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Severe Neonatal Marfan Syndrome Resulting from a De Novo
3-bp Insertion into the Fibrillin Gene on Chromosome 15
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Summary

Severe neonatal Marfan syndrome has features of the Marfan syndrome and congenital contractural
arachnodactyly present at birth, along with unique features such as loose, redundant skin and pulmonary
emphysema. Since the Marfan syndrome and congenital contractural arachnodactyly are due to mutations in
different genes, it has been uncertain whether neonatal Marfan syndrome is due to mutations in the fibrillin
gene on chromosome 15 or in another gene. We studied an infant with severe neonatal Marfan syndrome.
Dermal fibroblasts were metabolically labeled and found to secrete fibrillin inefficiently when compared with
control cells. Reverse transcription and amplification of the proband's fibroblast RNA was used to identify a

3-bp insertion between nucleotides 480-481 or 481-482 of the fibrillin cDNA. The insertion maintains the
reading frame of the protein and inserts a cysteine between amino acids 160 and 161 in an epidermal growth-
factor-like motif of fibrillin. This 3-bp insertion was not found in the fibrillin gene in 70 unrelated, unaffected
individuals and 11 unrelated individuals with the Marfan syndrome. We conclude that neonatal Marfan
syndrome is the result of mutations in the fibrillin gene on chromosome 15 and is part of the Marfan syndrome
spectrum.

Introduction

The Marfan syndrome is an inherited disorder of con-
nective tissue with cardiovascular, ocular, and skeletal
features, with an estimated prevalence of 1/10,000
(Pyeritz and McKusick 1979; Pyeritz 1993). It is in-
herited as an autosomal dominant disorder, but approx-
imately one-quarter of patients are born to parents who
are not clinically affected and are felt to result from
new mutations in parental germ cells. The cardiovascu-
lar features include aortic root dilatation and dissec-
tion, mitral valve prolapse, and mitral and aortic valve
regurgitation. Eye involvement includes lens disloca-
tion and myopia. Skeletal features include dolichoste-
nomelia, arachnodactyly, anterior chest deformity, sco-
liosis, and joint laxity (Beighton et al. 1988). Fibrillin, a
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glycoprotein found in microfibrils, has recently been
shown to be the defective gene product causing the
Marfan syndrome (Dietz et al. 1991; Lee et al. 1991;
Maslen et al. 1991; Tsipouras et al. 1992). The gene
maps to the long arm of chromosome 15 (FBN1) (Lee et
al. 1991; Magenis et al. 1991), and several mutations
have been identified in this gene in patients with the
Marfan syndrome (Dietz et al. 1991, 1992, 1993; Kain-
ulainen et al. 1992).

Congenital contractural arachnodactyly (CCA), an
autosomal dominant condition, shares some of the phe-
notypic features of the Marfan syndrome (Beals and
Hecht 1971; Hecht and Beals 1972). Clinical manifesta-
tions of CCA include dolichostenomelia and arachno-
dactyly, contractures of large joints, and abnormal pin-
nae formation. A second fibrillin-like gene has been
localized to chromosome 5 and has been linked to
CCA, indicating that CCA is a separate syndrome from
the Marfan syndrome and may result from mutations in
this fibrillin-like gene (Lee et al. 1991; Tsipouras et al.
1992).
A severe neonatal form of the Marfan syndrome has

cardiovascular, skeletal, and ocular complications of
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the Marfan syndrome present at birth, as well as fea-
tures of CCA, such as congenital contractures and ab-
normal ears (Shankar et al. 1967; Day and Burke 1986;
Gross et al. 1989; Huggon et al. 1990; Raghunath et al.
1993). In addition, these infants often have loose, re-
dundant skin, a typical facies, and pulmonary emphy-
sema. Death of these affected children often occurs
within the first year of life, from congestive heart fail-
ure. Because children with neonatal Marfan syndrome
have a more severe and complex phenotype, it is un-
clear whether the syndrome is due to more detrimental
mutations in either the fibrillin gene on chromosome
15 or the gene causing CCA, possibly the fibrillin gene
on chromosome 5, or another gene. Previous studies of
dermal fibroblasts have demonstrated defects in fibril-
lin protein processing by the cells from patients with
neonatal Marfan syndrome (Milewicz et al. 1992;
Raghunath et al. 1993), suggesting a fibrillin gene muta-
tion. Here we report a child who has the neonatal Mar-
fan phenotype with a unique mutation in the chromo-
some 15 fibrillin gene and demonstrate that this
neonatal syndrome is part of the Marfan syndrome
spectrum.

Material and Methods

Clinical Summary
The patient's history has been previously reported in

detail (Gross et al. 1989). This was a male infant who
was born with dolichostenomelia, arachnodactyly,
joint contractures, large ears, hypotonia, pectus carina-
tum, and loose redundant skin over the face and neck
(fig. 1). He also had bilateral ectopia lentis present at
birth, and echocardiogram showed aortic root dilata-
tion and a dysplastic mitral valve. The patient had pro-
gressive aortic and mitral insufficiency documented by
echocardiogram and was ventilator dependent by 7 mo
of age because of progressive respiratory failure. He
died at age 21 mo. At autopsy, findings included an
enlarged aortic root, a dilated left atrium and ventricle,
and redundant mitral valve. The aortic valve and pulmo-
nary valve were also abnormal. There was pulmonary
emphysema with numerous bullae throughout the
lungs.

Metabolic Labeling and Electrophoretic Analysis
of Fibrillin

Dermal fibroblasts were obtained from the proband
after appropriate parental consent. Fibroblasts were ex-
planted and maintained in culture as described else-
where (Milewicz et al. 1992). To radiolabel synthesized

Figure I Patient as a neonate. Note the redundant skin, mi-
crognathia, arachnodactyly, and joint contractures.

proteins, 250,000 dermal fibroblasts were plated in 35-
mm dishes (Corning Glass, Corning, NY) and were al-
lowed to attach and spread for 72 h in Dulbecco-Vogt
modified Eagle medium (DMEM) supplemented with
10% FCS (Irving Scientific, Santa Ana, CA). The me-
dium was replaced with DMEM lacking FCS and cys-
teine but was supplemented with sodium ascorbate (50
,ug/ml) and incubated for 2 h. The cells were labeled
with [3S5]cysteine (1,300 Ci/M; Amersham, Arlington
Heights, IL) for 30 min (50 gCi/150 gl DMEM). Me-
dium was collected, the cell layer was washed in
DMEM, and the cells were incubated with DMEM for
varying periods of time up to 20 h. The medium was
collected and cell lysate was harvested in 50 mM Tris-
HCl pH 8.0, 1% NP40, and 1 mM phenylmethylsul-
fonyl fluoride. After the cell lysate was aspirated from
the dish, the material remaining on the dish was
scrapped into the same buffer with a rubber police-
man, and the insoluble proteins were collected by cen-
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trifugation at 10,000 g for 5 min at 4VC. Proteins were
dissolved in sample buffer containing SDS and P-mer-
captoethanol, separated by electrophoresis in 4% acryl-
amide slab gels containing SDS, and localized by autora-
diography.

Amplification, Cloning, and Sequencing Fibrillin
cDNA Fragments

Total cellular RNA was harvested from fibroblast
cell strains from the proband, an unaffected individual,
and other individuals with the Marfan syndrome by
using RNAzol B (Cinna/Biotecx Laboratories, Hous-
ton). Fifteen primer pairs, spaced at approximately 500-
bp intervals, with 100 bp overlap at the 5' and 3' ends,
were necessary to span part of the cDNA sequence of
fibrillin (Maslen et al. 1991). The downstream primer of
each set was used to prime reverse transcription of the
fibrillin cDNA using total cellular RNA, and both
primers of a set were used to amplify the fibrillin cDNA
fragment by using Cetus reagents and thermal cycler.
The mutation was identified using primers BA (5'-
TTGTCGACCACCATTCATTATGCTGCA-3', with
an Sall restriction site at the 5' end) and BS (5'-
CATTGGCAGCTTTAAGTGCAGG-3') that amplified
nucleotides 446-927 of the fibrillin cDNA. PCR condi-
tions were denaturing at 940C for 30 s, annealing at
520C for 30 s, extension at 720C for 30 s, for a total of
35 cycles, then a final extension at 720C for 10 min.
The amplified cDNA fragments were analyzed on a 6%
acrylamide slab gel and stained with ethidium bromide.

Amplified cDNA fragments corresponding to nu-
cleotides 446-927 were directionally cloned into the
plasmid Bluescript by using Sall and SmaI restriction
sites (Stratagene, La Jolla, CA), the plasmid DNA har-
vested using Magic Mini-Prep (Promega, Madison,
WI), and purified plasmid DNA from four clones se-
quenced using Applied Biosystems automated se-
quencer (University of Texas Medical School at Hous-
ton Molecular Genetics Core Facility).

Screening Genomic DNA for the Mutation
A set of primers (BS and BA-2) were used to amplify a

67-bp fragment of the exon of the fibrillin gene con-
taining the identified mutation (corresponding to nu-
cleotides 447-514 of the fibrillin cDNA sequence)
from genomic DNA. The amplified DNA fragments
were separated on an 8% polyacrylamide gel containing
7 M urea and were detected by silver staining using
Gelcode system (Pierce, Rockford, IL). The sequence
for the BA-2 primer was 5'-TGTGCAGTTCCTTTCTT-
CAGAATC-3'.

Control
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Figure 2 Altered secretion of fibrillin by cells from the pa-
tient. Cells from the patient and age-matched control were incubated
with [3"S]cysteine for 30 min and then chased for up to 20 h. The
media (M), intracellular proteins (Cells), and pericellular matrix (P)
were harvested separately. The majority of the fibrillin is chased from
the control cells at the end of 6 h, while a substantial amount remains
in the cells from the affected child. The fibrillin is secreted from the
cell and processed to a faster-migrating form. The processed form of
fibrillin is deposited in the pericellular matrix by the control cells and,
to a lesser extent, by the patient's cells (arrows). The patient's cells
also have unprocessed fibrillin in the matrix proteins, whereas the
control cells do not (arrowhead).

Results

Delayed Secretion of Fibrillin by the Patient's
Dermal Fibroblasts

Although skin fibroblasts from the proband synthe-
sized normal amounts of fibrillin, the secretion of fi-
brillin was delayed. Figure 2 demonstrates a pulse/
chase experiment with cells from the proband and
age-matched control cells. After a 30-min pulse of
[35S]cysteine (0 time) the two cell strains synthesized
similar amounts of fibrillin, judging by label incorpora-
tion. By 6 h of chase, the control cells had secreted the
majority of fibrillin from the cell, whereas the cells
from the proband still contained a significant pool of
intracellular fibrillin. Once in the media, the fibrillin

449



Milewicz and Duvic

appears as a double band because of extracellular pro-
cessing to a lower-molecular-weight form, approxi-
mately 20 kD smaller. The secreted and processed fi-
brillin was deposited in the extracellular matrix by both
the control cells and the proband's cells (fig. 2, arrows).
When compared with the control cells, the proband's
cells showed less processed fibrillin in the matrix. In
addition, the proband's cells had unprocessed fibrillin
present in the matrix material (fig. 2, arrowhead).

Identification of a 3-bp Insertion into the Fibrillin cDNA
Fibrillin cDNA synthesized from mRNA from the

patient's cells, a control cell strain, and cells from five
unrelated individuals with the Marfan syndrome was
PCR amplified with 15 sets of primers spaced at approx-
imately 600-bp intervals spanning part of the cDNA
sequence of fibrillin (Maslen et al. 1991). When primers
BS and BA that amplified nucleotides 446-927 (Corson
et al. 1993) (or nucleotides 3140-3621 [Pereira et al.
1993]) of the fibrillin cDNA were used and the DNA
fragments analyzed on a 6% polyacrylamide gel, an ab-
normally migrating band was observed in the patient's
amplified cDNA fragments (fig. 3A). The patient's
DNA contained a slower-migrating fragment (fig. 3A,
arrowhead) along with a fragment that comigrated with
the other DNA fragments amplified (fig. 3A, arrow).
The DNA fragments from the proband were cloned
into a plasmid vector, and four plasmid clones were
sequenced. Two clones contained the normal fibrillin
sequence between nucleotides 446 and 927, and two
clones had a 3-bp insertion between nucleotides 480
and 481 or 481 and 482 (or nucleotides 3174 and 3175
or 3175 and 3176) (fig. 3B). The exact location of the
insertion could not be determined from the sequence.
In either location, the insertion maintained the reading
frame for protein and inserted a cysteine between
amino acids 160 and 161 in the fibrillin protein (or
amino acids 1058 and 1059) (fig. 3C). The cysteine is
inserted into one of the motifs of fibrillin that has ho-
mology to the tandem repeats in human epidermal
growth-factor (EGF) precursor (Lee et al. 1991; Maslen
et al. 1991).

Population Screening
Population screening was done to confirm that the

insertion was not a polymorphism in the fibrillin gene.
Genomic DNA from 70 random individuals was
screened for the insertion. In addition, genomic DNA
from 11 unrelated Marfan patients was screened for the
mutation. The 3-bp insertion was not observed in any

of these individuals. Genomic DNA from the pro-
band's family was not available to study.

Discussion

The patient presented here represents a case of severe
neonatal Marfan syndrome, a unique phenotype with
features of both the Marfan syndrome and CCA. The
most salient features of this phenotype include doli-
chostenomelia, arachnodactyly, loose and redundant
skin, characteristic facies with micrognathia, abnormal
pinnae, hyperextensible joints, flexion contractures,
chest wall deformities, skeletal muscle hypoplasia, pul-
monary emphysema, and ectopia lentis (Shankar et al.
1967; Lababidi and Monzon 1981; Day and Burke
1986; Gross et al. 1989; Huggon et al. 1990; Raghunath
et al. 1993; Royce and Steinmann 1993). Cardiac le-
sions in these patients include mitral valve prolapse and
regurgitation, tricuspid valve prolapse and regurgita-
tion, and aortic root dilatation. Most of these children
die of congestive heart failure during the first year of
life.
The Marfan syndrome and CCA are due to muta-

tions in different genes (Lee et al. 1991; Tsipouras et al.
1992). Because of the overlap in the phenotype of pa-
tients with severe neonatal Marfan syndrome, it was
uncertain whether this syndrome was the result of more
'detrimental mutations in the fibrillin gene on chromo-
some 15 or the gene that causes CCA, possibly the fi-
brillin-like gene on chromosome 5, or another related
or unrelated gene. Our patient was found to have a de
novo mutation in FBN1, establishing that neonatal
Marfan syndrome can result from mutations in this fi-
brillin gene.
The proband had no family history suggestive of the

Marfan syndrome or CCA, and the proband's parents,
both between 20 and 30 years of age, were evaluated
clinically and did not have either the Marfan syndrome
or CCA. The second fibrillin allele was not analyzed at
all sites for mutations, so we cannot exclude the possi-
bility that the patient was a compound heterozygote for
mutations in both fibrillin genes. In addition, we can-
not exclude the possibility that the patient was a com-
pound heterozygote for mutations in both the fibrillin
gene and fibrillin-like gene on chromosome 5. How-
ever, since heterozygous mutations in these gene are
associated with the Marfan syndrome or possibly CCA,
the fact that the parents were phenotypically normal
helps to exclude both these possibilities.
The 3-bp insertion is a unique mutation in the fibril-

lin gene. The first mutation in the fibrillin gene on
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Figure 3 Identification of the fibrillin gene mutation in the patient. A, Polyacrylamide gel analysis of a 481-bp cDNA fragment from the
proband (lane 2), four unrelated patients with the Marfan syndrome (lanes 3, 4, 6, and 7), and one control individual (lane 5). An abnormally
migrating band (arrowhead) was observed in the sample from the proband (lane 2). Molecular weight markers were 4X174 DNA digested with
HaeIII (lane 1). B, Sequence of the normal (NL) and mutant (M) alleles. A 3-bp insertion is revealed in the cDNA between nucleotides 480 and
481 or 481 and 482 (Corson et al. 1993) (or nucleotides 3174 and 3175 or 3175 and 3176 [Pereira et al. 1993]) (arrow). C, Location of the
inserted cysteine (arrow) into one of the EGF-like domains of fibrillin, which is shown on a schematic map of the fibrillin protein (Corson et al.
1993). The shaded boxes depict motifs found in the fibrillin protein as indicated.

chromosome 15 was a de novo missense mutation re-
sulting in an arginine for proline at codon 239 (Dietz et
al. 1991). Other published mutations in the fibrillin
gene include a large in-frame deletion of 366 bases of
the fibrillin mRNA, a G-to-A transition resulting in a
premature stop codon (Kainulainen et al. 1992), a point
mutation at nucleotide 4226 leading to a cysteine-to-
serine substitution at codon 1409 (Dietz et al. 1992),
and a nonsense mutation at base 3645 leading to altered
splicing of the exon containing the mutation (Dietz et
al. 1993). All these mutations have occurred in patients
with classic features of the Marfan syndrome.
The 3-bp insertion maintains the reading frame for

fibrillin and inserts a cysteine into one of the 47 identi-
fied cysteine-rich domains of fibrillin that have homol-
ogy to the EGF (Corson et al. 1993). EGF has six cys-
teines that form intrachain disulfide bonds (Cooke et
al. 1987). In the EGF-like repeats of fibrillin, these resi-

dues are completely conserved and probably form the
same secondary structure as EGF (Maslen et al. 1991).
For EGF, the specific secondary structure is maintained
by disulfide bridges between the first and third, the
second and fourth, and the fifth and sixth cysteine resi-
dues (Cooke et al. 1987). The insertion of a new cys-
teine into an EGF-like domain could be predicted to
disrupt proper disulfide bond formation in a number of
ways. First, the extra cysteine could prevent proper
pairing of cysteine within the immediate EGF-like do-
main. Alternatively, the additional reactive cysteine
might be available for irregular interaction with other
cysteines in adjacent domains, such as an EGF-like do-
main and a TGF-P binding protein-like domain, also
cysteine-rich, on the other side. Last, evidence suggests
that intermolecular disulfide bonds are important for
fibrillin aggregation into microfibrils, and the extra cys-
teine may also disrupt these cross-links (Maddox et al.
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1989). All these factors may contribute to producing a
severe phenotype.
The pulse-chase studies of fibrillin processing showed

delayed secretion of fibrillin synthesized by the pro-
band's cells. This indicates that some of the fibrillin
molecules are slowly attaining a folded structure requi-
site for secretion and therefore are retained within the
cell for a period longer than normal. This abnormal
folding may be the result of intramolecular mispairing
of cysteine, which supports the first and second hypoth-
eses mentioned.
The patient's cells incorporated less processed fibril-

lin into the pericellular matrix, when compared with
control cells (fig. 2). This result agrees with previous
studies on cells from neonatal Marfan syndrome pa-
tients that have shown diminished incorporation of fi-
brillin into the extracellular matrix (Superti-Furga et al.
1992; Raghunath et al. 1993). The appearance of un-
processed fibrillin (or profibrillin) in the matrix of the
patient's cells and not the control cells most likely is
due to a pool of unprocessed, intracellular fibrillin re-
maining in the patient's cells for up to 20 h, whereas the
labeled intracellular fibrillin is completely secreted by
the control cells. When the intracellular proteins are
harvested, cells are incompletely lysed. The matrix pro-
teins are concentrated before they are analyzed, and
any pool of fibrillin remaining within the cell will be
seen in the matrix material. A less likely explanation is
that the unprocessed form of fibrillin is incorporated
into the pericellular matrix by the patient's cells and not
by the control cells.

Fibrillin contains EGF-like repeats that show exten-
sive homology to the EGF-like sequences found in nu-
merous other proteins from many species, including
mammalian tissue plasminogen activator (tPA) (Bassel-
Duby et al. 1992), human low-density-lipoprotein
(LDL) receptor (Davis et al. 1987), the Drosophila
Notch locus (Kelley et al. 1987), and the lin-2 gene of
Caenorhabditis elegans (Greenwald et al. 1983). The
functions of the EGF-like sequences have been studied
in a number of these proteins. The EGF-like sequences
of the LDL receptor are required for efficient binding
of LDL and for acid-dependent release of the ligand by
the receptor (Davis et al. 1987). The EGF-like domain
of tPA is involved in binding tPA to a cellular receptor
(Davis et al. 1987). Specific EGF repeats of Notch medi-
ate cellular interactions during development (Rebay et
al. 1991). These facts imply that the EGF-like domains
of fibrillin are important in intermolecular interactions,
possibly with other fibrillin molecules or other proteins
in the extracellular matrix. Disruption of fibrillin inter-

molecular interactions in the matrix by the production
of mutant fibrillin molecules may be the mechanism by
which this dominant mutation exerts its effect, so
called "dominant-negative" mutation (Herskowitz
1987).

In summary, we have shown that a mutation in the
fibrillin 15 gene results in a severe neonatal form of the
Marfan syndrome, indicating that this syndrome is part
of the phenotypic spectrum of the Marfan syndrome.
Future studies will help to elucidate how this novel
mutation leads to the resulting severe phenotype.
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