
be of considerable value in identifying people at risk
for developing arterial aneurysms. Many different mutations in the gene may be present in different families,
and the initial definition of a single base mutation such
as the one defined here requires considerable effort with
current technologies. However, procedures for defining
single base mutations are rapidly improving and may
soon be practical for screening of families (see Cotton
1989; Gibbs et al. 1989; Higuchi et al. 1990; Trayst-

aneurysms and easy bruisability without any dramatic
changes in the skin (Byers et al. 1982; Byers 1983). However, familial aortic aneurysms, predominantly of the
abdominal aorta, have been reported as a distinct clinical syndrome (Collin 1985; Bergqvist and Bengtsson
1986; Darling et al. 1989). Therefore, there apparently
is phenotypic overlap between EDS type IV and familial
aortic aneurysms.
Clinical data were reported on seven of the eight probands having mutations in the type III procollagen gene
who were initially classified as EDS type IV (Pyeritz
et al. 1984; Stolle et al. 1985; Superti-Furga et al. 1988;
Tromp et al. 1989a, 1989b; Kontusaari et al., in press).
With one exception, the probands or one of their firstdegree relatives had arterial aneurysms (table 1). Six
of the seven probands, however, did not have the characteristic skin changes of EDS type IV that have been
cited by Beighton (1970) and others (McKusick 1972;
Uitto et al. 1982; Shamban and Uitto 1989). Most
of the probands developed hematomas from minor
trauma. The aneurysms found in the seven individuals
or members of the families (table 1) were widely distributed among the thoracic aorta, abdominal aorta,
and other arteries, including the subclavian, cervical,

Table I
Clinical Manifestations in Probands and Relatives with Mutations In the Gene for Type Ill Procollagen
SKIN

TYPE III
MUTATIONa

Probable deletion ....
Glycine substitution:

ARTERIAL EASY
ANEURBRUISYSMSb ABILITYC
+

+

+

+

Gly619-Arg .......
Gly79Serd .......

+
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0
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G +1 substitution:

G+lIVS16 .+
G + l IVS20
G+1 IVS42 ........

+
+

NA

+

0
+

0
+

NA

NOTE.-NA = no information available.
a
The probable deletion was reported by Superti-Furga et al. (1988); the three glycine substitutions were reported by Pyeritz et al. (1984),
Kontusaari et al. (1990), and Tromp et al. (1989a, 1989b); the G + 1 IVS20 mutation is the mutation described here. (Preliminary data on
this mutation and the two other G +1 mutations have been presented previously in abstract form [Zhao et al. 1990]).
b Locations of the aneurysms are as follows: the epigastric artery has the probable deletion; the abdominal aorta, thoracic aorta, hepatic artery, and celiac artery have the Gly619-Arg mutation; the subclavian artery has the Gly790-Ser mutation; the cervical artery has the
G+l IVS16 mutation; the thoracic aorta and abdominal aorta have the G + 1 IVS20 mutation described here; and the aorta has the G + 1 IVS42
mutation.
c Hematomas from minor trauma.
d Probands initially classified by us as having EDS type IV (Tromp et al. 1989a, 1989b).
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man et al. 1990; Ganguly and Prockop, in press). Once
a mutation is defined, it is relatively simple, with the
PCR, to analyze members of the family for the presence or absence of the mutation (figs. 6 and 7).

Acknowledgments
We gratefully acknowledge the expert technical assistance
of Gi-Chung Chen and Karen Engle in tissue culture. This
work was supported in part by National Institutes of Health
grant AR-38188 and by a grant from the March of Dimes-Birth
Defects Foundation. Preliminary data on the mutation and
the family described here have been presented previously in
abstract form (Zhao et al. 1990).

References
Ala-Kokko L, Kontusaari S, Baldwin C, Kuivaniemi H,
Prockop DJ (1989) Structure of cDNA clones coding for
the entire preproal(III) chain of human type III procollagen: differences in protein structure from type I procollagen and conservation of codon preferences. Biochem J
260:509-516
Beighton P (1970) The Ehlers-Danlos syndrome. William
Heinemann, London
Bell GI, Karam JH, Rutter WJ (1981) Polymorphic DNA region adjacent to the 5' end of the human insulin gene. Proc
Natl Acad Sci USA 78:5759-5763
Bergqvist D, Bengtsson H (1986) Okat antal patienter dor
av bukaortaaneurysm: okad diagnostisk skarpa kravs.
Lakartidningen 83:3010-3012
Byers PH (1983) Inherited disorders of collagen biosynthesis:
Ehlers-Danlos syndrome, the Marfan syndrome, and osteogenesis imperfecta. In: Spittel JA Jr (ed) Clinical medicine. Harper & Row, Philadelphia, pp 1-41
Byers PH, Holbrook KA, Barsh GS (1982) Ehlers-Danlos syndrome type IV: disorders of type III collagen metabolism.
In: Akeson WH, Bornstein P. Glimcher MJ (eds) American
Academy of Orthopaedic Surgeons Symposium on Heritable Disorders of Connective Tissue. CV Mosby, St. Louis,
pp 76-81
Byers PH, Holbrook KA, Barsh GS, Smith LT, Bornstein P
(1981) Altered secretion of type III procollagen in a form
of type IV Ehlers-Danlos syndrome. Lab Invest 44:336-341
Chu ML, Weil D, de Wet W, Bernard M, Sippola M, Ramirez
F (1985) Isolation of cDNA and genomic clones encoding
human pro-al(III) collagen: partial characterization of the
3' end region of the gene. J Biol Chem 260:4357-4363
Collin BR (1985) Screening for abdominal aortic aneurysms.
J Surg 72:851-852
Cotton RGH (1989) Detection of single base changes in nucleic acids. Biochem J 263:1-10
Crawford ES, Saleh SA, Babb JW III, Glaeser DH, Vaccaro
PS, Silvers A (1981) Infrarenal abdominal aortic aneurysm:

119
factors influencing survival after operation performed over
a 25-year period. Ann Surg 193:699-709
Darling RC III, Brewster DC, Darling RC, LaMuraglia GM,
Moncure AC, Cambria RP, Abbott WM (1989) Are familial
abdominal aortic aneurysms different? J Vasc Surg 10:39-43
Ganguly A, Prockop DJ. The detection of single-base substitutions in DNA heteroduplexes by a single chemical reaction of mismatched Gs and Ts followed by primer extension: application to products of the polymerase chain
reaction. Clin Res (in press)
Gibbs RA, Nguyen P-N, McBride LJ, Koepf SM, Caskey T
(1989) Identification of mutations leading to the LeschNyhan syndrome by automated direct DNA sequencing
of in vitro amplified cDNA. Proc Natl Acad Sci USA
86:1919-1923
Grandchamp B, Picat C, Mignotte V, Wilson JHP, Te Velde
K, Sandkuyl L, Romeo PH, et al (1989) Tissue-specific splicing mutation in acute intermittent porphyria. Proc Natl
Acad Sci USA 86:661-664
Gubler U, Hoffman BJ (1983) A simple and very efficient
method for generating cDNA libraries. Gene 25:263-269
Higuchi M, Wong C, Kochhan L, Olek K, Aronis S, Kasper
CK, Kazazian HH Jr, et al (1990) Characterization of mutations in the factor VIII gene by direct sequencing of amplified genomic DNA. Genomics 6:65-71
Jacob M, Gallinaro H (1989) The 5' splice site: phylogenetic
evolution and variable geometry of association with
U1RNA. Nucleic Acids Res 17:2159-2180
Kontusaari S, Kuivaniemi H, Tromp G, Grimwood R, Prockop
DJ (1990) A single base mutation in type III procollagen
that converts the codon for glycine 619 to arginine in a family
with aortic aneurysms. Ann NY Acad Sci 580:556-557
Kuivaniemi H, Kontusaari S, Tromp G, Zhao M, Prockop
DJ. Identical G +I to A mutations in three different introns
of the type III procollagen gene (COL3A1) produce different patterns of RNA splicing in three variants of EhlersDanlos syndrome IV: an explanation for exon skipping with
some mutations and not others. J Biol Chem (in press)
McKusick VA (1972) The Ehlers-Danlos syndrome. In: Heritable disorders of connective tissue, 4th ed. CV Mosby, St.
Louis, pp 292-371
Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY
Meinkoth J, Wahl G (1984) Hybridization of nucleic acids
immobilized on solid supports. Anal Biochem 138:267-284
Mitchell PJ, Urlaub G, Chasin L (1986) Spontaneous splicing
mutations at the dihydrofolate reductase locus in Chinese
hamster ovary cells. Mol Cell Biol 6:1926-1935
Pope FM, Martin GR, Lichtenstein JR, Penttinen R, Gerson
B, Rowe DW, McKusick VA (1975) Patients with EhlersDanlos syndrome type IV lack type III collagen. Proc Natl
Acad Sci USA 72:1314-1316
Prockop DJ, Constantinou CD, Dombrowski KE, Hojima Y,
Kadler KE, Kuivaniemi H, Tromp G, et al (1989) Type I

120
procollagen: the gene-protein system that harbors most of
the mutations causing osteogenesis imperfecta and probably more common heritable disorders of connective tissue.
Am J Med Genet 34:60-67
Pyeritz RE, Stolle CA, Parfrey NA, Myers JC (1984) EhlersDanlos syndrome IV due to a novel defect in type III procollagen. Am J Med Genet 19:607-622
Rutherford RB, Peace WH (1988) The "difficult" abdominal
aortic aneurysms: overview and initial evaluation. Sem Vasc
Surg 1:131-137
Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich
HA, Arnheim N (1985) Enzymatic amplification of 0-globin
genomic sequences and restriction site analysis for diagnosis of sickle cell anemia. Science 230:1350-1354
Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing
with chain-terminating inhibitors. Proc Natl Acad Sci USA
74:5463-5467
Shamban A, Uitto J (1989) Hereditary diseases of connective
tissue. In: Ruiz-Maldonado R, Parish LC, Beare JM (eds)
Textbook of pediatric dermatology. Grune & Stratton,
Philadelphia, pp 117-141
Shapiro MB, Senapathy P (1987) RNA splice junctions of
different classes of eukaryotes: sequence statistics and functional implications in gene expression. Nucleic Acids Res
15:7155-7174
Stolle CA, Pyeritz RE, Myers JC, Prockop DJ (1985) Synthesis of an altered type III procollagen in a patient with type
IV Ehlers-Danlos syndrome: a structural change in the
al(Ill) chain which makes the protein more susceptible to
proteinases. J Biol Chem 260:1937-1944
Studencki AB, Wallace RB (1984) Allele-specific hybridization using oligonucleotide probes of very high specific activity: discrimination of the human -3A_ and PiS-globin
genes. DNA 3:7-15
Superti-Furga A, Gugler E, Gitzelmann R, Steinmann B (1988)
Ehlers-Danlos syndrome type IV: a multi-exon deletion in

Kontusaari et al.
one of the two COL3A1 alleles affecting structure, stability, and processing of type III procollagen. J Biol Chem
263:6226-6232
Superti-Furga A, Steinmann B, Ramirez F, Byers PH (1989)
Molecular defects of type III procollagen in Ehlers-Danlos
syndrome type IV. Hum Genet 82:104-108
Traystman MD, Higuchi M, Kasper CK, Antonarakis SE,
Kazazian HH Jr (1990) Use of denaturing gradient gel electrophoresis to detect point mutations in the factor VIII gene.
Genomics 6:293-301
Tromp G, Kuivaniemi H, Shikata H, Prockop DJ (1989a) A
single base mutation that substitutes serine for glycine 790
of the al(III) chain of type III procollagen exposes an arginine and causes Ehlers-Danlos syndrome IV. J Biol Chem
264:1349-1352
Tromp G, Kuivaniemi H, Stolle C, Pope FM, Prockop DJ
(1988b) Single base mutation in the type III procollagen
gene that converts the codon for glycine 883 to aspartate
in a mild variant of Ehlers-Danlos syndrome IV. J Biol Chem
264:19313-19317
Uitto J, Murray LW, Blumberg B, Shamban A (1986) Biochemistry of collagen diseases. Ann Intern Med 105:740-756
Uitto JI Tan EML, Geltman EM, Rodey GE, Jaffe AS (1982)
The Ehlers-Danlos syndrome type IV: clinical, genetic, and
biochemical studies of a family. In: Akeson WH, Bornstein P, Glimcher MJ (eds) American Academy of Orthopaedic Surgeons Symposium on Heritable disorders of
Connective Tissue. CV Mosby, St. Louis, pp 82-95
Weir B (1987) Aneurysms affecting the nervous system. Williams & Wilkins, Baltimore
Zhao M, Kontusaari S, Kuivaniemi H, Tromp G, Sabol C,
Ala-Kokko L, Klein SA, et al (1990) Three single base mutations in type III procollagen gene that prevent correct RNA
splicing in variants of Ehlers-Danlos syndrome IV. Ann
NY Acad Sci 580:554-555

