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Abstract

Wepresent here a family with a clinical phenotype resem-
bling Marfan syndrome (MFS), and displaying joint con-
tracture and episodes of knee joint effusions, but lacking
the cardiovascular features of the syndrome. The phenotype
of this family represents a unique mixture of connective
tissue symptoms, some of which are found in classical MFS
and some of which are typical of dominant ectopia lentis.

Linkage analyses suggested a linkage (LOD score 2.4; 0

=0) between the phenotype of the family and a polymorphic
marker in the vicinity of the fibrillin locus on chromosome
15 (FBN1). Furthermore, a novel transition mutation was
identified in the FBN1 gene in all the affected members of
the family. In contrast to the majority of fibrillin mutations
reported so far, this mutation substitutes a cysteine for argi-
nine, producing an extra cysteine in one of the non-calcium-
binding EGF-like motifs of the fibrillin polypeptide, most
probably disturbing the formation of one of the three disul-
fide bridges known to be essential for the normal conforma-
tion of this motif. (J. Clin. Invest. 1994. 94:709-713.) Key
words: chromosome 15 fibrillin * connective tissue * ectopia
lentis - non-calcium-binding EGF-like domain

Introduction

Marfan syndrome (MFS)' is a dominantly inherited connective
tissue disorder with a prevalence of at least 4-6 cases per
100,000 population (1). It is caused by mutations in the gene
coding for an essential component of connective tissue microfi-
brils, fibrillin 15 (FBN1) (2-5). To date, over 30 different
mutations have been reported in numerous Marfan patients,
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1. Abbreviations used in this paper: EL, ectopia lentis; FBN1, fibrillin
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Marfan syndrome; non-cb EGF-like domain, non-calcium-binding
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the majority of them disturbing the calcium-binding EGF-like
domains of this polypeptide (2, 6-13).

The clinical characteristics of the classical form of MFS
include lens dislocation, aortic root dilatation and dissection,
cusp insufficiency, and skeletal manifestations such as arachno-
dactyly dolichostenomelia, thoracic deformities, and increased
joint laxity (1). However, the symptoms are not always pro-
nounced and diagnosis may be difficult in mild cases. Further-
more, there is considerable variation in the clinical phenotype
between families and also within the same family. When sus-
pected, a careful hereditary study and thorough physical exami-
nation of the patient and his/her relatives is often conclusive,
but diagnosis may be difficult in cases with few atypical symp-
toms and also in sporadic cases (1).

Two other related clinical entities have also been suggested
as being caused by defects in the fibrillin gene on chromosome
15 (FBN1) or in a highly homologous gene on chromosome 5.
Families demonstrating dominant ectopia lentis (EL) with eye
symptoms and some skeletal features of MFS, but no cardiovas-
cular symptoms, have been genetically linked to FBN1 and the
first mutation has recently been identified (14-16). Another
related clinical phenotype, congenital contractural arachnodac-
tyly, has been linked to the fibrillin gene on chromosome 5
(FBN2) but so far no specific mutation has been identified
(17).

Methods

The proband A 21-yr-old male with sphaerofacia and lens dislocation
since childhood was referred to the Department of Rheumatology with
a preliminary diagnosis of MFS. He suffered from hand pain, especially
during motion, and from episodes of knee joint effusions, but the range
of motion was normal and no joint deformities or other signs of arthritis
were present. He had no scoliosis and denied cardiac symptoms. Since
several relatives had similar signs and symptoms, we decided to perform
a clinical and genetic study of the family to elucidate whether the
condition represented a variant of MFSor a separate syndrome charac-
terized by lens dislocation and joint symptoms.

14 out of 19 family members in three generations were examined
by the same investigator. Of the persons not examined, three were living
abroad, one was being treated elsewhere for a lymphoma and one was
not willing to participate. The 14 participants were examined for joint
deformities, range of motion, and synovitis. The presence of scoliosis
and other thoracic deformities was registered and a physical examination
of the heart was made. Seven of the eight family members with lens
dislocation underwent routine echocardiography (cardiovascular ultra
sound) with particular attention to aortic root dimensions and valvular
function. Family member 11/ 12 refused both this examination and blood
sampling. Characteristics of MFSwere registered; these included a high
arched palate, arachnodactyly, an increased arm span and abnormal
proportions between the upper and lower body segments (1). Medical
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Figure 1. Pedigree of the family. The genotypes
of each individual with the GI 13 marker and
minisequencing results (ms) detecting the
R122C mutation are shown below each individ-
ual. Each affected family member carries a C364-
to-T transition. (*) Clinically examined individ-
uals; (A) subjects below six years of age; (#)
subjects whose samples were not available.

records from the Department of Opthalmology and primary care physi-
cians were examined for mentions of lens dislocation and joint and
cardiac symptoms.

DNAanalyses. Genomic DNAwas extracted by standard procedures
from the peripheral blood leucocytes of 16 individuals in two genera-
tions (18). In the case of one affected family member, genomic DNA
was extracted from cultured fibroblasts. DNAsamples were amplified
using primers specific for polymorphisms of FBN1 (17), G113 (19),
and CYP 19 (20), which are located in or close to the FBN1 locus on
chromosome 15. PCR amplification and subsequent analyses of the
amplified products were performed as described previously (21). Link-
age analyses were performed using the computer programs MLINK and
LINKMAP of Linkage Package 5.0 (22).

A fibrillin-specific primer covering nucleotides 5'-1992-1901 (the
nucleotides are numbered in accordance with the amino acid sequence
reported by Pereira et al.) (23) was used to synthesize FBN1 cDNAby
reverse transcriptase from the total RNAextracted from the cultured
fibroblasts (24). 2 al of the resulting cDNAwere PCRamplified (25)
using a primer corresponding to nucleotides 5 '-710-691 (biotinylated
at its 5'-end) and another primer covering nucleotides 5'-231-254.
Sequencing of the amplification product was performed as previously
described with modifications made for biotinylated primers and the
automated DNAsequencing system (Pharmacia, Uppsala, Sweden) (26,
27). A 5' fluorescein-labeled primer covering nucleotides 5 '-231-254
of FBN1 cDNA was used as a sequencing primer (28).

The mutation was screened for in the genomic DNAof 16 family
members using the solid-phase minisequencing technique (29, 30). For
solid-phase minisequencing genomic DNAwas amplified using a 5'
biotinylated primer covering nucleotides 5 '-441-420 and a primer cov-
ering nucleotides 5'-347-363 and seven nucleotides from the previous
intron (tttcaagTACAACACTGCAATATT). The amplified 5' biotinyl-
ated PCRproduct was immobilized on an avidin matrix and rendered
single stranded. The mutated nucleotide in the immobilized DNAwas
identified by a one-step primer extension reaction, directed by a detec-
tion step primer covering nucleotides 5 '-347-363 and seven nucleotides
from the previous intron, which anneals to the DNAimmediately up-
stream of the site of variation (29, 30).

The consequences of the extra cysteine for the second non-calcium-
binding EGF-like motif of the fibrillin polypeptide were predicted using
the Betaturn (31) and Novotny (32) computer programs of the Intelli-
genetic PC gene software package.

Results

Fig. 1 shows a pedigree of four generations of the family. The
pedigree is compatible with autosomal dominant inheritance.
All the eight individuals with lens dislocation also had joint
symptoms, while the rest had neither of the symptoms. Table I
shows clinical data for those eight individuals. No signs of aortic
root dilatation, mitral valve prolapse, or any kind of cardiac
involvement were observed neither on physical examination nor

on echocardiogram (cardiovascular ultrasound) in any of the
family members and there was no history of sudden deaths in
the family. A 63-yr-old man who had mild angina pectoris was
the only family member with any cardiac symptoms. One or
several episodes of knee joint effusion with moderate pain had
occurred in five individuals. These episodes may have been
related to moderate physical activity. The physical examination
in this study did not reveal ongoing joint effusion or other signs
of synovitis in any of the family members. Five individuals had
flexion contractures of the fifth proximal interphalangeal joint,
whereas none of the healthy family members had this. Four
adults and one child had extension defects in their elbows.
Otherwise joint mobility was normal and increased joint laxity
was not noted. Wrist and thumb tests were normal. The median
ratio of the upper and lower body segments was 0.86 (range
0.83-0.89), which is within the range characteristic of MFS.

Weanalyzed whether there was cosegregation of the clinical
phenotype and three polymorphic markers located inside or in

Table L Clinical Characteristics of the Affected Family Members

cT (5) Y (3)

Skeletal involvement
Scoliosis 1 2
Thoracal kyphosis 1 2
Pectus exacavatum 1 1
High arched palate 1 1
"Thumb sign" 0 0
"Wrist sign" 0 0
Arm span 2 8 cm 1 2
Upper segment/lower segment Median 0.86 (range 0.83-0.89)

Joint symptoms
Joint laxity 0 0
Morning stiffness of joints > 1 h 0 1
Extension defects, dig "V" 2 3
Extension defects, elbow 3 2
Pains in hands 2 3
Knee joint effusion 3 2
Arthrocentesis performed 1 2
Meniscectomy performed 1 1

Eye symptoms
Lens dislocation 5 3

Other organs
Signs of cardiac involvement 0 0
Inguinal hernia 1 (bilat) 0
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Figure 2. Detection of the C364-to-T point mutation in fibrillin cDNA using the automated DNAsequencer. Arrow indicates the heterozygote in
position 364.

the vicinity of the fibrillin locus on chromosome 15 in this
family. Two of the markers, FBN1 and CYP19, were noninfor-
mative, whereas linkage analysis of the third marker, GI 13,
revealed a LOD score of 2.4 with no recombinations between
the disorder and the marker. This finding strongly suggested
that the clinical phenotype seen in this family was caused by a
defect in the FBN1 gene.

The mRNAextracted from the cultured fibroblasts of family
member 111/7 was included in our search for mutations in the
coding sequence of the FBN1 gene. By using the automated
sequenator in the screening of specific regions of FBN1 cDNA,
a C to T transition was detected at nucleotide 364 in the FBN1
cDNAof this patient. This mutation substitutes codon 122 cod-
ing for cysteine for one coding for arginine (R122C) (Fig. 2).

The mutation was confirmed in the genomic DNAof the
proband using the solid-phase minisequencing technique, which
unequivocally identifies the mutated nucleotide (29, 30). Using
the same technique, all the affected individuals in the family
were shown to carry the mutation, whereas it was not detected
in the DNAof the unaffected members of the family (Fig. 1).
Furthermore, none of the 60 Marfan patients or 60 healthy
controls analyzed were shown to carry this mutation.

The fibrillin polypeptide chain is made up of 47 repetitive
EGF-like repeats interspersed by other motifs. It has been stated

that the majority of EGF-like motifs have calcium-binding prop-
erties, whereas three of them located close to the aminoterminal
end of the fibrillin polypeptide exhibit the characteristic six-
cysteine pattern, but lack the putative calcium-binding consen-
sus sequence (33, 34). The R122C mutation of this family
occurs in the second of these three non-calcium-binding EGF-
like (non-cb EGF-like) motifs and produces an extra cysteine
just prior to the conserved second cysteine in this motif. The
second cysteine normally participates in one of the three disul-
fide bridges essential for antiparallel /3-sheet conformation of
the EGF-like motif. Except for providing an extra potentially
reactive cysteine, the computer-assisted predictions for the con-
sequences of this mutation suggested a drop in local hydropho-
bicity and a change in the isoelectric point of this particular
EGF-like motif from 7.01 to 6.26 due to the replacement of a
neutral cysteine with a basic arginine.

Discussion

Wereport here a novel FBN1 mutation which is located in one
of the non-cb EGF-like motifs of fibrillin polypeptide and
causes the substitution of an extra cysteine for arginine just
before the second cysteine of this six-cysteine motif. Due to
its close vicinity to a cysteine participating in disulfide bridge
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formation, this extra cysteine most probably results in some
"wobbling" in the formation of the disulfide bridge between
the second and fourth cysteine and consequently disturbs the
proper /3-sheet conformation of this particular EGF-like motif.
Although precise prediction of the consequences of an addi-
tional cysteine in this motif is difficult, any interference in nor-
mal disulfide bridge formation will most probably change the
structure of the motif and have long-range structural effects
on the native protein, especially since the disulfide-dependent
aggregation of FBN1 is necessary for normal microfibrillar as-
sembly (35).

EGF-like motifs with invariant six-cysteine residues have
been identified in a wide array of human, other vertebrate, and
invertebrate proteins, the conservation suggesting an important
functional significance for these motifs (36). In the case of
EGF-like domains with a calcium-binding capacity, it has been
proposed that the loop, formed as a result of the disulfide bridge
between the second and fourth cysteine, is the site of protein-
receptor interactions in these domains (37, 38).

Of some 30 mutations so far identified in the fibrillin gene
in Marfan patients, two other mutations in non-cb EGF-like
motifs of fibrillin polypeptide have been mentioned in congress
reports. Unlike the R122C mutation located in the second of
these motifs in the fibrillin polypeptide, both of these mutations
are located in the third non-cb EGF-like motif. One substitutes
serine for the fourth cysteine (C166S) (39) and the other re-
places this same cysteine with phenylalanine (C166F) (40).
As opposed to the R122C mutation, both of these mutations
result in the absence of the disulfide bond between the second
and fourth cysteine. The patients carrying the C166F or C166S
mutation in the third non-cb EGF-like motif were reported to
represent the classical phenotype of MFS, whereas the family
described here represents a clinical phenotype which resembles
MFS, but totally lacks the cardiovascular features considered
essential for a clinical diagnosis of MFS. Furthermore, in con-
trast to the commonly observed joint hypermobility, the patients
with the R122C mutation developed joint contractures and suf-
fered from episodes of knee joint effusions somewhat resem-
bling two previously described families in which EL was associ-
ated with dolichostenomelia and joint stiffness (41). It is worth
noting that the symptoms and signs have remained more or less
unchanged over the three generations studied, which contrasts
with the more variable phenotypic expression of MFSnormally
observed (1). Altogether, these mutations, occurring in EGF-
like motifs with no calcium-binding properties, demonstrate that
disturbance in the calcium-binding capacity of EGF motifs is
not the only reason for a marfanoid phenotype.

The clinical phenotype in the family described here bears
some similarities to the phenotype of dominant EL. The first
mutation of FBN1 (E2447K), resulting in the EL phenotype
with eye and skeletal involvement but no cardiovascular find-
ings, has recently been identified (16). Unlike the mutation
described here, the E2447K mutation affects the carboxytermi-
nal end of the fibrillin polypeptide, and substitutes a highly
conserved glutamic acid residue in one of the calcium-binding
EGF-like motifs. As in the case of all the 30-plus FBN1 muta-
tions characterized so far in MFSpatients, no rules can yet be
given regarding the genotype and the resulting phenotype (2,
6-13). The two previously described mutations in the non-cb
EGF-like motifs both remove an essential disulfide bridge in
the motif and result in the classical Marfan phenotype, whereas
the mutation presented here and the only EL mutation reported

to date do not directly remove the disulfide bridge. Whether
this difference goes some way to explaining why the latter cases
do not display any symptoms in cardiovascular tissues, which
face the highest mechanical stress and most demanding require-
ments for tissue elasticity, remains to be clarified with further
identification of mutations in individuals with Marfanoid pheno-
types but very mild or nonexistent cardiovascular symptoms.
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