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Abstract

Supravalvular aortic stenosis (SVAS) is an inherited vascular
disease that can cause heart failure and death. SVAScan be
inherited as an autosomal dominant trait or as part of a develop-
mental disorder, Williams syndrome (WS). In recent studies
we presented evidence suggesting that a translocation disrupt-
ing the elastin gene caused SVASin one family while deletions
involving the entire elastin locus caused WS. In this study,
pulsed-field, PCR, and Southern analyses showed that a 100-
kb deletion of the 3' end of the elastin gene cosegregated with
the disease in another SVAS family. DNAsequence analysis
localized the breakpoint between elastin exons 27 and 28, the
same region disrupted by the SVAS-associated translocation.
These data indicate that mutations in the elastin gene cause
SVASand suggest that elastin exons 28-36 mayencode critical
domains for vascular development. (J. Clin. Invest. 1994.
93:1071-1077.) Key words: elastin * supravalvular aortic steno-
sis * deletion * Williams syndrome - vascular disease

Introduction

Supravalvular aortic stenosis (SVAS) 1 is an inherited vascular
disorder ( 1 ). Narrowing of the ascending aorta is a prominent
feature of this disease, but other arteries, including the pulmo-
nary arteries, are often affected. If untreated, SVASmay cause
myocardial hypertrophy, heart failure, and death. The inci-
dence of SVASis estimated to be 1 in 25,000 live births (Birth
Defects and Genetic Diseases Branch Personnel, Metropolitan
Atlanta Congenital Defects Program, Centers for Disease Con-
trol, Atlanta, GA, personal communication). The vascular ab-
normalities typical of SVAScan appear as an isolated case, an
autosomal dominant trait, or as part of a second disease, Wil-
liams syndrome (WS) ( 1-3). In addition to vascular disease,
WSmanifestations include mental retardation, gregarious dis-
position, premature aging of skin and graying of hair, lax joints
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1. Abbreviations used in this paper: MAGP,microfibril-associated gly-
coprotein; PFGE, pulsed-field gel electrophoresis; SVAS, supravalvu-
lar aortic stenosis; SVPS, supravalvular pulmonic stenosis; WS, Wil-
liams syndrome.

early in life followed by joint contractures later in life, diverticu-
losis of the bladder and colon, hernias, hoarse voice, and dys-
morphic facial features (2-4).

In previous experiments we demonstrated linkage between
SVASand the elastin gene in two families (5); recombination
between these loci was not observed, making elastin a candi-
date gene for SVAS. Wethen showed that a balanced transloca-
tion associated with SVASin one family disrupted the 3' end of
the elastin gene (6, 7). In WS, by contrast, we discovered sub-
microscopic deletions involving one entire elastin allele (8).
These data lead to the hypothesis that mutations involving part
of the elastin gene cause familial SVASwhile large deletions
involving an entire elastin allele and adjacent loci cause WS. In
this study, we describe a second SVAS-associated mutation (a
100-kb deletion) that disrupts the elastin gene, supporting the
involvement of elastin in this disorder. This deletion, and the
previously described translocation, both disrupt the 3' end of
the gene, suggesting that these domains may be important for
elastogenesis.

Methods

Phenotypic evaluation. Informed consent was obtained from all study
participants in accordance with standards established by local institu-
tional review boards. To determine if family members and spouses had
signs of SVAS or WS, physical examinations and echocardiograms
were performed by a medical geneticist as described (5, 9).

DNAanalysis. Approximately 40 ml of blood was obtained from
each family member for genetic analyses. Humangenomic DNAwas
purified from leukocytes and from Epstein-Barr virus-transformed cell
lines ( 10, 11 ). 5 mg of DNAfrom each individual was digested with
restriction endonucleases (Molecular Biology Resources, Inc., Milwau-
kee, WI, and NewEngland Biolabs Inc., Beverly, MA) overnight under
conditions recommended by the manufacturer supplemented with 4
mMspermidine. DNAfragments were separated by agarose gel electro-
phoresis, denatured in 0.4 NNaOHfor 20 min, and transferred over-
night (12) to nylon membranes (Hybond N+; Amersham Corp., Ar-
lington Heights, IL). After transfer, membranes were washed once in
0.1 X SSC/0. 1%SDSbefore hybridization. Membranes were prehybri-
dized in a hybridization solution containing 10% polyethylene glycol,
7%SDS, l.5X SSPE, and 250 mg/ml human placental DNAat 650C
for 24 h. Plasmids were denatured and labeled with [32P]dCTP (New
England Nuclear, Boston, MA) by random primer synthesis (13) to
high specific activity (typically 1-5 X 109 cpm/mg DNA). Radiola-
beled probe DNAswere hybridized overnight to the Southerns at 65°C
in fresh hybridization solution. After hybridization, Southerns were
washed twice for 15 min, each at room temperature in 0.1 X SSCand
0.1% SDS, and then washed for 30 min at 65°C. Membranes were
exposed to x-ray film (Kodak X-OMAT-AR) backed by intensifying
screens (Lightening Plus; DuPont Co., Wilmington, DE) at -70°C
overnight.

Pulsedfield gel electrophoresis. Agarose plugs containing high mo-
lecular weight DNAwere made from 108 cells from established lympho-
blastoid cell lines ( 14). Cells were resuspended in NET(0.1 MEDTA,
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20 mMNaCi, 10 mMTris, pH 7.5) and 1%SeaPlaque (FMCBioProd-
ucts, Rockland, ME) agarose in NET. Plugs were incubated overnight
with 10 mg proteinase K (Boehringer Mannheim Biochemicals, In-
dianapolis, IN), 0.45 MEDTA, 0.9 mMTris, pH 7.5, and 1%sarcosyl,
and then washed repeatedly over 4 d in TE-3 followed by TE-4. DNA
within the plugs was digested with NotI (New England Biolabs Inc.)
according to manufacturer's conditions in 200 ,l total volume with 2.5
mMspermidine and run on a pulsed field electrophoresis system
(Chef-DR II; Bio-Rad Laboratories, Richmond, CA) in 1%LE agarose
(FMC BioProducts) in 0.5X TBE (22.5 mMtrizma base, 22.5 mM
boric acid, 0.5 mMEDTA) at 100C. Running conditions were initial
linear ramp time of 13 s, final linear ramp time of 150 s, run time of
27.3 h, and 200 V. Probing conditions were identical to those described
above.

Genomic library construction and screening. Genomic libraries of
high molecular weight DNAfrom affected individual 11-2 (Fig. 1 ) were
constructed in pWEX15 (15). Cosmid vector pWEX15 was digested
with XhoI and partially filled in with dCTP and dTTP using a cloned
Klenow fragment of DNApolymerase I (Molecular Biology Resources,
Inc.), leaving 5'-TC-3' at the 5' end. Genomic DNAwas partially di-
gested with MboI and fractionated by sucrose-density gradient centrifu-
gation to yield fragments of 35-45 kb. This MboI 4-bp overhang was
filled in with dATP and dGTPusing Klenow leaving 5 '-GA-3' at the 5'
end. Ligation was performed using 1 jig of vector and 2 ,g of genomic
DNA in a mixture containing 50 mMTris-HCl, pH 7.8, 10 mM
MgCl2, 10 mMdithiothreitol, and 1 mMATP. The reaction mixture
was incubated with 2.5 UT4 DNAligase (Bethesda Research Laborato-
ries, Gaithersburg, MD) at l6°C overnight and packaged with in vitro
packaging extracts (Gigapack II-XL and Gigapack II Gold; Stratagene,
La Jolla, CA). Approximately 2 X 105 primary recombinants were
incubated with Escherichia coli strain 490a and plated at low density
according to the manufacturer's instructions. Colony lifts were made
with 1.2-,um Biotrans filters (ICN Biomedicals, Inc., Costa Mesa, CA)
( 16). Prehybridization of library filters was carried out in an aqueous
cocktail consisting of SX SSPE, 5x Denhardt's solution, 0.5% SDS, and
500 qg/ml sheared, denatured herring testes DNA(Sigma Chemical
Co., St. Louis, MO) for 4 h. Hybridization was carried out in fresh
cocktail after the addition of radiolabeled probe DNAto > 2 x 106
cpm/ml. Hybridization was performed overnight at 65°C. Filter
washes consisted of one room temperature wash in 2x SSC/0. 1%SDS
for 15 min, followed by two room temperature washes in 0.1 x SSC/
0.1% SDS for 15 min, and a final 65°C wash in 0.1x SSC/0.1% SDS
for 2 min.

DNA constructs and sequencing. DNA fragments from genomic
cosmids were subcloned into pBluescript II SK- (Stratagene, La Jolla,
CA) as described ( 17 ). Sequencing of double-stranded DNAtemplates
was carried out using the dideoxy chain termination method ( 18) using
the Sequenase 2.0 kit (U.S. Biochem. Corp., Cleveland, OH). Se-
quence management was done using the Intelligenetics program (Intel-
ligenetics, Inc., Mountain View, CA) suite running on a Sun worksta-
tion (Sun Microsystems, Inc., Mountain View, CA).

PCRamplification. Cloned DNAinserts and total human DNA
samples were amplified by PCRas described (19). Genomic DNA
( 100 ng) or cosmid DNA (5 ng) was amplified in a 25-,ul reaction
containing 20 pmol of each oligonucleotide primer, 200 ,M each of
dCTP, dGTP, dTTP, and dATP, 1.5 mMMgCl2, 10 mMTris (pH 8.3
at 20°C), 50 mMKC1, and 2 Uof Taq polymerase (Boehringer Mann-
heim Biochemicals). Amplification conditions were 94°C for 7 min
followed by 25 cycles of 94°C for 1 min, 62°C for 1 min, and 72°C for 1
min. Primers for amplification across the deletion were 403fwd, 5'-
CCTACCTTTCCTGCTGCAAT-3'; and 403rev, 5'-AAAAAGAG-
GCCGGGTATGGT-3'.

Results

SVASkindred 2049. K2049 is a two-generation family from
Nevada with two affected individuals (Fig. 1). This family was
too small for segregation analysis, but autosomal dominant

K2049

1 2

7
12

pELN5-2

Figure 1. Pedigree structure for
K2049 and Southern blot
showing EcoRV anomaly. In-
dividuals with the characteris-
tic features of SVASare indi-
cated by filled circles (females)
or squares (males). Open cir-

- 11.5 kb cles or squares represent unaf-
fected individuals. Hybridiza-

- 6.5 kb tion of elastin genomic probe
pELN5-2 to EcoRV digests of
DNAfrom this kindred re-
vealed an 8.5-kb aberrant frag-

ment in DNAfrom affected members. The 11.5-kb fragment was
observed in affected and unaffected members of this kindred.

transmission of SVAS is apparent. The proband (II-2) had
right ventricular hypertrophy, supravalvular pulmonic stenosis
(SVPS), bilateral narrowing of the pulmonary arteries (left
more severe than right), and a diffusely narrowed ascending
aorta with a discrete supravalvular narrowing diagnosed by car-
diac catheterization at 6 wk of age. This patient also had inter-
mittent acrocyanosis and hypertension. The most recent echo-
cardiogram at 16 moof age showed mild SVAS, moderate right
ventricular hypertrophy, narrowed pulmonary arteries, and im-
provement of SVPS. Peak pulmonary artery velocity measured
3 m/s (normal, 0.7-1.1 m/s) and peak aortic velocity was 3
m/s (normal, 1.2-1.8 m/s) with aortic turbulence noted on
Doppler studies. The proband also had some features common
to WS, including dolichocephaly, bitemporal narrowness,
outer canthal distance < 2 SDbelow the mean, periorbital full-
ness, broad mouth, full cheeks, a hoarse voice, and hypersensi-
tivity to loud noises. The diagnosis of WSwas not made in this
child because the patient did not show other features of the
disorder; she had normal serum calcium levels, a normal urine
calcium/creatinine ratio, normal psychomotor development,
and normal growth parameters (length, weight, and head cir-
cumference all between the 25th and 50th percentile). High
resolution chromosome studies and renal ultrasound were nor-
mal. This child was treated with phenobarbital for seizures.
The mother (I-1 ) of the proband had a history of seizures in
adolescence. Since childhood she has had a grade III/VI early
systolic murmur heard best at the suprasternal notch and ra-
diating to the left carotid. Doppler echocardiography studies
were not completed in this individual. Other family members
were unavailable for this study, but medical records indicated
that at least two other family members were affected by SVAS.
The mother's brother had narrowing of the entire pulmonary
arterial tree diagnosed by cardiac catheterization and was
treated for seizures. A maternal first cousin had severe bilateral
peripheral pulmonic stenosis, right ventricular hypertrophy,
and mild SVASdiagnosed by echocardiogram.

Identification of PFGEand Southern anomalies in DNA
from SVASpatients. To test the hypothesis that mutations in
the elastin gene cause SVAS, we used elastin genomic probes
(Fig. 2) to screen for anomalous restriction fragments in DNA
from members of SVASK2049. Using Southern analyses, elas-
tin genomic probe pELN5-2 identified anomalous EcoRV re-
striction fragments of 8.5 kb in affected family members but
not in unaffected members (Fig. 1). The 8.5-kb anomalous
EcoRV fragment was not observed in DNAsamples of > 100
unrelated control individuals, indicating that it is not a com-
mon polymorphism (data not shown). This finding is consis-
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tent with a rare EcoRV polymorphism, an insertion containing
a new EcoRV site, a translocation, a deletion, or an inversion.

To confirm these findings and resolve the mechanism of
this anomaly, we repeated these experiments using pulsed-field
gel electrophoresis (PFGE). High molecular weight DNAex-

tracted from lymphoblastoid cells of affected and unaffected
family members was incubated with the restriction enzyme
NotI. The resultant restriction fragments were separated by
PFGE and transferred to nylon membranes. Hybridization
with elastin genomic clones pELN5-2 and pELN5-3 revealed
Notl fragments of 600 and 700 kb in affected members of
K2049 (Fig. 3 A). By contrast, in unaffected members of this
family, only the 700-kb NotI fragment was observed. These
anomalous restriction fragments were not identified in DNA
from controls, so they are unlikely to be neutral polymor-
phisms or the result of variable methylation. These data suggest
that an SVAS-associated mutation is located near the elastin
locus. Possible mutations that could explain these data include
a rare NotI site polymorphism cosegregating with the disease, a

deletion, an insertion that creates a NotI site, an inversion, or a

translocation.
The SVAS-associated mutation disrupts the elastin gene.

To define the location and character of the SVAS-associated
mutation, we used genomic subclones that span the 3' half of
the elastin gene (Fig. 2) to probe NotI filters of DNA from
affected and unaffected family members. In affected members
of this family, the more 5' elastin probes (pELN5-2, pELN5-3)
detected the 600-kb anomalous NotI fragment (Fig. 3 A) and
the 700-kb fragment that was also detected in unaffected family
members and control subjects. By contrast, the 3' elastin probe
pELN5-4 identified only the 700-kb NotI fragment in both
affected and unaffected family members (Fig. 3 A, and data not
shown). These data suggest that the SVAS-associated mutation
is a deletion affecting sequences in the 3' region of the elastin
gene with a breakpoint within sequences covered by pELN5-3.
A translocation is unlikely because pELN5-4 would be ex-

pected to identify a different anomalous fragment. These data
are not consistent with a novel NotI polymorphism, an inser-
tion, or an inversion because pELN5-4 would also detect the
600-kb anomalous NotI fragment.

To confirm these findings and further define the mutation,
we repeated these experiments using Southern analyses. An
8.5-kb EcoRV anomalous fragment detected with elastin
probes pELN5-2 and pELN5-3 was not seen with elastin
probes pELN5-4 (Fig. 3 B). These data are consistent with a

deletion with a breakpoint in sequences represented by
pELN5-3. Additional data substantiated this hypothesis. Elas-
tin probe pELN5-3 detected anomalous restriction fragments
in DNAsamples from affected individuals with BclI, HindIII,
Sacd, and PvuII (data not shown). pELN5-2 detected identical
anomalous Bcl I, Sacd, and PvuII restriction fragments, but no

anomalous fragments were detected in HindIII digests with
pELN5-2 (these probes were generated from HindIII digests of

a large elastin clone as shown in Fig. 2). Of the elastin probes
tested, only pELN5-3 detected an anomalous fragment in
HindIII digests of affected family members (data not shown);
pELN5-2 and pELN5-4 all identified HindIII fragments of the
predicted size in affected and unaffected members of this
kindred. No anomalous restriction fragments were defined
with any enzyme tested by the 3' elastin probe pELN5-4. These
data strongly suggest that the SVAS-associated mutation is a

deletion beginning with sequences represented by elastin probe
pELN5-3 and extending in a 3' direction.

To confirm these findings and refine the location of the
mutation, we cloned the elastin gene from an affected member
of K2049. A cosmid library was generated from partially cut,
size-selected DNAobtained from affected individual 11-2 (Fig.

A 0- El
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Figure 3. Anomalous restriction fragments on pulsed field and
Southern filters defined by elastin probes in DNAisolated from SVAS
patients. (A) Hybridization of the more 5' elastin genomic probes
pELN5-2 and pELN5-3 to NotI digests of DNAfrom affected
members of K2049 revealed aberrant fragments of 600 kb. By con-

trast, the 3' elastin genomic probe pELN5-4 failed to show the
aberrant 600-kb fragment. All three elastin probes detected the 700-kb
fragment that was seen in affected and unaffected members of this
kindred and represents the normal allele. These data show that an

SVAS-associated mutation disrupts the elastin gene and suggest that
the mutation is a deletion or an insertion with a breakpoint within
the region covered by pELN5-3. (B) Elastin probes pELN 5-2 and
pELN5-3 detect an anomalous fragment of 8.5 kb with EcoRV digests
in DNAfrom affected members of K2049. Elastin probe pELN5-4
failed to detect this anomalous fragment. The 11.5- and 10-kb frag-
ments were seen in affected and unaffected members of this and other
kindreds. The 8.5-kb anomalous fragment was not seen in 100 unre-

lated control subjects. Taken together with PFGEanalyses, these data
suggest that the SVAS-associated mutation is a deletion of the 3' end
of the elastin gene.
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1). Whenan 800-bp PstI fragment from elastin probe pELN5-
3 was used to screen this library, two classes of clones were
identified, N and D. Restriction maps of class N clones were
consistent with published maps of the elastin locus (20,21, and
data not shown) and presumably represent this patient's non-
deleted elastin allele. Restriction maps from all 14 D clones
showed some shared fragments with N clones and published
maps, but the D map diverged at one end, resulting in a novel
2.9-kb HindIll restriction fragment that hybridized with
pELN5-3 (data not shown). One explanation for these map-
ping data is that D represents the deletion allele.

To test the hypothesis that D clones represent the deletion
allele, HindIll fragments from both N and D were subcloned
and sequenced. The restriction fragment pattern was similar in
all Dclones, and when pELN5-3 was used to probe a Southern
blot of these fragments, all D clones showed a 2.9-kb anoma-
lous fragment. All N clones showed the expected 3.0-kb frag-
ment (data not shown). Sequence analysis of the 3.0-kb
HindIll fragments from N showed that this clone contained
elastin exons 28-30 (data not shown). By contrast, PCRand
sequence analysis failed to detect elastin exons in the 2.9-kb
HindIll subclone of D (data not shown). These data suggest
that D clones represent the germline allele derived from a dele-
tion of the 3' end of one elastin allele, a mutation that disrupted
exons 28-36.

Sequence analysis of the elastin deletion. To prove that D
represents a germline deletion of the elastin gene, we subcloned

and sequenced the breakpoint. Refined restriction mapping of
the 3-kb HindIll fragment from N (N-3) and the 2.9-kb
HindIll fragment from D (pD-2.9) demonstrated that these
fragments share - 960 bp of DNAand then diverge. To charac-
terize this divergence more completely, direct sequencing of
both fragments was undertaken. As shown in Fig. 4, the se-
quences of N-3 and D-2.9 are identical for - 231 bases and
then diverge. The point of divergence presumably represents
the deletion breakpoint and lies in intronic sequence - 366
bases proximal of exon 28. The DNAsequences 3' of the break-
point (Fig. 4) showed no homology to any known genes when
entered into GenBank.

To confirm that the 14 D clones represent the deletion al-
lele and did not result from cloning artifacts, a 4.5-kb HindIll
fragment representing D sequence 3' of the breakpoint was
used to probe pulsed-field filters. This probe detected the 700-
kb normal NotI fragment and the 600-kb aberrant fragment in
genomic DNAof a member of K2049 who carried the SVAS-
associated mutation (Fig. 5). By contrast, DNAfrom unaf-
fected family members and controls gave only the expected
700-kb band. If D clones resulted from cloning artifacts, this
probe would detect novel abberrant fragments in DNAsam-
ples from both affected and unaffected individuals. Since
probes from either side of the breakpoint detect identical NotI
fragments, the SVAS-associated deletion must be relatively
small (- 100 kb). Southern blots of DNAfrom K2049 were
also probed with Dand other breakpoint clones. The expected

N TTTGACAGAGTCTTGCTCTGTCGCCCAGGCTGGAATGCAGTGGTACGATCTGGCTCCCTGCAGCCTCCATCTCCCGGGTTCAAGTGATTCTCCTGCCTCAGCCTTCC

D -----------------------------------------------------------------------------------------------------------

N AAGTAGCTGGGATTACAGGCGCCCGCCACCACGCCTGGCTAATTTTTGTATTTTTCGTAGAAACAGGGTTTCACCGTGTTGGCCAGGCTGGTCTCAAACTCCTGACC

D ---------------------------------------------------------------------------__--____________________________-

N TCAGGTGATCCACTAGCCTCAGCCTCCCAAAGTGCTGGGATTACAGGTGTGAGCCACGCACCCGGCTTACAAAAGAACTTTTAAGGCCAGGCACAGTGGTTCACACT
H II' 111

D --- AGATATCCACCCGCCTCAGCCTCCCAAAGTGCTGGGATTATAGGCATGAGCCACCATACCCGGCCTCTTTTTTTAATTTTTATGGATATGTGGTAGTGATATGT

N TCGGGAGGCTAAGGCAGGAGGATCGCATGAGCCCAGGAGTTGGAGGCTGCAGTGAACTATGATTGTACCACTGCACTCCAGCCGGGGTGACAGAGCAAAACCCCATC
1 1 1 1 1 1 11

D ATTTATGAGGTACATGAGATATTTTGATACAGGCATACATGCATCATAAATCACATCAGAGTAATGGGGTATCCATCATCTCAAACATTTATCATTTCTTTGTTACA

N TCAAAATGAAACAAAATATGGACTGGACTTCCTGTCCACTGCTCCTCCACAGTGTCACATGGCCCCTGCCACCTGTCTGCTTGCCTTGTGTCCCTGGGGCAGGGAGA

D AACATTCCAATTATGCTCTTCTAGTTATTTTTAATTGCATAATAAATTATTGTTGACTGCCCAGGCACAGTGGCTCACGCCTGTAACCCAGCACTTTGGGAGGCCGA

EXON28
N CCCATCGTTCATAAATGGAACACTCATTTTCCCTCCTCTCCCCGCAGGAGCAGCAGTGCCTGGGGTCCTTGGAGGGCTCGGGGCTCTCGGTGGAGTAGGCATCCCAG

D GGCAGGTGGATTGCCTGAAGTCAGGAGTTCAAGACCAGCCTGAACAACATGGAGAAATCCCGTCTCTACTAAAAATACAAAATTAGCCAGGTTGACAGTGGCGCATG

N GCGGTGTGGTGGGTGA

D CTGTATCCAGCTACTT

Figure 4. Nucleotide sequence of the deletion breakpoint. Nucleotide sequence of the N (nondeletion) and D (deletion) alleles showing complete
identity until the site of deletion indicated by an arrow. The deletion disrupts intron 27 and subsequent sequences. Nucleotide identity is indi-
cated as a broken line up to the breakpoint and by a dash thereafter. Note the high degree of DNAsequence identity at the breakpoint. This se-
quence identify contains Alu and Alu-like repetitive sequences. These sequence data have been submitted to GenBank under accession number
L23859.
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Figure 5. PFGEanalyses showing that
w) CZ D represents a germline deletion in
< =D the elastin gene. A 4.5-kb HindIII

subclone of D located 3' of the break-
^ ^ -700 kb point (p4.5) was used to probe a Notl-700 kb filter. p4.5 detected NotI fragments of

-600 kb 700 and 600 kb in an affected family
member of K2049, but only the 700-
kb fragment in unaffected members.

P4.5 These data show that D represents the
deletion allele and that the deletion

Not I spans 100 kb.

anomalous fragments were seen with BclI-, EcoRV-, PvuII-,
and SacI-digested DNAfrom affected individuals when probed
with clones 3' of the breakpoint; no anomalous fragments were
observed when these clones were used to analyze DNAfrom
unaffected family members and controls (data not shown). To
further confirm that the 14 D clones represent deletion alleles
and are not cloning artifacts, oligonucleotide primer pairs
(403fwd and 403rev) were generated on either side of the dele-
tion for PCR analysis of the breakpoint (Fig. 6 A). These
primers produced a product of the predicted size (403 bp) in

A
D

B

, 100 kb .

Elastin Gene

19 20 22
Exons 21 23

Il m RE22 p* -* .
24 26 27 pD-2.9
25 26a * <_

403twd 403rev

W0CLJM* 1 °
-Jdz n°

Primers 403fwd and 403rev

Figure 6. PCRanalyses showing that D represents a deletion allele.
(A) Mapof the Dclone showing the deletion breakpoint, the 2.9-kb
HindIII fragment from D (pD-2.9), and the location of the oligonu-
cleotide primers (403fwd and 403rev). (B) Oligonucleotide primers
directed across the deletion breakpoint (403fwd and 403rev) yield a
PCRproduct of the predicted size (403 bp) in affected members of
K2049 and in a D clone (cD141-5), but not in unaffected family
members. These data show that D represents the deletion allele, and
the deletion disrupts the elastin gene.

PCRsperformed on template DNAfrom affected members of
K2049 and a D clone (cD141-5; Fig. 6 B). By contrast, these
same primers failed to generate a product on unaffected family
members. These data indicate that sequences derived from D
clones represent the deletion allele and demonstrate that this
100-kb deletion disrupts the 3' end of elastin allele.

Discussion

Our data show that a 100-kb deletion associated with SVASin
one family disrupts the 3' end of the elastin gene. In previous
studies we demonstrated complete linkage between SVASand
DNAmarkers at the elastin locus in two families (5). Wethen
showed that a balanced translocation that cosegregated with
the disease in a third family disrupted the elastin gene (6, 7).
Linkage between SVASand markers on chromosome 7q was
recently observed in a fourth family (22). This study demon-
strates a second SVAS-associated elastin mutation, strongly
suggesting that mutations in the elastin gene cause this dis-
order.

Several additional lines of evidence support a role for elas-
tin in SVAS. First, we recently demonstrated familial and de
novo deletions of the entire elastin locus in patients with WS, a
developmental disorder that includes SVAS (8). Second, the
physiology of the vascular system, particularly the aorta, sug-
gests that abnormalities in elastin could cause SVAS. Hemody-
namic strain on the vascular system is ameliorated by elastic
fibers in the media; these fibers absorb energy during cardiac
systole and release energy during diastole (23). Reduced vascu-
lar elasticity would have a deleterious effect on vascular homeo-
stasis, and since hemodynamic stress is greatest in the ascend-
ing aorta, this structure would be most severely affected. Third,
the pathology of SVAS is consistent with a primary defect of
elastin. In SVAS, elastic tissue is disrupted, disorganized, and
reduced in content (24). Increased collagen and smooth mus-
cle cell hypertrophy, also observed in SVAS, presumably repre-
sent secondary phenomena. Finally, reports of transient SVAS
in patients with the Marfan syndrome support a role for elastic
fibers in this disorder. Fibrillin, the protein implicated in Mar-
fan syndrome, is a major component of elastic fibers and inter-
acts with elastin during fiber development (25).

The precise mechanism of SVAS is not known, but it is
interesting to note that both SVAS-associated mutations de-
scribed thus far disrupt the 3' end of the elastin gene. The elas-
tin gene consists of alternating hydrophobic and cross-linking
domains. The hydrophobic domains are thought to represent a
coiled coil and confer the protein's resiliency while the cross-
linking residues are critical for intra- and intermolecular inter-
actions. Wedo not yet know if the mutant elastin gene de-
scribed here is expressed, but if it is, a truncated protein lacking
desmosine cross-link sites and two highly conserved cysteine
residues would result (Fig. 7). This protein would also lack a
microfibril-associated glycoprotein (MAGP) binding site,
which exists in the carboxy terminus of elastin (R. Mecham,
personal communication). An elastin protein lacking exons
28-36 might have a dominant-negative effect on formation of
complex elastic fibers seen in the vascular system, but have
relatively little effect on elastic tissue in other organs, like the
skin and lungs. Alternatively, disruption of the 3' end of the
elastin gene might have a quantitative effect on elastin mRNA
or protein. Our data, showing that hemizyogosity at the elastin
locus can cause SVASin WS, suggest that a quantitative defect
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Figure 7. Schematic representation of elastin protein showing deleted
region. The hatched area indicates domains deleted in affected
members of K2049. Elastin contains multiple lysyl oxidase crosslink-
ing domains (K); two cross-linking domains are disrupted by the
deletion. This region also contains two highly conserved cysteines
residues near the carboxy terminus and a binding site for MAGP.

in elastin during development can cause this vascular disease.
However, patients with WShave additional connective tissue
abnormalities (skin, skeletal, joint, subcutaneous tissue) not
commonly reported in SVASpatients. Continued mutational
analysis of patients with SVASand WSand analysis of elastin
expression in tissue obtained from patients will help distin-
guish between these mechanisms.

Wehave identified two classes of elastin gene mutations,
mutations involving part of the gene (the 100-kb deletion de-
scribed here and a translocation) and large deletions involving
the entire gene and adjacent sequences (8). The latter class of
mutation is associated with WS, a complex developmental dis-
order including vascular disease (SVAS), connective tissue ab-
normalities (dysmorphic facial features, joint contractures,
hernias), infantile hypercalcemia, mental retardation, and spe-
cific neurobehavioral features (2-4). Although the size of these
WS-associated deletions is not yet known, they span at least
250 kb (our unpublished observations) and presumably
disrupt adjacent, as yet undefined, genes. By contrast, the dele-
tion described here is smaller ( 100 kb) and disrupts only the 3'
end of the elastin gene. This mutation, and the previously de-
scribed translocation involving the same elastin domains, is
primarily associated with SVAS. Although isolated members of
SVASkindreds (for example, individual II-2 in the family de-
scribed here) have additional connective tissue abnormalities
(mild dysmorphic facial features, hoarse voice), none of the
other features of WS (hypercalcemia, mental retardation,
neurobehavioral features) have been observed in these pa-
tients. The elastin gene is expressed during development of the
central nervous system (26), but the lack of cognitive and be-
havioral disorders in patients with autosomal dominant SVAS
makes it unlikely that elastin mutations alone account for the
WSphenotype. Instead, we hypothesize that hemizygosity at
the elastin locus accounts for many of the connective tissue
abnormalities seen in WS(including vascular disease), but that
disruption of adjacent genes is the mechanism of additional
WSfeatures. Since no genotypic differences between members
of autosomal dominant SVAS families have been identified,
intrafamilial variation in the severity of vascular disease and
the presence or absence of dysmorphic features probably re-
sults from other genetic and environmental factors. Further,
careful phenotyping of SVAS and WSsubjects, identification
of genes adjacent to the elastin locus, and a detailed genotypic
analysis of these patients may help elucidate the mechanisms
underlying these disorders.

Although a number of DNA deletions have been se-
quenced, the precise mechanism of deletion is not known. In
this study, sequence analysis of the breakpoint region identified
a 300-bp Alu repeat within the elastin intron 27. Similar repeti-
tive sequences were identified 3' of the breakpoint (Fig. 4),

suggesting that nonhomologous pairing and an unequal recom-
bination event might account for the deletion. Studies of dele-
tions have led to suggestions that repetitive elements such as
Alu are involved in the mechanism of deletion (27, 28), but
repetitive elements are not involved in all deletions (29). It
appears likely, however, that these repetitive sequences are im-
portant in the mechanism of the germline deletion in the
kindred studied here.

Our work on SVAS may have practical implications for
treatment of this and other similar vascular disorders.
Currently, vascular surgery is the only treatment option for
SVAS. If vascular obstruction in SVAS is caused by increased
hemodynamic stress to inelastic arteries, reduction of this stress
may reduce progression of the disease. Pharmacological agents,
like fl-adrenergic blockers, are already used for the successful
management of vascular disease in Marfan syndrome (30).
These agents, which reduce heart rate and blood pressure, may
also prove effective in SVAS.
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