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Abstract

Experiments were carried out to test the hypothesis that famil-
ial aortic aneurysms, either thoracic or abdominal, are caused
by mutations in the gene for type III procollagen (COL3A1)
similar to mutations in the same gene that have been shown to
cause rupture of aorta and other disastrous consequences in the
rare genetic disorder known as Ehlers-Danlos syndrome type
IV. A family was identified through a 37-yr-old female captain
in the United States Air Force who was scrutinized only be-
cause many of her direct blood relatives had died of ruptured
aortic aneurysms. The woman was heterozygous for a single-
base mutation that converted the codon for glycine 619 of the
al(III) chain of type III procollagen to a codon for arginine.
Studies on cultured skin fibroblasts demonstrated the mutation
caused synthesis of type III procollagen that had a decreased
temperature for thermal unfolding of the protein. The same
mutation was identified in DNA extracted from pathologic
specimens from her mother who had died at the age of 34 and a
maternal aunt who died at the age of 55 of aortic aneurysms.
Examination of DNA from samples of saliva revealed that the
woman’s daughter, her son, a brother, and an aunt also had the
mutation. The results demonstrated that mutations in the type
III procollagen gene can cause familial aortic aneurysms and
that DNA tests for such mutations can identify individuals at
risk for aneurysms. (J. Clin. Invest. 1990. 86:1465-1473.) Key
words: mutation in type III procollagen ¢ arterial aneurysms
DNA tests on saliva

Introduction

Rupture of aortic aneurysms is a common cause of death. In
both the United Kingdom and in Sweden rupture of abdomi-
nal aortic aneurysms account for ~ 1.3% of the deaths in men
over 50 yr of age (1, 2). Many aortic aneurysms are familial.
For example, one recent report (3) demonstrated that 29% of
asymptomatic brothers of patients with ruptured abdominal
aortic aneurysms had dilatations of the aorta detectable by
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ultrasound examination. Another recent report (4) indicated
that 15.1% of 542 patients undergoing surgery for abdominal
aortic aneurysms had a first-degree relative with an aneurysm.
Therefore, although there may be a variety of causes for ab-
dominal aortic aneurysms, a large proportion may be genetic.
We have recently initiated experiments to test the hypothesis
that familial aortic aneurysms, either thoracic or abdominal,
are caused by mutations in the gene for type III procollagen
(COL3A1) similar to mutations in the same gene that we and
others (5-11) have shown to cause rupture of the aorta and
other disastrous consequences in the rare genetic disorder
known as Ehlers-Danlos syndrome (EDS)' type IV (12-15).
Here we show that the first family we used to test the hypoth-

esis proved positive.

Methods

The family. The family was identified through a 37-yr-old white female
(M.H.) on active duty as a captain in the United States Air Force (III-1
in Fig. 1). She was in excellent health and physical condition. During a
routine medical examination, however, it was learned that several
members of her family had died from sudden rupture of abdominal or
thoracic aortic aneurysms.

On physical examination, the physician noted that she had mild
hyperextensibility of joints. However, she had formerly been a gym-
nast without any history of joint dislocations. Also, she was negative
for excessive joint laxity by the criteria of Wynne-Davies (Table I). In
addition, there were no other signs of the Ehlers-Danlos syndrome in
that her skin had a normal texture without unusual extensibility, ec-
chymoses, or abnormal scarring. She did not have a prominent venous
pattern over her anterior chest or elsewhere, and she did not have a
history of venous varicosities as is seen in many patients with EDS type
IV (12, 13, 15). An old appendectomy scar was well-healed. The phy-
sician also noted she had arachnodactyly. However, the hand-to-height
ratio was 10.9% (Table I), the upper limit of normal. Also, she did not
meet other criteria for the Marfan syndrome in that she was only 5 feet
2 inches tall, and her ratio of upper body segment to lower body
segment was 0.97, in the high normal range rather than below normal
(Table I). In addition, a slit lamp examination for subluxation of the
lens was negative. The remainder of the physical examination was
unremarkable. An electrocardiogram and an echocardiogram were
normal. A computerized tomography scan with contrast did not reveal
any aneurysms in the blood supply to the central nervous system. An
ultrasound examination of the abdomen did not show any dilatation of
the aorta or any other abnormalities.

A more detailed medical history revealed that M.H. had frequent
headaches that were apparently migraines. She also had a tendency to
bruise easily, with the formation of hematomas after minor trauma. 4
yr before the examination she underwent an appendectomy and a right
oophorectomy. The surgeon noted that the tissues seemed friable, they
bled easily, and there was a loss of ~ 1,000 ml of blood. She recovered
normally from the surgery. She had a 13-yr-old son and a 14-yr-old

1. Abbreviations used in this paper: EDS, Ehlers-Danlos syndrome; OI,
osteogenesis imperfecta; PCR, polymerase chain reaction.
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daughter. Both were apparently in good health. The daughter had
mitral valve prolapse and loose joints, but was a world-class gymnast
(Table I). A slit-lamp examination of the daughter was negative.

A number of M.H.’s direct blood relatives died suddenly from
vascular catastrophies (Fig. 1). Her mother (II-1) died at the age of 34
of a ruptured abdominal aortic aneurysm, and her maternal grandfa-
ther (I-2) died at the age of 55 of a ruptured thoracic aortic aneurysm.
A maternal uncle (II-4) died at the age of 42 of a cerebral vascular
accident. A maternal aunt (II-6) died at the age of 55 during an opera-
tion for repair of an aneurysm of the hepatic artery. A 15-yr-old cousin
(II1-7) died of a ruptured thoracic aortic aneurysm during a swimming
competition.

None of M.H.’s direct blood relatives other than her daughter had
joint laxity suggestive of EDS by the criteria of Wynne-Davis (Table I).
Also, they did not have any evidence of the Marfan syndrome as
judged by the ratio of upper segment-to-lower segment or by the ratio
of hand length to height (Table I).

Nucleotide sequencing of cDNAs and genomic DNAs. Skin fibro-
blasts from M.H. were grown under standard conditions (6). Total
RNA was isolated from the cells (16) and used to synthesize cDNA (17)
that was employed as a template for a series of PCRs (18). The PCRs
were carried out with six sets of primers chosen to generate products
covering all the coding sequences for the triple-helical domain of type
III procollagen (10). The products of the PCR were cloned into the
bacteriophage M13mp18 or mp19 and the M13 clones were used for
dideoxynucleotide sequencing (19). In addition, the PCR was carried
out using genomic DNA as template and two additional oligonucleo-
tide primers. The 5'-primer was identical to sequences at the 3'-end of
intervening sequence 33 and the 5'-primer was complementary to the
5'-end of intervening sequence 35 (9). The genomic products were also
cloned into M13mp18 or mp19 for dideoxynucleotide sequencing.

Effects of the mutation on thermal stability. To examine the conse-
quences of the mutation on the thermal stability of the type III procol-
lagen, cultures of skin fibroblasts from M.H. were incubated with
[*H]proline for 24 h (6). The proteins in the medium were precipitated
with ammonium sulfate and dissolved in 0.4 M NaCl; 0.01% NaN3;
0.1 M Tris-HCl buffer (pH 7.4). Thermal unfolding of the procollagens
was assayed by brief digestion with high concentrations of trypsin and
chymotrypsin as described previously (10, 20). Samples were assayed
by polyacrylamide electrophoresis in SDS without reduction.

In further experiments, '“C-labeled type III procollagen was puri-
fied from the medium by chromatography on two successive columns
of DEAE-cellulose (6). The peak containing the type III procollagen
was digested with vertebrate collagenase. The thermal unfolding of the
vertebrate collagenase fragments (21) was then assayed by digestion
with trypsin and chymotrypsin (10, 20).

Detection of the mutation in saliva from living family members. To
detect the mutation in the type III procollagen gene in living members
of M.H.’s family, saliva samples were collected. Plastic screw-cap tubes
(50 ml) containing 2 ul of 25% sodium azide were mailed to the indi-
viduals. Each was asked to place up to 5 ml of saliva in the tube and

Table I. Joint and Skeletal Features of Members of the Family

Joint Ratio  Handlength:
Family member laxity* US:LS* height! Comments
%
Mutation positive
I1I-1 (M.H.) 2/5 0.97 10.9 Bleeding tendency;
former gymnast
and captain in
Air Force
V-1 4/5 092 11.0 World-class
gymnast
Iv-2 0/5 1.05 11.2
1I-8 2/5  0.96 11.3
111-6 2/5 094 8.7
Mutation negative
1114 0/5 093 11.5
II-13 2/5 1.02 10.7
111-14 1/5 1.09 10.9
1I-15 0/5 NA 10.4
II-11 0/5 0.80 11.3
1v-7 0/5 0.78 10.9
V-6 } 0/5 0.80 10.1
Nonblood relatives
11-7 0/5 1.09 10.1
11-3 0/5 0.83 11.7
HI-5 0/5 098 11.4

* Joint laxity evaluated by criteria of Wynne-Davies (31). Excessive
joint laxity is present if three of five tests are positive.

# Ratio of upper body segment (US) to lower body segment (LS).
Lower body segment is measured from the top of the symphysis
pubis. Normal values (13) for non-Black individuals over 10 yr of
age are 0.91+0.04 SD. Values in 21 patients with the Marfan syn-
drome (13) were 0.84+0.04 SD.

§ Values from randomly selected normal adults in our department:
males, 10.95+0.40 SD (n = 28); females, 10.86+0.47 SD (n = 26);
combined, 10.93+0.45 SD (n = 54); combined excluding two Blacks
with values of 12.26 and 11.61, 10.89+0.40 SD (n = 52).

return the tube by express mail. DNA from cells in the saliva was
extracted with a standard protocol (16) and ethanol precipitated. The
DNA was then used for the PCR using the oligonucleotide primers for
genomic DNA. The mutation destroyed a cleavage site for the restric-
tion enzyme Ncil. Therefore, the heterozygous mutation was detected
by resistance of about half of the PCR products to cleavage by Ncil.

I. 1 2 Cs)
| 55y
1I.
2
34y 42y 55y | S8y 37y
III. -
1 3 5 ﬂ Iﬂ 4
Hazy 39y 41y 15y 27y 32y 28y 19y Figure 1. The family with aortic aneurysms. Arrow
Iv. indicates M.H. Slashed line indicates death at the age
! 5 indicated. M.H.’s maternal uncle (1I-4) died at the
I © weusm age of 42 of a cerebral vascular accident. A cousin
Moy ey iy oy T2y 0.5y [ @ muswsgene  (I11-8) died at the age of 27 of an industrial accident
[3 (@ romaigene  unrelated to any vascular disease.
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Detection of the mutation in DNA from microscopic slides and fixed
tissue blocks. To detect the mutation in M.H.’s mother (II-1 in Fig. 1),
DNA was extracted from a single fixed and stained microscopic slide of
the aorta (Figs. 2 and 3). The slide was washed several times with 1 M
HCIL. The cover slip was freed with xylene, and the section washed
extensively with xylene. The section was scraped off with a sterile
scalpel into 0.5 ml of 2 mg/ml proteinase K and 0.1% SDS in 50 mM
Tris-HCI buffer (pH 8). The sample was incubated at 65°C for 24 h.
The sample was extracted with phenol:chloroform:isoamyl alcohol
(25:24:1). The aqueous phase was transferred to a new tube, and am-
monium acetate was added to a final concentration of 2.5 M. Because a
reddish-brown flocculant precipitate formed that was not seen with
DNA from other sources, the precipitate was recovered by centrifuga-
tion and suspended in 0.5 ml of 5 mg/ml proteinase K and 0.1% SDS
in 50 mM Tris-HCI buffer (pH 8) for further digestion at 65°C for 15 h.
NaCl was added to a final concentration of 0.3 M. The sample was
reextracted with phenol:chloroform:isoamyl alcohol. Glycogen was
added as a carrier to the aqueous phase (60 ug/ml) and the sample was
precipitated with 70% ethanol at —20°C overnight.

To detect the mutation in M.H.’s aunt (II-6 in Fig. 1), DNA was
extracted from formalin-fixed and paraffin-embedded blocks (22) of
cartilage and aorta. Sections were cut from the blocks with a sterile
scalpel. The sections were washed with xylene. They were minced and
pools of three or four sections were incubated in 0.5 ml of 5 mg/ml
proteinase K and 0.1% SDS in 50 mM Tris-HCI buffer (pH 8) at 65°C
for 24 h. NaCl was added to a concentration of 0.3 M, and the sample
was reextracted with phenol:chloroform:isoamyl alcohol. Carrier gly-
cogen was added, and the DNA was precipitated with 70% ethanol.
The sample was dissolved in water, ammonium acetate was added to a
final concentration of 2.5 M, and the DNA reprecipitated with 70%
ethanol in the presence of carrier glycogen.

To avoid contamination from DNA previously generated by PCR
in the same laboratory, three different 5'-primers and three different
3'-primers were used to amplify DNA. The first set of primers was the
same as the set used to amplify genomic DNA from M.H. (above). Two
additional 5-primers and two additional 3'-primers were external to
the first set. In different experiments, the S'-primers and 3'-primers
were varied so as to synthesize PCR products not previously generated.
Water blanks were consistently negative. The PCR products were then
used for allele-specific hybridization (23) using oligonucleotides that
were 18 mers coding for the normal sequence and 18 mers coding for
the same sequence but with the single base mutation that converted the
codon for glycine 619 to arginine.

Results

Pathological reports and specimens on M.H.’s mother and
maternal aunt. M.H.’s mother (II-1 in Fig. 1) died in 1960. A
surgical pathological report on the ruptured abdominal aorta
indicated that the largest diameter was 7 cm. The intima was
yellowish in color and one portion of the aorta showed a sepa-
ration of the intima from the media. Three microscopic slides
of the aorta were available (Figs. 2 and 3). They demonstrated
arteriosclerosis with a deposition of calcium and the presence
of a blood clot adherent to the intima. There was vacuolation
and marked thickening of the media. Also, there was dissec-
tion of the intima from media. No other hospital records or
pathological specimens were available.

M.H.’s maternal aunt (II-6) died in 1987. She was admitted
to a hospital for repair of a suspected aneurysm of the hepatic
artery. At operation a 6-cm aneurysm was found in the hepatic
artery. Additional aneurysms were found at the celiac axis and
in the infrarenal aorta. The tissues were unusually friable and
attempts to repair the aneurysms led to excessive bleeding. The
patient expired in a few hours. Histology of the aorta demon-
strated cystic medial necrosis underlying aneurysmal forma-

tion and atherosclerosis. The past medical history indicated
that she had an automobile accident 16 yr previously with a
surgical repair of a liver laceration and a splenectomy. 17 and
12 yr previously, she underwent venous stripping of the lower
extremities with venous ligation on the right on two occasions
and on the left side on one occasion. 18 yr previously, she had
a repair of a cystocele and a rectocele.

A mutation in the type III procollagen gene. Total RNA
from M.H.’s fibroblasts was used to prepare cDNA and the
cDNA was used as a template for PCRs (Fig. 4). The PCR
products were sequenced after cloning into M13. As indicated
in Fig. 5, a single base mutation was found that converted the
codon of -GGA- for glycine 619 to -AGA-, a codon for argi-
nine. The mutation was found in seven of nine independent
M13 clones. The other two clones had a normal sequence in
the same region. To exclude the possibility of a second muta-
tion in the coding sequences of type III procollagen, two over-
lapping PCR products were prepared (products 5 and 6 in Fig.
4). Because both products overlapped in sequences that in-
cluded the site of the mutation, the presence or absence of the
mutation was used to distinguish M13 clones with coding se-
quences from the two alleles. Complete nucleotide sequencing
was carried out on 2,479 nucleotides in each of two clones of
PCR product 5 containing the mutation. Complete nucleotide
sequencing was also carried out on 2,479 nucleotides in each
of two clones of PCR product 5 not containing the mutation.
In addition, complete nucleotide sequencing was carried out
on 1,806 nucleotides in each of two clones of PCR product 6
containing the mutation and on 1,806 nucleotides in each of
two clones of PCR product 6 not containing the mutation.
Analysis of the 17,140 nucleotides revealed 14 separate single
base changes in addition to the mutation in the codon for
glycine 619. 13 of the 14 base changes were shown to be arti-
facts of the PCR (10) because they were not found consistently
in clones containing coding sequences from the same allele.
The 14th base change was a third base difference in a codon for
glycine that probably was a normal variant. The results, there-
fore, demonstrated that the mutation that converted the codon
for glycine at position 619 to a codon for arginine was the only
mutation in the PCR products covering all the codons for the
a1(III) chain (24).

To confirm the presence of the mutation in the codon for
glycine 619, genomic DNA from M.H. was used as a template
for PCR. The products were cloned into M13 and a total of 13
clones were sequenced. Ten had a normal sequence and three
had the mutation that changed the codon for glycine 619 to a
codon for arginine (not shown).

Effect of the mutation on the thermal unfolding of type 111
procollagen. To determine whether or not the substitution of
arginine for glycine 619 influenced the functional properties of
the protein, the thermal unfolding of the type III procollagen
synthesized by M.H.’s fibroblasts was assayed by brief protease
digestion (10, 20, 21). The intact protein secreted into the
medium had a thermal stability that was essentially the same
as in control (not shown). The collagenase A fragment, con-
taining the first 781 amino acids from the NH,-terminal end of
the triple-helical domain of the protein (9, 24), however, had a
decreased temperature for thermal unfolding compared with
control type III procollagen in the same assay system (Fig. 6).
The collagenase A fragment from control type III procollagen
was stable to brief protease digestion up to ~ 36°C. The colla-
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Figure 2. Photomicrographs from one of the three slides available from the aortic aneurysm found in M.H.’s mother (II-1). As indicated in text,
one of the slides was used for the PCR. The specimen was stained with hematoxylineosin. (4) Section through the aortic aneurysm. A recent
blood clot is attached to the intima (top). The intima appears amorphous and the media (botzom) is dissected. Blood is present in the center of
the medial tissue. Magnification, 143. (B) Higher magnification of the dissection in the media. Remnants of the media are shown on either side
of the dissection. Amorphous structures on the top are probably artifacts in the preparation. Magnification, 380. (C) Section through another
part of the aorta. The intima (zop) is well organized but there is thickening of the media and bleeding into the thickened media (bottom left).
The splits in the intima and media are probably artifacts from preparation. Magnification, 57. (D) Enlargement of C. There is some revascular-
ization of the thickened media. Magnification, 95.
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Figure 3. Microscopic section through another part of aorta from M.H.’s mother (II-1). The intima is on the top and the adventitia on the bot-
tom. The section shows atherosclerotic changes. There are purple calcification deposits in the area of the dissection of the media. The media is
disorganized. A few clear, needlelike imprints are probably remnants of cholesterol crystals that were dissolved during the preparation. Some
bleeding into the boundary between the media and the adventitia is also apparent. Magnification, 50.

genase A fragment from M.H.’s type III procollagen were par-
tially cleaved to an intermediate-sized fragment at 20-36°C.
Comparison with molecular weight standards of procollagen
and collagen fragments indicated that the intermediate was
~ 620 residues. Therefore, the results were consistent with the
presence of a glycine substitution at position 619 of the «1(III)
chain.

Presence of the mutation in pathological specimens from
M_H.’s mother and maternal aunt. Further experiments were
carried out to determine whether the same mutation in an
allele for type III procollagen was found in DNA from patho-
logical specimens from M.H.’s mother (II-1) and maternal
aunt (II-6). DNA was extracted from a stained microscopic
section of the mother’s aorta. Also, DNA was extracted from
paraffin sections (22) of the aunt’s aorta and cartilage. The
DNA was amplified by the PCR and used for allele-specific
hybridization (23). As indicated in Fig. 7, the mutation was
found in the DNA from both the mother (II-1) and the mater-
nal aunt (II-6).

Inheritance of the mutated allele in the family. DNA in
living members of the family was also examined for the pres-
ence of the mutation in type III procollagen gene. DNA was
extracted from samples of saliva, and the DNA was used as a
template for the PCR. Because the mutation destroyed an Ncil
site (-CC/CGG-), the PCR products were assayed by whether
or not they were cleaved by the restriction endonuclease Ncil.
As indicated in Fig. 8, the PCR products obtained using con-

trol genomic DNA as a template generated fragments of 255
and 107 bp after cleavage with Ncil. As expected, the PCR
products obtained using M.H.’s DNA (III-1 in Figs. 1 and 8)
generated three fragments, an uncleaved fragment of 362 bp
from the allele containing the mutation, and the two normal
fragments. The results demonstrated that, as indicated in Fig.
1, both of M.H.’s children (IV-1 and IV-2) had the mutation.
Also, a brother (III-6) and a half-aunt (II-8) had the mutation.
The mutation was not present in six direct blood relatives
(1114, 11I-11, III-13, I1I-14, III-15, and IV-7). The results were
confirmed by allele-specific hybridization (not shown).

7 6 1 8 2 4 5 9 ,
CB-peptides j———+—H L 1 + 1
o _ _ T
0o o = © © b4
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nx o [ (7] » w
e N n N e b
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1
—_—
PCR- 2 —g—
PRODUCTS L 4

Figure 4. PCR products used for analysis of cDNAs. (Top line) Cy-
anogen bromide peptides of the a1(III) chain. (Second line) Partial
restriction map of the type IIl cDNA. The site of the mutation that
changed the codon for glycine 619 to a codon for arginine is indi-
cated by X.
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Discussion

The family described here was identified through a 37-yr-old
woman in apparent good health who was scrutinized only be-
cause many of her direct blood relatives had died of ruptured
aortic aneurysms (Fig. 1). The physicians who initially exam-
ined the woman suspected a diagnosis of either the Marfan
syndrome or of EDS type IV. Further evaluation of the pa-
tient, however, did not provide data consistent with either
diagnosis. She was not unusually tall and her upper segment to
lower segment ratio was at the upper limits of normal instead
of below the normal range as is seen in individuals with the
Marfan habitus (Table I). Slit-lamp examination did not reveal
any subluxation of the lenses, and her handlength-to-height
ratio was not consistent with arachnodactyly. Similarly, she
did not have the striking skin changes that were originally cited
by Beighton (12) and McKusick (13) as an important feature
of the ecchymotic or type IV variant of EDS, a syndrome that
is frequently associated with arterial aneurysms and rupture of
other hollow organs such as the intestine. In particular, she did
not have skin so thin that venous patterns were easily seen, or
ecchymoses and scarring over bony prominences that are used
by most authorities (12, 13, 15) but not all (14) as criteria for
the diagnosis of EDS type IV. M.H. had a mild degree of joint
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laxity (Table I) and she said that she developed hematomas
from minor trauma, but the symptoms did not prevent her
from becoming first a gymnast and then an officer in the
United States Air Force. One of M.H.’s relatives who died of
aneurysms (II-6 in Fig. 1) had some signs and symptoms con-
sistent with EDS type IV, i.e., rupture of medium size arteries,
venous varicosities, and a history of rectocele and cystocele. As
discussed elsewhere (25), there may be phenotypic overlap be-
tween the syndrome known as familial aortic aneurysms (1-4)
and patients who were shown to have mutations in the type III
procollagen gene and who were initially classified as EDS type
IV. The most appropriate diagnosis here appears to be familial
aortic aneurysms (1-4) without stigmata of any well-character-
ized heritable disorder of connective tissue. It will be impor-
tant, however, to study more families to establish definitively
the relationship between the two conditions.

Examination of cDNA and of genomic DNA from M.H.
demonstrated that she was heterozygous for a single base mu-
tation that converted the codon for glycine at position 619 of
the al chain of type III procollagen to a codon for arginine.
Furthermore, the mutation was shown to alter the physical
properties of the type III procollagen synthesized by her fibro-
blasts in that the collagenase A fragment of the protein had a
decreased temperature for thermal unfolding as assayed by
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Figure 6. Thermal unfolding of type III procollagen synthesized by
M.H.’s fibroblasts as tested by brief protease digestion. Type III pro-
collagen was purified from the medium of the fibroblasts as de-
scribed in the text and the thermal unfolding assayed. As indicated, a
large fraction of the proband’s type III collagen was digested to a
fragment of intermediate size at 20-36°C. a14(IIl), collagenase A
fragment of type III collagen; a14(I1I), the intermediate fragment of
~ 620 amino acids; aI4’(III), a second intermediate fragment of

~ 520 amino acids seen after digestion at 38°C of both the pro-
band’s and control type III procollagen.

protease digestion. In addition, the same mutation in one al-
lele of the type III procollagen gene was present in pathological
specimens from M.H.’s mother and one of M.H.’s maternal
aunts, both of whom died of ruptured aortic aneurysms.
Therefore, the results indicated that the mutation caused aor-
tic aneurysms in M.H.’s family. They also indicated that she,
her two children, and two of her first-degree blood relatives
(Fig. 1) are predisposed to the same disease.

The mutation defined here is similar to a series of over 30
mutations in either of two structural genes for type I procolla-
gen shown to cause Ol and a few variants of the type VII form
of EDS (26). Most of the mutations that cause OI or EDS are
dominant, and they produce phenotypic changes that range

Figure 7. Allele-specific
oligonucleotide hybrid-
ization of DNA from
M.H.’s mother (II-1)
and aunt (II-6). As de-
scribed in text, DNA
was extracted from
pathological specimens
and used as a template
for the PCR. The re-
sults of two separate
PCR experiments are
shown. Normal probe,
slot blots of the PCR
products hybridized
with the normal oligo-
nucleotide; mutant
probe, PCR products
hybridized with the mutated oligonucleotide; control, PCR product
prepared with genomic DNA from a normal individual; mutant
clone, PCR product prepared with an M13 clone containing one in-
sert of genomic DNA from the mutated allele.

normal mutant
probe probe

I-6— . -
-

-1—= -

contro| =

mutant .
clone

N-6—F
[ e

from mild to lethal. In large part, the deleterious effects of the
mutations in the type I procollagen genes can be explained by
the observation that most of them cause synthesis of structur-
ally abnormal but partially functional proa chains that are
assembled into procollagen molecules. The presence of one or
two abnormal proa chains in the trimeric procollagen mole-
cule interferes with folding of the protein into a stable triple-
helical conformation, processing of the NH,-terminal propep-
tide, or assembly of the processed collagen into normal fibrils.
Among the mutations causing OI are a series of single base
mutations that alter glycine codons in the repeating -Gly-X-Y-
sequences of the triple-helical domain of the protein. Substitu-
tion of an amino acid with a bulkier side chain than glycine
disrupts the structure of the triple helix, because a bulkier side
chain cannot fit within the center of the triple helix, where the
three a chains of the protein are in close association. One
substitution of cysteine for glycine in the a1(I) chain was
shown to introduce a flexible kink into the triple helix (27) and
interfere with the assembly of collagen into normal fibrils (28).
Recently, several patients with EDS-IV were found to have
mutations in the type III procollagen gene similar to the mu-
tations in the type I procollagen genes found in patients with
OI (7, 9-11). Two of the mutations were single base substitu-
tions that replaced glycine residues with bulkier amino acids
(9, 10). Both of the glycine substitutions were similar to the
mutation here in that they decreased the temperature at which
the triple helix of the protein unfolded.

Type I procollagen is a heterotrimer in that each molecule
contains two identical proal(I) chains synthesized from one
gene (COL1A1) and one similar but slightly different proa2(I)
chain synthesized from another gene (COL1A2). In contrast,
type III procollagen is a homotrimer comprised of three iden-
tical proal(IlI) chains synthesized from a single gene
(COL3A1). Therefore, a mutation that changes the primary
structure encoded by one allele of the type III procollagen gene
without affecting expression of the allele can alter the synthesis
of the protein so that seven-eighths of the molecules contain
one, two, or three mutated proa 1(III) chains (6). However, the
results here, as well as previous studies on patients with EDS
type IV (10, 25), demonstrate that heterozygous mutations in
the type III procollagen may have little if any effect on repro-
duction and frequently do not have serious consequences until
the fourth to sixth decade. Therefore, specific mutations in the
type III procollagen gene such as the mutation defined here
may be relatively common among families with aortic aneu-
rysms.

If families with aortic aneurysms have mutations in type I1I
procollagen, the results will have important practical conse-
quences. The mortality from ruptured abdominal aortic aneu-
rysms is 85-95% when rupture and bleeding occur prior to
surgical intervention (29, 30). The mortality is < 10% with
elective surgery. The procedures used here make it possible to
detect a mutation in a type III procollagen gene with ~ 3 mo
of work by a skilled scientist. It is very likely that this time will
be shortened in the near future. Once the mutation is detected,
a simple PCR test can be carried out on saliva to determine
which members of the same family have the same mutation. In
most instances, the PCR test can be confirmed by a combina-
tion of digestion with a restriction endonuclease (Fig. 8) and
hybridization with allele-specific oligonucleotides (Fig. 7), or
by generating two overlapping PCR products that contain the
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site of the mutation. The affected family members can then be
followed by ultrasound or other noninvasive procedures to
detect aneurysms. Rupture without a detectable aneurysm can
occur, particularly in individuals with classical features of EDS
type IV (12-15), but surgical repair of aneurysms before rup-
ture greatly reduces the mortality (29, 30).
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