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Abstract

The Marfan syndrome (MFS) is a connective tissue disorder
inherited as an autosomal dominant trait and caused by
mutations in the gene encoding fibrillin, a 350-kD glycopro-
tein that multimerizes to form extracellular microfibrils. It
has been unclear whether disease results from a relative
deficiency of wild-type fibrillin; from a dominant-negative
effect, in which mutant fibrillin monomers disrupt the func-
tion of the wild-type protein encoded by the normal allele;
or from a dynamic and variable interplay between these
two pathogenetic mechanisms. We have now addressed this
issue in a cell culture system. A mutant fibrillin allele from
a patient with severe MFS was expressed in normal human
and murine fibroblasts by stable transfection. Inmunohisto-
chemical analysis of the resultant cell lines revealed mark-
edly diminished fibrillin déposition and disorganized micro-
fibrillar architecture. Pulse-chase studies demonstrated nor-
mal levels of fibrillin synthesis but substantially reduced
deposition into the extracellular matrix. These data illus-
trate that expression of a mutant fibrillin allele, on a back-
ground of two normal alleles, is sufficient to disrupt normal
microfibrillar assembly and reproduce the MFS cellular
phenotype. This underscores the importance of the fibrillin
amino-terminus in normal microfibrillar assembly and sug-
gests that expression of the human extreme 5’ fibrillin cod-
ing sequence may be sufficient, in isolation, to produce an
animal model of MFS. Lastly, this substantiation of a domi-
nant-negative effect offers mutant allele knockout as a po-
tential strategy for gene therapy. (J. Clin. Invest. 1995.
95:874-880.) Key words: Marfan syndrome + dominant-
negative mutation « microfibril « extracellular matrix

Introduction

The Marfan Syndrome (MFS)' is a systemic disorder of con-
nective tissue with autosomal dominant inheritance and a preva-
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lence of about 1 in 10,000 individuals. Hallmark features of the
disease include ocular impairment, principally lens dislocation
and myopia; skeletal abnormalities such as dolichostenomelia
and joint laxity; and, most significantly, cardiovascular pathol-
ogy, including aortic root dilatation and dissection, mitral valve
prolapse, and mitral and aortic valvular insufficiency (1-3).
Positional cloning and candidate gene analyses recently culmi-
nated with the identification of FBNI1, the gene encoding fi-
brillin, as the site of most, if not all, MFS-producing muta-
tions (4-6).

Fibrillin is a 350-kD glycoprotein and the principal compo-
nent of the extracellular microfibril (7). It is abundantly ex-
pressed in many tissues altered in the Marfan phenotype, includ-
ing the skin, vascular wall, cartilage, suspensory ligament of
the lens, and alveolar wall (8). The structure of the protein is
complex and redundant. It is comprised of 46 EGF-like motifs
which are tandemly repeated and irregularly interspersed with
TGF-£, binding protein (TGF-£, bp)-like domains. A number
of apparently unique cysteine-rich repeats are also present (9,
10). The abundance of cysteine-rich EGF-like and TGF-g, bp-
like domains enables fibrillin monomers to participate in intra-
molecular as well as intermolecular interactions. Indeed, upon
secretion into the extracellular matrix, fibrillin monomers rap-
idly form disulfide-bonded aggregates, which, in conjunction
with other matrix components, lead to the formation of mature
microfibrils (11, 12). Rotary shadowing of these multimeric
units reveals a beaded-string appearance, and it has been pro-
posed that fibrillin monomers arrange in a head-to-tail fashion
(8, 13). Mature microfibrils have an average diameter of 10
nm, and the ‘‘beads’’ have been shown to be spaced at regular
intervals of 26 to 60 nm (14).

Several lines of evidence suggest that MFS follows a domi-
nant-negative mechanism of pathogenesis. The disorder is in-
herited in an autosomal dominant fashion and is caused by
mutations in a gene encoding a protein known to multimerize.
In addition, a hallmark feature of classic MFS is severe defi-
ciency of extracellular fibrillin, far below the amount predicted
by a single functioning FBN1 allele (15, 16). Finally, mutations
causing very reduced levels of FBN1 mutant transcript have
been associated with an extremely mild disease phenotype (17).
A dominant-negative scenario would thus involve mutant fibril-
lin monomers disrupting normal fibrillin multimer formation
and consequently producing disease.

At the cellular level, fibroblasts cultured from MFS patients
have been shown to exhibit consistent and relatively specific
abnormalities by immunohistochemical and pulse-chase analy-
ses. Indirect immunofluorescence of normal human fibroblasts
with monoclonal antibodies to fibrillin results in a highly repro-
ducible and distinct staining pattern. An abundant, organized
meshwork of microfibrils is observed. In contrast, fibroblasts



Table 1. Oligonucleotide Sequences

Oligonucleotide Sequence

F5UT-1S: 5’-GCA AGA GGC GGC GGG AG -3’
FB1S: 5'-GGA TTT ACC GTG CTT TTA GC-3'
FBICS: 5'-AAC GTG AAG GAA ACC AGA G-3'
FB1AS: 5'-TTC TGG CAT AGA CAG TGA TC-3’
FB2AS: 5'-GGC CTG GCA TTC ATC CAC-3’
ME1S-1A: 5'-ACG AGC CAT GGG GCG GAC-3'
MEI1S-B: 5'-CGG ACG CCA ATT TGG AGG C-3’
MEI1S-C: 5’-CGG GCC AAG AGA AGA GGC-3'
ME3AS-A 5'-CTG GAG CCA CAG GAA GGA G-3'
ME3AS-B 5’-CAA GTG CAC ATA TTT GGC CTC-3'
SP6: 5’-ATT TAG GTG ACA CTA TAG-3’
T7: 5'-ATT ACG ACT CAC TAT AG-3'

from MFS patients generally exhibit a striking reduction in
staining, with the microfibrillar lattice showing only occasional,
scattered, and wispy fibers (18). These immunohistochemical
profiles can largely be grouped into two categories: (a) marked
decrease in deposition, and (b) variable decrease in deposition
with characteristic abnormalities of microfibrillar architecture.
Pulse-chase analysis of radiolabelled fibrillin has been used to
identify and quantify defects in fibrillin synthesis, secretion,
and incorporation into the extracellular matrix (12, 15). The
method has enabled five apparently distinct groups of MFS
patients to be categorized based on their fibrillin synthesis and
deposition profiles (16). For example, cells carrying FBN1 mis-
sense mutations consistently show near normal levels of fibrillin
synthesis but markedly diminished matrix deposition. Cells
from patients with reduced levels of mutant transcript demon-
strate ~ 50% fibrillin synthesis and variable deposition into the
matrix (16). As predicted by a dominant-negative pathogenesis,
patients with mild disease show near complete deposition of
synthesized fibrillin while those with a severe phenotype show
much reduced (6—25%) deposition (16).

A patient identified with FBN1 mutation 247 G*' to A, a
splice site alteration producing classic and severe MFS, was the
basis for this study. The splice site change leads to skipping
of FBN1 exon 2, a frameshift, and a consequent premature
termination codon in exon 4. To directly address the issue of a
dominant-negative pathogenesis, we assembled an expression
construct containing this del exon 2 allele and stably transfected
normal human and murine fibroblasts. Immunohistochemical
analysis of transfected cell lines revealed markedly diminished
fibrillin deposition and disorganized microfibrillar architecture.
Pulse-chase studies of these cells demonstrated normal levels
of fibrillin synthesis but substantially reduced deposition of fi-
brillin into the extracellular matrix.

Methods

Subcloning of del exon 2 mutant cDNA. Total RNA was extracted with
RNAzol per the manufacturer’s protocol (Tel-Test, Friendswood, TX)
from a primary fibroblast culture generated by skin biopsy of patient
MS-8, who harbors mutation del exon 2. Approximately 5 ug of total
RNA was reverse transcribed as described (5), and the resultant cDNA
was amplified by the PCR using oligonucleotides FSUT-1S and FB2AS
with a PCR reagent kit (GeneAmp; Perkin-Elmer Cetus, Norwalk, CT).
Sequences of all oligonucleotides used in this study are listed in Table
I. PCR conditions were 95°C X 3 min followed by 30 cycles of 95°C
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Figure 1. Schematic of the experimental expression construct pDEL2
showing the composition of the mutant polypeptide predicted by the del
exon 2 allele. The insert is preceded by a CMV promoter and followed
by an SV40 intron and polyadenylation signal. Restriction sites are
shown. The EcoRI sites are 345 bp apart, and the HindIII and Xbal
sites are 439 bp apart.

X 30 s, 58°C X 30 s, 72°C X 30s then one cycle of 72°C X 5 min. 1
pl of this reaction product served as template for a semi-nested PCR
using the same conditions but primers FSUT-1S and FB1AS. Following
the manufacturer’s protocol for the TA Cloning Kit (Invitrogen, San
Diego, CA), this secondary PCR product was subcloned into the pCRII
vector. A recombinant plasmid containing the 330-bp insert was identi-
fied and characterized by direct sequencing using a dsDNA Cycle Se-
quencing Kit (GIBCO BRL, Gibco Gaithersburg, MD), thus confirming
the identity and orientation of the insert.

Preparation of expression construct. The insert was released from
PCRII by digestion with HindIII and Xbal (Boehringer Manheim Corp.,
Indianapolis, IN) and subcloned into the HindIIl and Xbal sites in
pcDNAS3, a eukaryotic expression vector containing a CMV promoter
and neomycin and ampicillin resistance genes (Invitrogen). Insert orien-
tation and identity in the final expression construct (designated pDEL2)
were confirmed by cycle sequencing as above. A schematic of this
construct is shown in Fig. 1. The predicted protein consists of 100 amino
acids from the amino terminus of fibrillin with the latter 45 encoded by
out-of-frame codons. Plasmid preparations of pDEL2 as well as intact
pcDNA3 (to serve as a control) were made using the Plasmid Maxi Kit
and supplied protocol (QIAGEN Inc., Chatsworth, CA).

Transfection of cultured fibroblasts. Control human and mouse NIH
3T3 (American Type Culture Collection, Rockville, MD) fibroblasts
were grown on 100-mm tissue culture dishes (Corning, Corning, NY)
with Eagle’s Minimal Essential Medium plus 10% fetal bovine serum
and 1X penicillin-streptomycin solution (GIBCO BRL). Cells were
transfected when they reached 60—80% confluence. 70 ul of DOTAP
transfection reagent (Boehringer Manheim Corp.) were added to 180
ul of HBS solution (20 mM Hepes, 150 mM NaCl, pH 7.4) in a sterile
tube. 15 pg of Qiagen-extracted plasmid DNA were added, and the
solutions were mixed and allowed to incubate for 10 min at room
temperature. 10 ml of cell culture medium (composition as above) were
then added to the transfection reagent-DNA mixture. The medium was
aspirated from the fibroblast culture dishes, replaced with this 10 ml of
transfection solution, and incubated at 37°C with 5% CO, for 18 h.
Parallel transfections of pDEL2 (experimental) and pcDNA3 (control)
were performed, and resultant cells from the experimental and control
transfections were carried through all subsequent stages of antibiotic
selection and phenotype analysis.

Clonal selection of transfected cells. The transfection solution was
removed and replaced with fresh cell culture medium containing ~ 35
pg/ml active neomycin (Genticin; GIBCO BRL). To remove dead and
dying cells, cultures were rinsed daily with Hank’s balanced salt solution
(GIBCO BRL) and overlaid with fresh neomycin-containing culture
medium. After 2 wk, isolated clonal colonies of 10—100 cells could be
observed. At this point the dishes were rinsed in Hank’s balanced salt
solution, and sterile 8 X 8 mm cloning cylinders (Specialty Media,
Lavallette, NJ) were used to isolate individual clonal colonies. After
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treatment with trypsin, the cells were harvested and transferred to single
wells of a 24-well sterile tissue culture plate (Falcon; Becton Dickinson,
Franklin Lakes, NJ). Upon confluence, these clonal cultures were then
plated in 75-cm? tissue culture flasks (Corning) and maintained in neo-
mycin-containing medium.

Southern blotting. Cultures carrying the transfected mini-gene were
identified by Southern blot analysis of cellular genomic DNA by pre-
viously described methods (19). Genomic DNA digests with EcoRI
and Bsu36l (Boehringer Manheim) were performed, and the 0.44-kb
HindIII-Xbal fragment of pDEL2 was *?P-labeled and used as a probe.

Transcript detection. Cultures expressing the transfected mini-gene
were identified by RT-PCR analysis of cellular RNA. Total RNA was
extracted from each 75-cm? culture as above (5), and 5—10 ug were
treated with 3 U of RNase-free DNase I (Boehringer Manheim) for 30
min at 37°C. After phenol-chloroform extraction, 1-5 ug of RNA were
analyzed by RT-PCR following the manufacturer’s protocol (RT-PCR
Kit; Perkin-Elmer Cetus). Random hexamers and oligonucleotide
FB1AS were used in the reverse-transcription reaction. To control for
DNA contamination, the same amounts of this DNase-treated RNA were
analyzed by PCR without prior reverse transcription. All products were
electrophoresed through a 1% agarose gel and transferred to a nylon
membrane using a Turboblotter apparatus as per the manufacturer’s
protocol (Schleicher & Schuell, Inc., Keene, NH). Using a previously
described allele-specific oligonucleotide hybridization method (20), the
identity of the amplified cDNA was confirmed by hybridization with
32p_labeled oligonucleotide FB1S, which is complementary to sequence
within FBN1 exon 1. For transcript quantification, RT-PCR was per-
formed on DNase-treated total RNA that was extracted from representa-
tive mouse 3T3 transfected cell line E3. Random hexamers were used
for reverse transcription. Each PCR reaction utilized sense and antisense
primers that were exactly complementary to sequences in both mouse
and human exons 1 and 3, respectively: ME1S-A and ME3AS-A; ME1S-
A and ME3AS-B; ME1S-B and ME3AS-A. RT-PCR products were
electrophoresed and Southern transferred as above and hybridized to
radiolabeled oligonucleotide ME1S-C, which is complementary to both
endogenous and mini-gene—derived transcripts, or oligonucleotide
FB1CS, which is complementary only to the mini-gene transcript. Quan-
tification was performed as previously described (17).

Immunohistochemistry. Single wells of a four-chamber slide (Lab-
Tek; Nunc, Naperville, IL) were seeded with 2 X 10° cells from each
clonal culture and grown in neomycin-containing medium for 72 h. The
cells were rinsed with PBS and soaked in —20°C acetone for 10 min.
The acetone was then replaced with fresh, room temperature PBS for
15 min. The PBS was removed, and the primary antibody (anti-fibrillin
monoclonal 69, kindly provided by Dr. Lynn Sakai, Portland Shriners
Hospital, Portland, Oregon) was added at 1:150 dilution in PBS. The
antibody was incubated for 3 h at room temperature. The cells were
then washed three times for 3 min each in PBS. The secondary antibody
(FITC-conjugated anti-mouse IgG; Sigma Chem. Co., St. Louis, MO)
at 1:256 dilution in PBS was then added to the cells for 30 min at room
temperature. The cells were washed again three times for 3 min each
in PBS, then stained for 5 min in 1 pg/ml propidium iodide (Sigma),
and put through a final series of four 3-min PBS washes. The slides
were fixed in mounting medium (Cytoseal 280; Stephens Scientific,
Riverdale, NJ) and examined by fluorescent microscopy with a 450—
490-nm filter. Inmunofluorescence was also performed on all cultures
with a monoclonal antibody to fibronectin (Sigma), an extracellular
matrix protein which is unaffected in MFS, to control for specificity.

Assessing presence of secreted polypeptide. Cells harboring the
mini-gene construct as well as control cells harboring only the parent
pcDNA3 vector were grown in chamber slides as described above but
in cell culture medium without neomycin. After 24 h, 1 ml of the
medium from atop these cells was used to resuspend 2 X 10° normal,
untransfected fibroblasts which had been pelleted by centrifugation.
These cells were then plated in chamber slides and carried through the
immunohistochemical procedure described above. If the mutant poly-
peptide were secreted into the medium of pDEL2-transfected cells, it
would be expected to disrupt microfibrillogenesis.

Pulse-chase analysis. Pulse-chase analysis of radiolabeled fibrillin
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Figure 2. Southern blots
of (A) EcoRI- and (B)
Bsu36I-digested geno-
mic DNA using the
HindIII-Xbal fragment
of pDEL2 as a probe.
The EcoRI digest dem-
onstrates a 0.34-kb re-
striction fragment spe-
cific to a representative
clone (E) of cells
transfected with pDEL?2.
Signal is absent in a rep-
resentive control cell line
(C). The presence of the
full-length (5.8 kb) vec-
tor is also seen and likely
reflects incomplete di-
gestion of the construct.
In addition, hybridization
with a 1.0-kb band is
seen in both lanes, re-
flecting cross-hybridiza-
tion of the probe to the
native fibrillin sequence
present in both samples.
The digest with Bsu36l,
which cuts neither the in-
sert nor parent vector, re-
veals a single band at 5.8
kb (the size of the vector
+ insert) in three repre-
sentative clones (E2, E3,
and ES), indicating sta-
ble replication of a non-
integrated expression
plasmid. Again, signal is
absent in the controls
(C1, C2).

1.0 kb = |

in these clonal cell cultures was performed by standard protocol without
modification (15). Data for human and murine pDEL2-transfected cell
lines were standardized to values obtained when the same parent lines
were transfected with the insert-free expression vector alone.

Results

Identification of cultures harboring expression construct. Two
Southern blots are shown in Fig. 2. The EcoRI digest (Fig. 2
A) demonstrates a 0.34-kb restriction fragment that is specific
to a representative clonal culture (E) transfected with pDEL2.
This conforms to the expected size of the mutant FBN1 allele
excised from the expression construct with EcoRI. Signal is
absent in the control (C). In addition, in the experimental as
well as control sample there exists a 1.0-kb EcoRI fragment,
which reflects cross-hybridization of the probe with endogenous
fibrillin sequence. The digest with Bsu36l (Fig. 2 B), which
cuts neither the insert nor parent vector, reveals a single band
at 5.8 kb (the size of intact pDEL2) in three representative
clonal colonies of transfected 3T3 cells, indicating stable, epi-
somal replication of the expression plasmid. Again, signal is
absent in the controls (C1, C2).

Identification of cultures expressing mutant transcript. The
results of the RT-PCR—based assay are shown in Fig. 3 A. The
specific 295-bp band is seen in representative pDEL2-
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Figure 3. RT-PCR blots. (A) Transcript detection by RT-PCR is shown
here for three representative clones of cells transfected with pDEL2
(E2, E3, E5) and two controls (CI, C2). DNase-treated cellular RNA
was reverse transcribed and then amplified with construct-specific prim-
ers. Hybridization with an end-labeled oligonucleotide (FB1S) comple-
mentary to sequence within the 295-bp target is shown. Signal is absent
in the two controls (CI, C2) and in the same three experimental clones
upon PCR of DNase-treated RNA without prior reverse transcription (a
control for plasmid DNA contamination). (B) Quantification of tran-
script derived from the two endogenous mouse fibrillin alleles versus
that derived from the mutant mini-gene in representative pDEL2-
transfected clone E3. Primers used for RT-PCR were completely com-
plementary to both mouse and human fibrillin cDNA sequence. The
smaller size of the pDEL2-derived RT-PCR products reflects skipping
of FBN1 exon 2 (83 bp). Lanes I and 4, primers ME1S-A and ME3AS-
A, endogenous mouse-derived (EMD) product = 280 bp, mini-gene—
derived (MD) product = 197 bp; lanes 2 and 5, primers ME1S-A and
ME3AS-B, EMD product = 244 bp, MD product = 161 bp; lanes 3
and 6, primers ME1S-B and ME3AS-A, EMD product = 267 bp, MD
product = 184 bp. RT-PCR products were Southern-transferred and
hybridized to a labeled probe either complementary to both classes of
transcript (ME1S-C) (lanes /-3) or specifically complementary to MD
transcript (FB1CS) (lanes 4-6). The faint and largest band seen in
each lane reflects slower migration of heteroduplex DNA.

transfected cultures E2, E3, and E5 and conforms to the ex-
pected PCR product size. Signal is absent from control clones
C1 and C2 as well as from the experimental cultures carried
through the control PCR (amplifying samples of DNase-treated
RNA without prior reverse transcription). RT-PCR was also
used to quantify the relative amounts of transcript derived from
pDEL2 relative to that derived from the endogenous mouse
alleles in representative transfected cell line E3 (Fig. 3 B).
On average, the contribution of pDEL2-derived transcript is
~ 140% of that from the endogenous alleles. This represents
an overestimate as the smaller, mini-gene—derived product
would be preferentially amplified in a PCR-based assay. Never-
theless, these data suggest that the mutant mini-gene product is
not grossly overproduced in this model system relative to the
in vivo situation in patients with the Marfan syndrome.
Immunohistochemistry. Shown in Fig. 4 (A-E) are photo-
micrographs of fibroblasts stained with a monoclonal antibody
to fibrillin. Nuclei are stained with propidium iodide and appear
orange. Microfibrils appear green. Normal human cells (A)
demonstrate the pattern of abundant, long, smooth, organized
microfibrils that has been well characterized (18). A primary
culture from patient MS-8 (B), who harbors the mutation upon

which this study was based, demonstrates reduced extracellular
utilization of fibrillin and disorganized microfibrillar architec-
ture. A representative clone of human cells carrying the pDEL2
mini-gene (C) demonstrates diminished extracellular deposition
of fibrillin and grossly abnormal microfibrillar architecture. A
control clone of mouse 3T3 cells transfected with the parent
pcDNA3 expression vector (D) demonstrates a normal cellular
phenotype. A representative clone of pDEL2-harboring 3T3
cells is shown in E and exhibits a dramatic reduction in fibrillin
deposition, with only patches of disorganized microfibrils evi-
dent. An anti-fibronectin stain of 3T3 cells transfected with
pDEL2 is shown in F and demonstrates abundant and organized
fibronectin deposition in a pattern identical to that of control
cells (not shown). This verifies that the abnormalities observed
in this study are not a reflection of global disruption of protein
synthesis and processing secondary to transfection and/or neo-
mycin selection. Untransfected cells plated in medium from
atop cells carrying pDEL?2 produced a pattern virtually identical
to that seen in E (not shown). Cells plated in medium from
atop pcDNA3-harboring (control) cells produced the normal
pattern of fibrillin deposition as in D (not shown). This indi-
cates that the mutant polypeptide is indeed secreted from the
pDEL2-carrying cells, and its presence in culture medium can
disrupt microfibrillar assembly. Aoyama et al. had previously
failed to observe a dominant-negative effect when medium from
atop Marfan fibroblast cell lines was added to control lines
after the cells had already reached hyperconfluence (16). Taken
together, these data suggest that mutant fibrillin monomer has
the ability to impair matrix utilization of wild-type fibrillin but
that the mutant protein has a diminished or absent capacity to
interact with wild-type monomers that have already incorpo-
rated into microfibrils. '

Pulse-chase analysis. Polyacrylamide electrophoresis gels
of cellular protein extracts after **S-cysteine pulse and unla-
beled-cysteine chase were evaluated by autoradiography and
scanning densitometry as previously described (15). Calculated
levels of fibrillin synthesis and deposition are presented in Table
. As would be expected from cells expressing two normal
fibrillin alleles, ~ 100% synthesis of fibrillin is observed in all
of the pDEL2-transfected cell lines. Matrix deposition, how-
ever, is greatly reduced in these lines, to 50% or less of that
seen in control lines. Data obtained from cells of patient MS-
8 are presented for reference (16). In these cells with one wild-
type fibrillin allele, ~ 50% fibrillin synthesis is observed, as
expected.

These data suggest that expression of this mutant, truncated
fibrillin polypeptide, even on a background of two wild-type
fibrillin alleles, is sufficient to disrupt normal fibrillin aggrega-
tion and reproduce the MFS cellular phenotype.

Discussion

The hypothesis that MFS follows a dominant-negative mecha-
nism of pathogenesis has been borne from several observations.
The disease is inherited in an autosomal dominant fashion and
is caused by mutations in fibrillin, a matrix protein known to
multimerize. The severe deficiency of extracellular fibrillin,
which is characteristic of classic MFS, is far below the amount
predicted by a single functioning FBN1 allele. Lastly, very
reduced levels of mutant transcript have been associated with
extremely mild disease in patients. We now establish a domi-
nant-negative effect in a cell culture model using a disease
allele from a patient with severe MFS. We have shown that the
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Figure 4. Photomicrographs of fibroblasts after indirect immunofluorescence with a monoclonal antibody to fibrillin (A-E) and fibronectin (F).
Nuclei are stained with propidium iodide and appear orange. Microfibrils appear green. (A) normal human fibroblasts; (B) primary culture from
patient MS-8; (C) human fibroblasts transfected with pDEL2; (D) 3T3 cells transfected with the control, insert-free pcDNA3 vector; (E) 3T3 cells
transfected with pDEL2; (F) anti-fibronectin stain of 3T3 cells carrying pDEL2.

presence of a 100—amino acid polypeptide from the amino-
terminus of fibrillin and encoded by this patient’s mutant allele
(see Fig. 1) is sufficient to perturb normal fibrillin multimer
assembly and reproduce the MFS cellular phenotype, even on
a background of two normal FBNI1 alleles. These data further
support the conclusion that deficiency of wild-type fibrillin is
not the sole determinant of pathology in MFS, but rather, that
some adverse, dominant-negative interaction between mutant
and wild-type fibrillin monomers is responsible for microfibril-
lar disruption and consequent disease.

Correlating genotype with phenotype in MFS is an active
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and ongoing effort by numerous investigators. Among the pat-
terns that have emerged from such studies is the observation
that FBN1 missense mutations are associated with classic and
severe MFS whereas mutations that produce premature termina-
tion codons and low levels of mutant transcript are associated
with a range of phenotypic severity (17). The identification of
one such mutation, a 4-bp insertion (5138insTTCA) found in
a patient with extremely mild disease, served as a forerunner
to the studies presented in this manuscript. This mutation pro-
duces a frameshift and consequent downstream premature ter-
mination codon. It has been well documented that premature



Table II. Profile of Fibrillin Synthesis and Deposition into the
Extracellular Matrix in Cells Transfected with pDEL2

Cell line Synthesis Deposition

%* %*

Patient MS-8* 50.7 25.1

Human clone 1 114.0 27.6
8h 20 h
Mouse 3T3 clone El 100.9 46.7 51.6
clone E1 113.8 36.4 32.1
clone E3 106.3 38.6 394
clone E4 101.4 40.8 40.5

* Control cell lines were used to establish reference values for fibrillin
synthesis and deposition. Sample loading was controlled as previously
described (15, 16). * Untransfected primary culture. Data per reference
16.

termination codons occurring before the penultimate exon of a
gene are associated with reduced levels of mutant transcript
(21, 22). In this patient mutant transcript was quantified to be
6% that of wild-type. The phenotype was restricted to mitral
valve prolapse, long-bone overgrowth, early myopia, and striae
distensae (17). This presentation does not meet current diagnos-
tic criteria for MFS but would more appropriately be classified
as the MASS (mitral, aortic, skin, skeletal) phenotype (23).

Two models have been proposed to reconcile the disparity
in clinical presentation between that of this patient and those
with FBN1 missense mutations and severe MFS (17). Briefly,
the relative excess of wild-type compared to mutant fibrillin
monomer may lead to a preponderance of normal multimer and
therefore mild disease. Alternatively, the truncated polypeptide
produced by the mutant allele may have a diminished or absent
ability to interact with the wild-type fibrillin product; normal
fibrillin multimers would still be generated, though perhaps in
reduced amounts, resulting in a mild phenotype. The data put
forth in this manuscript favor the first model. Our studies sug-
gest that a disruptive interaction between mutant and wild-type
fibrillin monomers indeed occurs and may be the basis for pa-
thology in MFS. Increased relative amounts of wild-type mono-
mer would produce a relative abundance of wild-type multimer
and might therefore result in a mild phenotype.

Further insight has been gained from two other patients who
harbored premature termination codon-producing mutations. In-
terestingly, mutant transcript levels in these individuals were
16 and 25%, and their disease presentation was classic and
severe (17). This observation of increased disease severity with
increased mutant transcript level led us to augment the domi-
nant-negative concept with the hypothesis that a threshold level
of mutant transcript and therefore monomer, perhaps between
6 and 16%, may be necessary to produce classic and severe
disease. An analogous threshold hypothesis has been suggested
for another connective tissue disorder, osteogenesis imperfecta
(24). Again, the data presented in this manuscript are consistent
with such a hypothesis. The del exon 2 allele was derived from
the patient with 16% mutant transcript, and the immunohisto-
chemical and pulse-chase profiles obtained from cells
transfected with this allele closely resemble those obtained from
primary cultures of this patient’s fibroblasts (16). The data
suggest that the level of expression of the mutant polypeptide

in this study surpassed such a threshold and disrupted the normal
multimerization of monomers produced from two intact FBN1
alleles. _

Given this paradigm, the dominant-negative effect presented
here may be the consequence of one or perhaps several molecu-
lar mechanisms. It is already known that fibrillin monomers
aggregate in a head-to-tail fashion and have extensive intermo-
lecular interactions principally mediated by disulfide bonds (8,
10, 13). The present study suggests that the fibrillin amino-
terminus is integral to this assembly process and that the 100—
amino acid polypeptide we have employed is capable of domi-
nant-negative interaction with wild-type fibrillin monomers. In-
sight into how such an apparently mechanical derangement of
normal microfibrillar assembly leads to the features observed in
MFS (i.e., reduced extracellular fibrillin deposition and grossly
abnormal microfibrillar architecture) perhaps can be gained
from the characteristics of the fibrillin monomer itself. The bulk
of the fibrillin backbone consists of EGF-like domains, which
are motifs that have been found in a wide assortment of proteins
with diverse biological functions (25). In fibrillin, 43 of 46
EGF-like repeats satisfy the consensus sequence for calcium
binding, an event which is thought to stabilize protein structure,
to promote protein—protein interactions, and to confer resistance
to proteolysis (17, 26, 27). Interestingly, the vast majority of
FBN1 missense mutations in MFS patients occur within EGF-
like domains and alter residues with putative significance for
calcium binding (17, 28). In addition, in preparations of mi-
crofibrils in vitro, calcium removal has been shown to result in
dramatically disrupted microfibrillar assembly (29). The simi-
lar cellular phenotype observed in this study may have a related
basis. Perturbation of macromolecular structure may be the
common factor. _

~ One could envision many pathways by which the dominant-
negative potential of mutant monomer could relate to disease
pathogenesis. First, the abnormal phasing of fibrillin monomers
during microfibrillogenesis induced by the mutant polypeptide
may predispose to local environmental insults, such as proteoly-
sis, with consequent impairment of microfibrillar architecture
and hence functional integrity. Second, the identical scenario
might predict instability and subsequent degradation of abnor-
mal microfibrillar assemblies, leading to a gross deficiency of
the entire extracellular fibrillin pool. Finally, mutant fibrillin
transcript and/or monomer might interfere with the trafficking
or intracellular processing of their wild-type counterparts. These
mechanisms are not mutually exclusive and, indeed, may have
a cumulative effect. Selected mechanisms may also be specific
to certain mutant genotypes.

These and related issues will likely be resolved as further
studies on the biology of normal and mutant fibrillin are under-
taken. The cell culture system presented here may be employed
in such investigations. For example, in the continuing effort to
correlate genotype with phenotype in MFS, the system may be
employed to interrogate the functional significance of various
protein regions within fibrillin. The carboxy terminus and iso-
lated central domains, when expressed in isolation, may be
examined for their ability to impair normal microfibril forma-
tion. In addition, upon development of a full-length fibrillin
expression construct, this system may be used to characterize
effects of the growing number of identified disease-producing
FBN1 missense mutations.

Another consequence of the findings presented here is their
immediate bearing on the creation of an animal model of MFS.
A complete understanding of the pathogenesis of this disease

Cell Culture Model of Marfan Syndrome 879



is likely to be attained only through study of transgenic models
that mimic the physiologic complexity of the human system.
Ideally, an animal model of MFS should provide an experimen-
tal paradigm that is applicable to human physiology and that
enables diagnostic and therapeutic intervention. It would there-
fore facilitate the development, evaluation, and refinement of
medical and surgical therapies for MFS and thus allow advances
to be directly relevant to the human condition. Our data suggest
that expression of the human extreme 5’ fibrillin-coding se-
quence may be sufficient, in isolation, to produce such a model.
In this context, it should be noted that FBN1 is highly conserved
across species. The porcine fibrillin cDNA, for example, has
92% sequence identity to human FBN1 and 98% identity and
99% homology at the amino acid level (Z. A. Eldadah and H.
C. Dietz, unpublished data). This extreme conservation across
the full 10-kb length of coding sequence suggests a functional
significance to each of the individual domains within fibrillin.
It also suggests that fibrillin monomers from one species may
be able to interact with those of another. Indeed, in this study
truncated human fibrillin polypeptides induced similar effects
on human as well as murine microfibrils.

Ultimately, a principal objective of the fuller understanding
of MFS gained though development of an animal model and
other routes of investigation is relieving the clinical burden of
patients. Toward this aim, verification of the dominant-negative
nature of MFS pathogenesis now offers the possibility of mutant
allele knockout as a potential strategy for gene therapy. Ap-
proaches based on antisense inhibition of mutant transcript ex-
pression, for example, may hold promise and can be tested in
a cell culture system.
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