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Targetting of the gene encoding fibrillin-1 recapitulates
the vascular aspect of Marfan syndrome

Lygia Pereiral, Konstantinos Andrikopoulos!3, Jenny Tian!, Sui Ying Lee!, Douglas R. Keene,
Robert Ono?, Dieter P. Reinhardt*, Lynn Y. Sakai*, Nancy Jensen Biery®, Tracie Bunton®, Harry C. Dietz>’

& Francesco Ramirez!

Aortic aneurysm and dissection account for about 2% of all
deaths in industrialized countries; they are also components of
several genetic diseases, including Marfan syndrome (MFS).
The vascular phenotype of MFS results from mutations in
fibrillin-1 (FBNT), the major constituent of extracellular
microfibrils23. Microfibrils, either associated with or devoid of
elastin, give rise to a variety of extracellular networks in elastic
and non-elastic tissues3, It is believed that microfibrils regulate
elastic fibre formation by guiding tropo-elastin deposition
during embryogenesis and early post-natal life?. Hence,
vascular disease in MFS is thought to result when FBN7
mutations preclude elastic fibre maturation by disrupting
microfibrillar assembly. Here we report a gene-targetting
experiment in mice that indicates that fibrillin-1 microfibrils are
predominantly engaged in tissue homeostasis rather than
elastic matrix assembly. This finding, in turn, suggests that
aortic dilation is due primarily to the failure by the microfibrillar
array of the adventitia to sustain physiological haemodynamic
stress, and that disruption of the elastic network of the media
is a secondary event.

The strategy to target the murine gene encoding fibrillin-1
(Fbnl) was designed to replicate the dominant-negative effect of
fibrillin-1 mutations in MFS2. Because interstitial in-frame dele-
tions account for approximately 10% of MFS mutations?, we
replaced 6 kb of Fbnl encompassing exons 19-24 (ref. 5) with a
neomycin-resistance (neo) expression cassette (Fig. 1a). Loss of
these exons was predicted to yield a centrally deleted monomer
missing 272 residues. The deletion overlaps a region of the mouse
gene whose human counterpart has been associated with muta-
tions causing a particularly severe MFS phenotype®’. Southern
analysis of DNA from 192 transfected embryonic stem cell clones®
identified three correctly targetted clonal colonies (Fig. 1b). Cells
from one line (mgA) were injected into blastocysts and produced
a chimaeric mouse that, after mating with a C57BL/6] female,
transmitted the mutation to the next generation (Fig. 1b). The
mgA embryonic stem-cell line was differentiated in vitro® and used
to purify RNA for RT-PCR analysis.

Sequencing the amplified products confirmed the in-frame dele-
tion of exons 19-24 in transcripts derived from the targetted allele;
identical results were later obtained with RNA samples from
homozygous mutant mice (data not shown). Quantitative RT-PCR
showed about a tenfold reduction in steady-state fibrillin-1 mRNA
levels in the lungs, skin and skeletal muscles of two randomly cho-
sen mgA/mgA mice (Fig. le). The same decrease was seen in north-
ern and slot-blot hybridizations of RNA purified from the skin of
homozygous mutant mice (Fig. 1¢,d). There was no change in the

relative accumulation of fibrillin-2 mRNA between mutant and
control samples—excluding a compensatory effect by this struc-
turally related gene product (data not shown)®. Reduced mRNA
expression from the mutant Fbnl allele is probably due to tran-
scriptional interference by the neo cassette!>!!, Homozygous mgA
mice were therefore expected to produce only small amounts of
mutant fibrillin-1, Immunoprecipitation of metabolically labelled
polypeptides from cultured fibroblasts of homozygous mutant and
wild-type mice confirmed the presence of shortened fibrillin-1 in
the former compared to the latter samples (Fig. 2a). Western blot-
ting results were consistent with the above-mentioned estimates
of mutant mRNA levels (data not shown).

Immunohistochemical analysis of mgA/mgA tissues documented
a substantial reduction of extracellular fibrillin-1, but normal
elastin staining (Fig. 2b). This was true even in tissues in which
expression of fibrillin-1 predates and vastly exceeds that of fi-
brillin-2 (ref. 12) and in which fibrillin-1 microfibrils were believed
to guide elastic fibre formation, such as the elastic tunica of large
muscle arteries®!?, Immunchistochemical comparison of extra-
cellular fibrillin-1 deposition by cultured dermal fibroblasts from
mgA/mgA mice and control littermates revealed both quantitative
and qualitative differences (Fig. 3). In contrast to the elaborate
network of immunoreactive fibrillin-1 fibrils seen in control lines,
mutant cultures showed only scant amounts of immunoreactive
material 72 hours after plating. Mutant cells had the ability to
accumulate extracellular fibrillin-1 over time; however, the archi-
tecture of immunoreactive material at 120 hours remained prim-
itive when compared to the multi-layered meshwork of wild-type
cultures (Fig. 3). Electron microscopy demonstrated only a few
microfibrillar aggregates in long-term (about 2 months) mutant
cultures compared to wild-type cells (data not shown). Immuno-
electron microscopy confirmed the in vitro finding by docu-
menting the presence of microfibrils, as well as normal elastic
fibres, in the skin of both wild-type and homozygous mutant mice
(Fig. 2¢). These results are remarkably similar to those observed
in MFS tissues, in which seemingly normal microfibrils are shown
by electron microscopy despite severely reduced microfibrillar
immunostaining'4. Taken together, the data suggest that mutant
fibrillin-1 monomers can polymerize, and that elastic fibres can
assemble in the absence of normal fibrillin-1 macro-aggregates.

Consistent with the dominant-negative pathogenic model for
MFS?, heterozygous mgA/+ mice that express very low levels of
mutant product are morphologically and histologically indistin-
guishable from wild-type littermates, live a normal lifespan and
are fertile. There is also no fetal loss of mgA/mgA mice, nor do
they exhibit gross phenotypic abnormalities at birth. However,
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Fig. 1 Fbn1 targeting. a, From top to bot-
tom, fibrillin-1 protein with the internally
deleted region (residues 770-1042); the
corresponding fbnt region with the
probes (A-C) used in the Southern analysis
and the sizes of the BamHI (B) and Hindlll
(H) fragments; targeting vector with the
neo and tk selectable markers; and the tar-
geted mga allele with the predicted sizes
of the BamHI and Hindlll fragments.

b, Top, Southern blots of BamHI- or Hindl-
1I-digested DNA from J1 cells (left) and a
correctly targeted ES clone (right)
hybridized to probes A, B and C; bottom, Southern analysis of

BamHI-digested DNA from the progeny of an mgA intercross

hybridized to the A probe. c-e, Comparison of Fbn1 mRNA levels

in homozygous mutant (--) and wild-type (+/+) animals by
northern (c) and slot-blot (d) hybridizations and by competitive

RT-PCR (e); the average ratio of mutant and wild-type products

was calculated to be 9-11%. The same analysis (not shown)

revealed that the ratio of Fbn2 between mutant and wild-type
samples ranged between 93% and 125%. In d, numbers indicate
micrograms of RNA bound to filter. in e, the competitor band
and its input per reaction (in attomoles) are signified by the
arrows and the numbers, respectively; arrowheads highlight
where the concentrations of exogenous and endogenous prod-
ucts are nearly the same.
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they all die suddenly of cardiovascular complications before
reaching weaning age (approximately three weeks after birth).
Necropsy was performed on nine homozygous mutant animals
that had died naturally between nine and eighteen days of age.
All showed evidence of vascular compromise with documented
haemothorax, haemopericardium or pulmonary haemorrhage.
Six animals showed significant thinning of the wall of the proxi-
mal ascending aorta, suggesting aneurysmal dilatation. Associ-
ated findings included focal fragmentation of elastic fibres,
accumulation of amorphous matrix and dissection of blood into
the aortic media (Fig. 4). More-chronic lesions showed expan-
sion of the intramural thrombus, recruitment of inflammatory
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cells, and an adventitial reaction of cellular proliferation when
the full thickness of the wall was breached (Fig. 4). Although
pathology was generally confined to the aortic root, invasion of a
more distal segment was documented in one animal. The abun-
dance and architecture of the elastic fibres appeared preserved
between focal lesions and in unaffected tissues. Pulmonary vessels
occasionally appeared distended and hyalinized, but their appear-
ance upon elastin staining was not appreciably different from that
in heterozygous or homozygous wild-type animals. Multifocal
distention and coalescence of alveoli suggesting emphysema were
occasionally observed in mgA/mgA mice. No skeletal manifesta-
tions were noted.
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Collectively, the analyses indicate that lack of normal fibrillin-1
is compatible with the development of a viable embryo, and with
the maturation of histologically normal elastic matrices. The cur-
rent model of MFS pathogenesis requires high levels of abnormal
fibrillin-1, with dominant negative activity"2. Patients heterozy-
gous for nonsense FBN1 alleles that are associated with low lev-
els of mutant transcripts can exhibit mild disease phenotype and
show preserved matrix deposition of proteins derived from the
wild-type allele. In contrast, patients expressing high levels of
mutant proteins fail to efficiently utilize wild-type proteins, result-
ing in a sparse and disorganized network of microfibrils. Thus,
despite the complex nature of the mgA mutation, the resulting
biochemical, cellular and clinical phenotypes remain highly rele-
vant to the human condition. The lack of skeletal manifestations
in mutant homozygotes implies either species-specific physiolog-
ical differences or a distinct pathogenesis requiring a mutant prod-
uct with gain-of-function effects for the development of skeletal
manifestations. Alternatively, the mice may simply die before overt
expression of skeletal abnormalities.

Correlative evidence implicated fibrillin-1 in regulating elas-
togenesis®. By contrast, our findings support the alternative
hypothesis that fibrillin-1 is predominantly involved in tissue
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Fig. 2 Immuno-assays of mutant fibrillin-1. a, SDS-PAGE of immunoprecipitat-
ed +/+ fibriltin-1 (lane 3) and -/ fibrillin-1 (lane 6) from the medium of +/+
fibroblasts (lanes 1,2) and ~/- fibroblasts (lanes 4,5). The difference between
the two media lanes for each sample is that the total [3°S] cysteine-labelled
media proteins (ianes 1,4) were passed through gelatin-Sepharose {ianes 2,5)
to remove fibronectin before the immunoprecipitation of fibrillin-1. Arrows
indicate the position of fibronectin (500 kD); arrowheads represent marker
proteins at 197 kD and at 115 kD. Note the slightly faster migration of
immuno-precipitated fibrillin-1 from mutant (lane 6) vs. wild-type (lane 3)
samples (compare the major band below fibronectin). Approximately equal
counts of immunoprecipitated fibrillin-1 were applied to the gel (4.5% acryl-
amide) under non-reducing conditions; the same mobility difference between
wild-type and mutant samples was observed under reducing conditions {data
not shown). Fibrillin-1 is barely visible in the samples of total medium pro-
teins at this exposure time of the film. The major proteins present in the
medium, including fibronectin, are shown to demonstrate that the immuno-
precipitation was specific and to provide important markers for relative
mobilities. b, Immunofluorescence of neonatal skin samples from homozy-
gous mutant (1,3) and wild-type (2,4) animals using monoclonal antibodies
for elastin (1,2) and polyclonal antibodies for fibrillin-1 (3,4). Note the sub-
stantial fibrillin-1 immunoreactivity around an artery and nerve in (+/+) con-
nective tissue, and the near-absence in the blood vessel in the (-/-) sample;
contrast this with the comparable intensity of the anti-elastin staining in the
same two samples. Bar, 50 um. ¢, immuno-electron microscopic localization of
fibrillin-1 to elastic fibre-associated microfibrils in dermal connective tissue of
wild-type (1) and homozygous mutant (2) animals. Bar, 100 pm.

homeostasis'2. They also demonstrate that the length of the
polypeptide is not a critical determinant of fibrillin-1 polymer-
ization. It remains to be determined whether the resulting
microfibrils are functionally competent and protective of tissues
that are not exposed to severe tensile stresses. Because the adven-
tial layer is thought to sustain the bulk of haemodynamic stress’>,
we propose that aortic dilation in MFS results primarily from
loss of tensile strength by the adventitia, in which fibrillin-1
microfibrils may be required to properly organize the primarily
collagenous connective tissue. This mechanical collapse, in turn,
leads to overstretching and fracturing of the elastic laminae of
the media, a process that is facilitated by the failure of fibrillin-1
microfibrils to weave the elastic lamellae in the media and to
anchor the endothelial layer of the intima!®. This new model of
vascular pathogenesis in MFS is consistent with the absence of
aortic dilation and dissection in patients with mutations of fi-
brillin-2 or elastin, which would be expected to manifest pri-
marily in the tunica media rather than the adventitia!718. In this
light, therapeutic interventions aimed at reducing haemodynamic
stress or correcting the basic defect in MFS may have the oppor-
tunity to rescue a vessel wall with relatively preserved structure
and function.
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Fig. 3 Fibrillin-1 deposi-
tion in cell cultures.
Immuno-fluorescence of
cultured dermal fibrob-
lasts from wild-type (a,b)
and homozygous mutant
(c,d) neonates by fibrillin 1
antisera; cells were
processed 72 and 120
hours after plating (1,3
and 2,4). Bar, 50 um.

Methods

Gene targeting and RNA evaluation. Generation of positively targeted
embryonic stem-cell clones and production of chimaeric mice were per-
formed as previously described!®%. The analyses described in this study
were performed on the progeny of the first three mgA intercrosses. Survival
of homozygous mutant mice was followed for 30 animals that had died
within one to eighteen days, and mostly (thirteen animals) at nine or ten
days, after birth. Relative RNA levels were estimated from skin samples

Fig. 4 Histomorphology of mutant
vasculature. Homozygous mutant
mice (a,b,c) with aortic dissection
(arrows), haemopericardium (*) and
haemothorax. Haematoxylin and
eosin (1); Verhoeff-van Gieson (b,c).
Bar, 800 um (a,b); bar, 260 pum (o).
Homozygous mutant mice (d,e,f)
with thrombosis of the aortic wall
(d, arrows), disruption of the elastic
fibres and proliferation of adventitial
cells (e,f). Haematoxylin and eosin
(d); Verhoeff-van Gieson {e,f).

Bar, 320 pum (d); bar, 80 um (e, 7).
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pooled from five newborn animals by quantitative scanning of northern and
slot-blot hybridizations using the NIH-image software?!. Competitive RT-
PCR2 was performed with RNA from tung, skin and skeletal muscle of two
randomly chosen animals. After a linear relationship had been established
between input RNA and RT-PCR product, 5 ug of total RNA was reverse
transcribed and aliquots were amplified for 25 cycles (annealing at 55 °C;
amplification cycle, 94 °Cx1’, 55 °Cx1" and 72 °Cx1’) in the presence of
decreasing amounts of competitor molecules. Samples were normalized
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against GAPD levels also measured by competitive RT-PCR. The Fbn! com-
petitor contains additional 95 bp, whereas the GAPD plasmid lacks 88 bp.
Equilibrium in the concentration between endogenous and exogenous
products was determined by scanning ethidium-stained agarose gels.

Immunoassays. Polyclonal antibodies were generated against the recombi-
nant peptide (rF11) that encompasses the amino-terminal half of fibrillin-1
(ref. 23). Immunoblotting experiments showed no detectable cross-reactiv-
ity with rF37 (ref. 24), an amino-terminal recombinant peptide of fibrillin-2
(data not shown). The mouse monoclonal antibody specific for elastin has
been described?. Tissues were derived from newborn mice and wild-type
littermates, and cells were established from skin explants. For cell cultures,
approximately 2x 10° fibroblasts were plated onto 1-ml glass chamber slides.
All immuno-assays were performed according to published protocols®2627,

Histological analysis. Mice were fixed by immersion in Bouin’s fluid, sec-
tioned sagittally in three or four planes and routinely processed for paraf-
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