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Abstract

Pulse-chase studies of [3S]cysteine-labeled fibrillin were
performed on fibroblast strains from 55 patients with Mar-
fan syndrome (MFS), including 13 with identified mutations
in the fibrillin-1 gene and 10 controls. Quantitation of the
soluble intracellular and insoluble extraceliular fibrillin al-
lowed discrimination of five groups. Groups I (n = 8) and
H (n = 19) synthesize reduced amounts of normal-sized
fibrillin, while synthesis is normal in groups m(n = 6),
IV (n = 18), and V (n = 4). When extracellular fibrillin
deposition is measured, groups I and III deposit between 35
and 70% of control values, groups II and IV < 35%, and
group V > 70%.

A deletion mutant with a low transcript level from the
mutant allele and seven additional patients have the group
I protein phenotype. Disease in these patients is caused by
a reduction in microfibrils associated with either a null al-
lele, an unstable transcript, or an altered fibrillin product
synthesized in low amounts. In 68% of the MFSindividuals
(groups II and IV), a dominant negative effect is invoked
as the main pathogenetic mechanism. Products made by the
mutant allele in these fibroblasts are proposed to interfere
with microfibril formation. Insertion, deletion, and exon
skipping mutations, resulting in smaller fibrillin products,
exhibit the group II phenotype. A truncated form of fibrillin
of 60 kD was identified with specific fibrillin antibodies in
one of the group II cell culture media. Seven of the nine
known missense mutations, giving rise to abnormal, but nor-
mal-sized fibrillin molecules, are in group IV. (J. Clin. In-
vest. 1994. 94:130-137.) Key words: fibrillin biosynthesis e
dominant negative mutation * FBNJ * extracellular matrix
* elastin-associated microfibril

Introduction

The Marfan syndrome (MFS)' is a systemic disorder of connec-
tive tissue and its clinical features involve primarily the ocular,
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1. Abbreviation used in this paper: MFS, Marfan syndrome.

musculoskeletal, and cardiovascular systems ( 1). Several years
ago, Sakai et al. (2) isolated fibrillin from the culture medium
of dermal fibroblasts and provided substantial evidence for this
protein to be the major component of 10-nm microfibrils. Mi-
crofibrils are abundant in elastic and non-elastic tissues in or-
gans that are significantly affected in patients with the Marfan
syndrome. A dramatic decrease in the amount of such microfi-
brils has previously been demonstrated in the skin and in cul-
tured fibroblasts from such patients (3).

Genetic linkage studies with random probes mapped the
MFS locus to chromosome 15 (4). The fibrillin cDNA was
cloned (5) and mapped to the same site on human chromosome
15 by in situ hybridization (6). Subsequently, genetic linkage
was established between the Marfan syndrome and the fibrillin
gene (FBNI) on chromosome 15 by using intragenic markers
(7). Several unique and independent missense, nonsense, and
deletion mutations in FBNJ have been reported, which make a
strong argument for the primary involvement of this large gene
in the causation of MFS (8-14). The basis for considerable
intra- and interfamilial phenotypic variability remains unknown.
Unique beaded microfibrils (2, 3, 15) are the presumptive func-
tional units that are affected. Even though the beaded microfibril
presumably contains other proteins in addition to fibrillin ( 16),
all linkage studies and mutational analyses to date point to the
FBN1 gene as the major locus responsible for the phenotype.

MFS is an autosomal dominant disorder in patients hetero-
zygous for mutations at the FBNJ locus and, therefore, the
normal allele is expected to produce fibrillin mRNAof normal
size and amount. It is not known whether null mutations exist
and cause MFS that do not produce mutant fibrillin and that
allow unimpeded matrix deposition of wild-type fibrillin made
from the normal allele. In contrast, a mutant allele that gives
rise to defective fibrillin molecules could interfere with normal
fibrillogenesis and affect the integrity of the microfibrils by a
dominant negative mechanism (17), similar to that postulated
for certain types of osteogenesis imperfecta (18). No direct
evidence has been provided as yet, however, to prove that this
mechanism plays a role in the pathogenesis of MFS. McGookey
Milewicz et al. (19) have previously reported variable abnor-
malities in cultured fibroblasts from patients with MFS with
respect to the rate of synthesis, secretion and the amount of
fibrillin in the extracellular matrix. Implied pathogenetic mecha-
nisms were not correlated with genotype. In a recent study we
have determined that missense mutations involving cysteine
residues in the FBNJ gene result in delayed fibrillin secretion,
but this may not be the most important effect of such muta-
tions (20).

Here we report a comprehensive study of 55 fibroblast
strains from clinically well characterized MFSpatients by quan-
titative pulse-chase methods. Based on the amounts of newly
synthesized cellular fibrillin and the insoluble extracellular frac-
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tion deposited during the 20-h chase period, five cellular pheno-
types were distinguished. Correlation of genotype to cellular
and clinical phenotype suggests that FBNJ mutations cause dis-
ease by different pathogenetic mechanisms.

Methods

Study population. Patients (n = 55), who satisfied the diagnostic criteria
established by Beighton et al. (21), and 10 normal controls were se-
lected for study from the Marfan Syndrome Clinic of the Stanford
University Hospital, the Northern California Chapter of the National
Marfan Association and the Johns Hopkins Medical Center (Baltimore,
MD). These include nine fibroblast strains with missense mutations
(20) and four with various other mutations as described recently (11,
13, 14).

Cell culture and pulse-chase labeling. Skin biopsy samples were
obtained under an approved protocol from patients and controls either
at cardiovascular surgery or during outpatient visits. Dermal fibroblast
cultures were established in Dulbecco's modified Eagle's medium
(DME) with 15% fetal calf serum (FCS). The procedures used for
pulse-chase labeling, analysis by SDS-polyacrylamide gelectrophoresis
(SDS-PAGE) and quantitation were done as described recently (20).

Immunoaffinity column. Monoclonal antibodies to fibrillin (mAb69
and 201, kindly donated by Dr. L. Sakai, Oregon Health Science Univer-
sity, Portland, OR) were coupled to CNBr-activated Sepharose (Phar-
macia Fine Chemicals, Piscataway, NJ) as described previously (2).
Cell culture medium was incubated with antibodies coupled to Sepha-
rose for 3 h at room temperature. The gel was then washed extensively
with 50 mMTris-HCl, pH 7.5, containing 0.5 MNaCl and 0.05% Tween
20. Bound material was eluted from the column with 1 Macetic acid
and immediately neutralized with 4 MTris, followed by dialysis against
phosphate buffered saline (PBS). The eluates were analyzed by SDS-
PAGEas described (20).

Results

Fibrillin metabolism in normal fibroblasts
In preliminary experiments, dermal fibroblasts from control in-
dividuals were pulse labeled with [35S] cysteine for 5, 15, 30,
and 60 min. A labeling time of 30 min was chosen for the
analysis of fibrillin (data not shown). As newly synthesized
and labeled fibrillin is secreted from control fibroblasts, the
amount of intracellular fibrillin is decreased by - 80% at 4 h,
by 95% at 8 h, and by > 98% at 20 h, while it accumulates
in the medium over the same period (Fig. 1). To follow the
intracellular processing of fibrillin, 4- and 8-h chase periods
were chosen for quantitation. About 20% of the total estimated
amount of secreted fibrillin is incorporated into the extracellular
matrix 8 h after pulsing the cells with radioactive cysteine (Fig.
1). Quantitation shows little additional deposition after 20 h.
By using conditions determined in these preliminary studies,
we have examined 10 fibroblast strains from control individuals
and 55 fibroblasts from patients with Marfan syndrome.

In the 10 control cell strains, the mean value for fibrillin
synthesis obtained at time 0 (after 30 min of pulse) was defined
as 100±10.8% and the normal range of fibrillin deposition at
20 h of chase as 100±11.8%. These data were obtained by
quantitating the radiolabeled fibrillin band on gels loaded with
standardized amounts of radioactivity. Radioactivity counts
were found to be a better denominator than numbers of cells,
although similar numbers of cells were plated at the beginning
of each experiment. The results obtained with normal fibroblasts
validate this choice. Wedefined "decreased synthesis" as the
production of < 70% of the normal amount of fibrillin (control
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Figure 1. Synthesis, secretion, and incorporation of fibrillin into the
extracellular matrix by cultured control fibroblasts. In A and B., cells
were labeled with [355]cysteine and fibrillin was isolated from the cul-
ture medium (A, left lane) and the cell lysate (B, left lane) by purifica-
tion using a monoclonal antibody immunoaffinity column (A and B,
right lanes) and samples were analyzed by SDS-PAGEand autoradiog-
raphy. In C, cell lysate (Cell), NP-40 insoluble matrix components
(ECM) and tissue culture medium (Medium) of control fibroblasts are
shown that were pulse-labeled for 30 min and chased for 4, 8, or 20 h
(T[h]). Most of the newly synthesized and labeled fibrillin (F), col-
lected after the 30-min pulse at time 0, is secreted from the cells during
the 4-8-h chase period. It accumulates in the medium during that time
and a fraction of the labeled molecules is incorporated into the extracel-
lular matrix within 8-20 h. Fibrillin was quantitated in 30-min cell
lysates (synthesis) and 20 h ECM(deposition) and not in the media,
because the latter showed too much variability (not shown).

value±2 SD, Table I; see data presented below in Figs. 2 and
3 A). Likewise, "decreased deposition" was defined as the
amount of fibrillin incorporated into the extracellular matrix
being < 70% of controls (control value±2 SD, Table I; com-
pare also Figs. 2 and 3 B). In control fibroblasts, the amount
of intracellular fibrillin after a 4-h chase was 18±4.8% com-
pared with that at time 0. When > 30%of fibrillin was retained
inside the cells at the 4-h time point, we defined this as "delayed
secretion" (20). Cells displaying this altered secretion pattern
were found in groups Ill and IV (see data below in Fig. 2, C'
and D').

Fibrillin metabolism in MFSfibroblasts
Based on the amounts of fibrillin synthesized and incorporated
into the extracellular matrix, the 55 patients could be divided
into five groups (Table 1).

Group I: Decreased synthesis and normal fibrillin deposi-
tion. Fibroblasts of this group (n = 8) synthesize about half
the amount of the 350-kD fibrillin polypeptide as compared
with controls (Table I, Figs. 2 A and 3 A), and its secretion
occurs at a normal rate. Likewise, only about half the amount

Table I. Definition of Fibrillin Phenotypic Groups and
Distribution of MFSPatients

Group I II m IV v

Synthesis* < 70% < 70% 2 70% 2 70% 2 70%
Deposition* 2 35% < 35% 35-70% < 35% 2 70%
Number of patients

(total = 55) 8 19 6 18 4

* The amount of fibrillin synthesized or incorporated into the extracellu-
lar matrix was compared with that of control fibroblasts (defined as
100%) in each experiment.
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Figure 2. Synthesis, secretion and incorporation of fibrillin into the
extracellular matrix by cultured fibroblasts from MFSindividuals repre-
senting seven different phenotypic groups. The group identification
numbers are indicated in the bottom right panel (see also Table I). Each
panel consists of five lanes. Cells were labeled for 30 min and cell
extracts at 0, 4, 8, and 20 h (lanes 1-4) and the 20-h insoluble matrix
(ECM, lanes 5) were analyzed by SDS-PAGEand autoradiography.
Arrows indicate the position of the fibrillin polypeptide. Note the near
absence of fibrillin from the extracellular matrix in groups 11 (B), IV
(D), and IVd (D'). Quantitation is required to substantiate the decrease
in synthesis in groups I (A) and 11 (B) to approximately half of normal,
and the reduction in deposition in group III (C). The bottom left panel
(E) is an example of group V, which is indistinguishable from control
cells. For a definition of groups I through V, see Table I. In groups 11Id
and IVd > 30% of synthesized fibrillin in comparison to controls are
still present in cells after a 4-h chase period (lanes 3). This phenotype
has been designated d for having delayed intracellular transport or secre-
tion (20).

of fibrillin, as compared with that of normal controls, is incorpo-
rated into the extracellular matrix (Fig. 2 A and 3 B). Although
overall fibrillin synthesis is decreased, the matrix deposition of
the presumptive normal fibrillin molecules, which account for
50% of normal, seems to be little or not at all affected in this
group of patients.

Group I: Decreased synthesis and impaired fibrillin deposition.
In fibroblasts of group II (n = 19), approximately half the normal
amount of 350-kD fibrillin polypeptides is synthesized and is se-
creted without delay (Table I, Figs. 2 B and 3 A). In contrast to
group I cells, however, the amounts of fibrillin recovered in the
insoluble fractions are moderately to severely reduced in the range
from 5 to 35% of normal (Figs. 2 B and 3 B).

Group III: Normal synthesis offibrillin and mildly impaired
fibrillin deposition. In group III (n = 6), normal amounts of
fibrillin are made (Table I, Figs. 2 C and 3 A) and > 35% (35-
70%) of the synthesized fibrillin molecules are incorporated
into the extracellular matrix (Fig. 3 B). Fibroblasts from two
of the six patients in this group showed a delay in secretion as
defined above (Fig. 2 C').
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Figure 3. Fibrillin synthesis and deposition. In A, the amounts of newly
synthesized fibrillin in cells after the 30-min pulse as compared to that
of controls are given for the five groups. In group I and II, this varies
from 30 to 65% in comparison to controls. In groups III, IV, and V,
the amounts of fibrillin range from 75 to 120% as compared to controls.
Control cells generated values of 100±10.8%. In B, the incorporation
of fibrillin into the extracellular matrix (ECM) is given for each group.
The amount of fibrillin in the ECMis 35-70% in groups I and III, and
< 35% in groups II and IV. Group V is indistinguishable from controls.

Group IV: Normal synthesis and severely impaired deposi-
tion of fibrillin. Similar to group III, fibroblasts of group IV (n
= 18) generate normal amounts of the 350-kD fibrillin polypep-
tide (Table I, Figs. 2 D and 3 A). In six of the 18 cell strains,
however, fibrillin secretion was found to be delayed (Fig. 2
D'). In contrast to group III and regardless of the secretion
phenotype, the amount of fibrillin in the matrix is drastically
reduced to < 35% of normal in all of the group IV fibroblasts
(Fig. 3 B).

Group V: Normal synthesis, secretion, and deposition of
fibrillin. In fibroblast strains of four of the patients no significant
difference from controls was observed in either synthesis, secre-
tion, or deposition of fibrillin (Figs. 2 E and 3, A and B).
Studies were repeated on different passage fibroblasts and these
results were consistent.

Thus our studies revealed phenotypic differences in fibrillin
synthesis and/or matrix deposition in 51 of 55 (93%) of fibro-
blast cultures from MFSpatients.

Pathogenetic mechanisms
To examine whether correlations exist with specific pathoge-
netic mechanisms, we carried out the following in vitro experi-
ments.

Group I: "Product effect" in microfibrillar assembly. The
finding of cell strains that produce half the normal amount of
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Figure 5. Interference in matrix
deposition of labeled normal fi-
brillin by MFSgroup II and IV

" 'I i cells ("Medium exchange").
Control fibroblasts were pulsed

l II III IV V for 30 min and chased for 16 h.
-_ Labeled medium was transfered

to dishes containing unlabeled fibroblasts from each of the five MFS
groups. After 20 h incubation, the NP-40-insoluble material was ana-
lyzed by SDS-PAGE. The amount of labeled fibrillin is dramatically
reduced in the matrix of the group II and group IV cells, but not of

4 5 those of groups I, III, and V.

Figure 4. Effect of reduced fibrillin biosynthesis on microfibril deposi-
tion ("Product effect"). Various cell numbers of group I (n) and
control fibroblasts (filled squares) were plated ranging from 5 x 104 to
4 x 105/dish and fibrillin deposition was measured in comparison to
standard numbers of control cells. Fibrillin deposition increased as a
function of cell number at similar rates and a plateau was reached in
both fibroblast strains. Fibrillin deposition of group I cells, however,
was always half the amount of control values.

fibrillin allowed us to investigate the effects of cell density and
of intra- and extracellular fibrillin concentration on the synthesis
and deposition of fibrillin. Weplated different numbers of fi-
broblasts from a group I patient and from a control individual.
The cells were labeled as described, and after a 20-h chase
period, the NP-40-insoluble extracellular components were
harvested. In control fibroblasts, the incorporation of fibrillin
into the extracellular matrix increases with increasing cell num-
bers and reaches a plateau (Fig. 4). In the group I fibroblasts,
fibrillin deposition also increases with cell number, but the
amount of newly deposited fibrillin in the extracellular matrix
is only approximately half the amount of that of normal fibro-
blasts at all the cell numbers tested. This suggests that, at least
under the conditions of hyperconfluent cell culture, fibrillin ex-
pression and deposition are both constitutive, strictly gene-dos-
age dependent and are not subject to feedback by either concen-
trations of soluble fibrillin or amount of microfibrillar material.
To indicate that in group I fibroblasts the lower amount of
insoluble fibrillin is due to lower fibrillin production, we have
called this "product effect." Fibrillin appears to be deposited
in the extracellular matrix with similar efficiency even in cells
that make fewer normal fibrillin molecules. The observed re-
duced deposition in group I cells could thus simply be due to
fewer available fibrillin molecules.

Groups 11 and IV: Interference by abnormal fibrillin mole-
cules with normal microfibrillar assembly ("Medium ex-
change"). In groups II and IV, < 35% of de novo synthesized
fibrillin is deposited in the extracellular matrix compared to
100+10% in controls (Table I and Figs. 2 and 3). This result
could be explained if the mutant allele gives rise to abnormal
protein molecules that interfere with fibrillogenesis. Under this
hypothesis, group II fibroblasts are expected to make normal
fibrillin (the product of the normal allele) in addition to a trun-
cated abnormal fibrillin polypeptide, which we would not have
detected in the pulse-chase experiments. Group IV fibroblasts,
on the other hand, would make both normal and full-size, but
altered, fibrillin molecules. In both instances, the abnormal pro-
tein product might affect microfibrillar assembly.

To test this hypothesis, we carried out "medium exchange"

experiments. Fibroblasts of all five groups were pulse labeled
for 30 min and then chased for 16 h. When labeled medium was
transferred to dishes containing normal unlabeled fibroblasts,
labeled fibrillin (derived from the MFScells) could be recov-
ered from the extracellular matrix of control cells, but no differ-
ences between the groups were observed (data not shown).
This suggests that labeled fibrillin molecules made by the MFS
cells are incorporated into the extracellular matrix. It suggests
further that under these experimental conditions small amounts
of abnormal products made by the MFS cells during the 30-
min pulse (product of the mutated allele) have no detectable
effect on fibrillin deposition. We, therefore, did the opposite
experiment.

Medium containing labeled fibrillin collected from control
fibroblasts after 16 h of continuous labeling was transferred to
dishes containing unlabeled fibroblasts from all the different
MFS groups. After an additional 20-h incubation, the NP-40
insoluble matrix was harvested and analyzed. As shown in Fig.
5, the incorporation of labeled normal fibrillin molecules into
the extracellular matrix of unlabeled MFS fibroblasts, which
continue to make fibrillin products during the 20-h incubation,
was considerably reduced for groups II and IV in contrast to
cells from groups I, III, or V. These results resemble the data
presented above on the direct analysis of fibrillin deposition
in MFS from the various groups (Fig. 2). It suggests either
interference with matrix deposition by an abnormal fibrillin
product, as discussed above, or less efficient "binding" of nor-
mal fibrillin molecules under medium exchange conditions to
a MFS matrix of group II and IV cells that, by definition,
contains less insoluble fibrillin.

Purification of a truncated form of fibrillin from group II
fibroblasts. To determine, whether the media of group I and II
MFS fibroblasts contain truncated fibrillin molecules, we la-
beled group II (n = 15), group I (n = 3), and control fibroblasts
(n = 2) continuously for 16 h with 50 uCi/700 il of [35S]_
cysteine. The culture medium of each cell strain was then passed
over a fibrillin antibody immunoaffinity column and the eluates
were analyzed by both 4.5 and 10% SDS-PAGE. While we
were able to isolate a single 350-kD fibrillin polypeptide species
from all of the cells, the eluate from the mab69 antibody column
of one of the group II fibroblasts contained two labeled bands,
one at 350 kD and the other at - 60 kD (Fig. 6). The 60 kD
polypeptide was not seen in eluates from control cells or any
of the other MFS fibroblasts and, thus, does not seem to be an
intra- or extracellularly processed form or degradation product
of fibrillin. The 60-kD band most likely represents a truncated
fibrillin molecule due to an as yet unidentified FBNI mutation.
From the intensity of the radioactive band we estimate that the
amount of the "short" fibrillin product could correspond to
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Figure 6. Purification of a truncated fi-
=_ gqp * brillin molecule from the medium of a

125- group II fibroblast strain. The group II
88- and control cells were continuously la-
65- * beled with [35S]cysteine for 16 h. Each
56- medium was then incubated with mono-

clonal antibody coupled to CNBr-acti-
38- vated Sepharose. Bound material was

eluted and analyzed by 10% SDS-
PAGE. In addition to normal-sized fi-

Control MFS brillin (arrowhead), this particular
group H fibroblast strain synthesized an
additional 60-kD peptide (arrow) that

was not observed in any of the other cell strains. The 35-kD fragment
of unknown identity (not marked) is present in all preparations.

- 50% of normal fibrillin, considering that it is only one fifth
the normal size.

Discussion

The discovery of different types of mutations in the FBN1 gene
have proven the causal relationship between fibrillin abnormali-
ties and the autosomal dominant Marfan syndrome (8-14).
Previously, cells from several MFS patients were shown to
either produce shortened fibrillin molecules (10), to produce
less, to deposit less, or to secrete fibrillin more slowly (19).
In addition to these latter three alterations in biosynthesis, the
existence of a fibrillin precursor was postulated based on a
difference in molecular weight between the intra- and extracel-
lular form (19). The latter observation has not been confirmed
in other studies ( 15, 20), nor did we find evidence for profibril-
lin here. In our preliminary studies we experienced difficulties
in making assignments to the three basic groups described by
McGookey Milewicz et al. ( 19). By applying quantitative
pulse-chase labeling of fibroblasts we have found now that
patidnts diagnosed with MFScan be subdivided into five groups.
Since four of these five groups contain samples with known
FBN1 mutations, correlations between protein phenotype and
pathogenetic mechanisms could also be made.

Fibroblasts in groups I and H account for 50% of the
MFSsamples studied here. These cells make half the amount

of fibrillin as compared with controls. The two groups are distin-
guished by the amount of fibrillin that becomes insoluble during
the 20-h chase period. While the group I phenotype shows one
half of normal deposition, this value is even lower in group II.
The major difference between these two groups appears to be
related to the amount of mutant transcript and protein derived
from the mutant allele. Evidence for this comes from four pa-
tients with known FBNI mutations (13; Table II). As has been
observed also for other disease genes (23, 24), certain muta-
tions affect transcript levels. In one group I patient, an insertion
of four nucleotides leads to a frameshift and premature termina-
tion codon, which results in transcript levels of only 6% of
normal (13). The amount of abnormal protein made by this
mutant transcript has not been determined, but it is likely to be
also very low. Three mutations have been identified in group
II patients. Two of them, -2448 (247)G + 1 to A and
770(3464)dell7, create frameshifts and premature signals for
termination of translation of mRNAand both result in transcript
levels of - 15% of normal (13, 14). The third, 3645(6339)T
to G, a nonsense mutation that leads to in-frame skipping of
exon 51 (11), generates 25% of mutant mRNA. The amount
of transcript in the three mutations of group II are higher as
compared with group I, suggesting that a corresponding larger
amount of altered protein in group II may be responsible for
the significantly lower deposition of fibrillin in this group (13;
Table II).

Our experiments on the "product effect" show that a de-
crease in synthesis and/or deposition of fibrillin does not seem
to lead to compensatory changes in fibrillin metabolism. Thus,
a low amount or total lack of mutant product would result in a
group I and possibly mild disease phenotype due to a 50%
decrease of extracellular fibrillin and an overall reduction in
microfibrils (Fig. 7). This would be analogous to cases of os-
teogenesis imperfecta with a nonfunctional allele for pro-a 1 (I)
chains of type I collagen (25).

Altered fibrillin products in group II fibroblasts, however,
seem to act as competitive inhibitors of microfibrillar assembly
and result in < 35%deposition. A plausible explanation for the
pathogenetic effect of the documented mutations that lead to
truncated proteins is based on a "dominant negative" mecha-
nism. As shown for a number of other disorders (17, 18, 26,
27), the abnormal product of the mutant allele interferes with

Table II. Known FBNI Mutations and Their Protein Phenotypes

Mutation Type Synthesis Deposition mRNA Group Reference

2444 (5138)ins4 frameshift 56.7 54.3 6 I 13
-2448 (247) nonsense 50.7 25.1 16 II 13

770 (3464)dell7 frameshift 42.3 6.6 15 II 14
3645 (6339)T to G exon skip 58.4 8.9 25 H 11
2072 (4766)G to T missense 81.7 64.5 m 14, 20
2293 (4987)T to C missense 92.5 44.9 III 34, 20

656 (3350)G to A missense 100 24.3 IV 14, 20
-111 (2584)T to C missense 111 13.1 IV 14, 20

716 (3410)G to C missense 84.9 13.3 IV 8, 20
4226 (6920)G to C missense 98 21.1 IV 9, 20
1052 (3746)G to C missense 115.7 27.4 - IV 34, 20
3968 (6662)G to C missense 94.3 26.6 IV 34, 20

-1052 (1643)A to T missense 96.1 22.8 IV 13, 20
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Figure 7. Schematic representation of postulated pathogenetic mecha-
nisms in MFS. In control cells, the products of both alleles are normal
fibrillin molecules that are assembled into microfibrils extracellularly.
Group I cells make fibrillin from the normal allele and either fail to
synthesize any product from the mutant allele or make a (truncated)
product that is not secreted or that is present in only low amounts (due
to decreased transcript stability, inefficient secretion or intracellular deg-
radation of the protein product). The normal fibrillin molecules are
deposited in the extracellular matrix with normal efficiency, but fewer
fibrils are formed ("product effect"). In group II, truncated fibrillin
molecules are secreted and interfere with microfibril formation by a
"dominant negative" mechanism. Abnormal fibrils of lower stability
or very few normal fibrils are made. In group III, two possible mecha-
nisms could be operating. One, mutations causing minimal effects on
fibrillin structure could lead to microfibrils formed from both normal
and mutant fibrillin molecules, or two, similar to group I, mutant fibrillin
molecules are degraded and reduced amounts of normal microfibrils are
deposited. In group IV, mutant fibrillin molecules of normal size are
secreted and interfere with fibrillogenesis by a "dominant negative"
mechanism.

the function of the normal protein, the product of the normal
allele. To obtain experimental evidence, we have attempted
to interfere with fibrillin deposition by "medium exchange"
experiments and to isolate abnormal fibrillin products with anti-
bodies. The former experiment yielded satisfying results by
demonstrating that low levels of fibrillin deposition are only
seen in group II and IV fibroblasts and not in the other three
groups. This low fibrillin deposition could be due to a true
dominant negative effect, namely inhibition by abnormal fibril-
lin products. It could also be related to a large reduction in

"binding sites" for the labeled fibrillin molecules in the extra-
cellular matrix, since the cell matrices from the two groups
contain considerably lesser amounts of microfibrillar material.
In a second experimental approach, we were able to obtain a
shortened fibrillin molecule from one of the 15 group II patients.
This low success rate of the present experiments may be due to
reduced stability of the mutant protein or to inadequate antibody
reagents, which may not react with the altered protein. We
are pursuing various other methods and believe that, provided
enough of the altered fibrillin molecules can be isolated, such
molecules would be useful for studies on fibrillin assembly and
for discriminating among the possibilities described above.

The "medium exchange" results, however, are of consider-
able interest also because they suggest that experiments of this
type can be used for screening and the identification of muta-
tions with large effects on fibrillin deposition.

Fibroblasts of group III and IV make normal amounts of
350-kD fibrillin products that are likely to include both normal
and mutant polypeptides. Fibroblasts with known FBNJ mis-
sense mutations fall into these two groups (Table II). Wehave
distinguished the two groups on the basis of the amount of
extracellular fibrillin after a 20-h chase period, which is approxi-
mately half normal in group III and significantly lower (< 35%)
in group IV. The very low amounts of insoluble fibrillin in
group IV fibroblasts suggests that the altered protein acts by
inhibition of assembly similar to the effect postulated for the
group II cells. Results of the "medium exchange" experiments
also appear to support the notion that the deposition of normal
fibrillin is inhibited by products of group IV, but not III cells
(Fig. 6), but do not exclude other possibilities. The medium
exchange experiments argue against the formation of abnormal
and unstable microfibrils that are rapidly degraded. Additional
experiments will be required, however, to formally exclude this
and other possibilities.

Other effects of FBNJ missense mutations in groups III and
IV include delay in intracellular transport and secretion (13,
20), which could have a modulating influence on the extracellu-
lar microfibrillar assembly process. Fibroblasts from 6 of 18
patients in group IV, and 2 of 6 in group III showed this delay
in secretion, presumably because of abnormal intracellular
transport of the mutant protein (20).

Group III appears to be more heterogeneous with respect
to phenotype and pathogenetic mechanisms. In one group III
fibroblast strain the intracellular transport of fibrillin was de-
layed and it was degraded intracellularly (data not shown, Fig.
7). Such a mutation might yield a phenotype more akin to the
one described for group I cells above, since no mutant protein
is found in the extracellular matrix. Possible explanations for
other cell strains include incorporation of mutant molecules into
the extracellular matrix and, because of lower efficiency of
interaction with other molecules, one might expect somewhat
lower amounts of insoluble fibrillin than in control cells. Such
microfibrils, however, could conceivably be structurally or func-
tionally abnormal (Fig. 7).

In four of the 55 fibroblast strains no defect in fibrillin
metabolism could be identified with the pulse-chase method.
All four were sporadic cases and, therefore, linkage studies with
polymorphic markers from the FBN1 locus were not possible.
We are considering two possibilities to explain this finding.
Firstly, some proteins, such as elastin (28), thrombospondin
(29), microfibril associated glycoprotein (MAGP; 30), emilin
(31), associated microfibril protein (32), and FBN2 (33) have
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been reported to be associated with microfibrils. Chromosomal
localizations of genes for these proteins are different from the
FBNJ locus. FBN2 has been linked to a distinct phenotype,
namely congenital contractural arachnodactyly (33). Although
linkage evidence for genetic heterogeneity in the Marfan syn-
drome has not been reported to date, alteration of the structure
or expression of these proteins or other, as yet unknown proteins
associated with microfibrils, could affect the microfibril func-
tionally and could cause clinical features similar to those seen
in MFS. Secondly, in these four patients we have only examined
the amount of insoluble fibrillin. It is possible that in group V,
the defect is not seen as an abnormality in amount, but rather
in quality or function of the microfibrils.

Wehave found defects in fibrillin metabolism of cultured
fibroblasts in 93% of the patients with MFSby this quantitative
pulse-chase method. This success rate contrasts with the rela-
tively small fraction of patients for whommutations have been
defined at the mRNAlevel using denaturing gradient gel electro-
phoresis or single strand conformation analysis of RT-PCR
products and direct sequencing of such products (14). With
one exception (8), mutations in each sporadic case or family
with MFShave been different.

Although little is known about microfibrillar assembly, we
propose that the fibrillin molecules deposited in short term tissue
culture can provide a measure for fibrillin's assembly into mi-
crofibrils. Conceivably, 35S-labeled fibrillin molecules are inter-
acting with already formed microfibrils in the matrix. Microfi-
bril formation is dependent on the amount of mutant transcript,
the efficiency of intracellular processing, and the stability and
conformational changes of the mutant protein. The amount of
fibrillin in the extracellular matrix, as determined by pulse-
chase methods, appears to reflect a number of these factors.
The classification of patients into the five groups may also have
the additional advantage of providing a basis for analyzing the
relationship between clinical phenotype and underlying patho-
genesis, which is currently being undertaken (Aoyama et al.,
in preparation). The method we have used in this study also
promise to provide a diagnostic tool, which will be quite helpful
for the genetic counseling and management of patients with
Marfan syndrome or related disorders.
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