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Fibrillins are large cysteine-rich glycoproteins that are evo-
lutionarily conserved from scyphozoans to mammals. Fibrillin
assemblies (microfibrils) serve two key physiological functions:
the function of a structural support that imparts tissue integrity
and the function of a regulator of signaling events that instruct
cellular performance (1, 2). The importance of microfibrils in
organ formation and tissue homeostasis was originally under-
scored by the finding that mutations of human fibrillin-1 and
fibrillin-2 are responsible for the pleiotropic manifestations of
MFS? (OMIM 154700) and congenital contractural arachno-
dactyly (OMIM 121050), respectively (3).

Fibrillins display a common modular structure that con-
sists predominantly of cbEGF domains interspersed with
TB/8-Cys modules (Fig. 1) (1, 2, 4). TB/8-Cys modules are
unique to fibrillins and LTBPs. Fibrillins polymerize into
microfibrils in which individual molecules are organized in a
head-to-tail arrangement and interact laterally; further-
more, microfibrils associate or interact with additional pro-
teins, such as elastin in elastic fibers (Fig. 2) (1, 2, 4, 5).
Fibrillins also control the bioavailability of endogenous
(local) TGFB and BMP ligands by targeting the respective
complexes to the ECM (Fig. 1) (1-3).

This article focuses on the instructive function of fibrillin-
rich microfibrils in organ development and tissue homeostasis.
A number of excellent reviews are available that describe in
greater detail the structural and biosynthetic aspects of fibrillin
assemblies (2, 4, 5).

Fibrillins Bind TGF 8 and BMP Complexes

TGEBs 1-3 (hereafter collectively referred to as TGER) are
secreted either as a small latent complex in which the bioactive
homodimer is in noncovalent association with the processed
N-terminal propeptide (LAP) or as a large latent complex in
which LAP is covalently linked to LTBP1, LTBP3, or LTBP4 (6).
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Association with LAP blocks binding of the ligand to the recep-
tors, whereas interaction with LTBP1 or LTBP4 promotes small
latent complex targeting to fibrillin-rich microfibrils (Fig. 1). A
variety of extracellular molecules (many of which interact with
fibrillin-rich microfibrils) are involved in releasing TGFS from
the ECM, disrupting LAP-mediated latency, or inhibiting
TGEP activity (6, 7).

BMPs are also secreted as complexes in which C-terminal cross-
linked dimers are noncovalently associated with the prodomains
(8). In contrast to TGFB, however, BMPs can be targeted directly
to microfibrils through the interaction between their prodomains
and the N-terminal regions of fibrillins (Fig. 1) (9). Furthermore,
BMP signaling can be activated through competitive displacement
of the prodomain by type Il receptors (10). Studies discussed below
strongly suggest that the relative composition of fibrillin-rich
microfibrils imparts contextual specificity to TGF and BMP sig-
naling either by concentrating the ligands at sites of intended func-
tion (positive regulation) or by inhibiting their bioavailability (neg-
ative regulation).

Fibrillins in Vertebrate Development

Expression of fibrillin genes in lower and higher vertebrates
is largely confined to mesenchyme derivatives (11-14). Studies
of frog and zebrafish embryos, in particular, have correlated
onset of fibrillin gene expression with the beginning of gastru-
lation (13, 14). Consistent with this observation, a recent study
has demonstrated that Xenopus fibrillin (an ortholog of fibril-
lin-2) is required to complete the process of convergent exten-
sion in the presumptive notochord of the gastrulating embryo
(15). Another study has associated notochord abnormalities
and vascular malformations with morpholino-induced silenc-
ing of fibrillin-2 production in zebrafish embryos (14). By con-
trast, caudal vein dilation and impaired plexus formation were
the sole manifestations of fibrillin-1 morphants (16). Interest-
ingly, the phenotype of fibrillin-2 morphants faithfully mirrors
that of mutant zebrafish embryos that were selected in a for-
ward genetic screen for notochord sensitivity to lysyl oxidase
inhibition (14). It has been argued that fibrillin-2 microfibrils
may recruit the lysyl oxidase enzyme to properly assemble and
stabilize the ECM of the notochordal sheath. It was also rea-
soned that impaired caudal vein morphogenesis in mutant
zebrafish embryos may reflect a nonstructural (instructive)
function of fibrillin-rich microfibrils. The recent report that
lysyl oxidase inhibits TGFp activity supports this last postulate
(17).

Genetic investigations in mice have corroborated the notion
that fibrillin-1 and fibrillin-2 play discrete roles in vertebrate
morphogenesis. A case in point is the limb-patterning defect
(syndactyly) of mice lacking fibrillin-2 gene (Fbn2) expres-
sion, a phenotype not seen in FbnI-null mice even though
both proteins are abundantly deposited in ECM of forming
autopods (18, 19). Syndactyly is also observed in Bmp7-null
mice but not in mice haploinsufficient for either Fbn2 or
Bmp7; however, combined Fbn2 and Bmp7 haploinsuffi-
ciency yields syndactyly (18). Two lessons derive from these

JOURNAL OF BIOLOGICAL CHEMISTRY 14677



MINIREVIEW: Fibrillins in Health and Disease

[l e6F motif . TB/8-Cys motif
[] cbEGF motif @ Hybrid motif
[ Pro/6Gly-rich region V RGD sequence

FIGURE 1. Schematic representation of prototypical fibrillin and LTBPs (not in scale). Sites of interactions between fibrillin and TGF8 and BMP complexes
are shown. For a detailed description of the structural features of fibrillins and LTBPs, see Hubmacher et al. (2). SLC, small latent complex.

observations. First, in the developing autopod, the predom-
inant effect of fibrillin-2 on BMP7 signaling is positive reg-
ulation. Second, despite robust expression, fibrillin-1 cannot
compensate for loss of fibrillin-2.

The developing mouse aorta is another example of organ-
specific roles of fibrillins. Whereas impaired maturation of the
aortic matrix accounts for dissecting aneurysm and neonatal
death of Fbni-null mice, loss of fibrillin-2 has no impact on
vessel maturation and, consequently, on postnatal survival and
fitness (18, 19). However, mice lacking both fibrillins die at mid-
gestation, significantly earlier than either of the parental
strains, and exhibit a poorly developed aortic media, implying
functional cooperation between fibrillins in promoting ECM
assembly (19). Furthermore, half of Fbn1 "'~ ;Fbn2~'~ embryos
die in utero, suggesting either that the total amount of microfi-
brils drives aortic matrix formation or that the fibrillins play
functionally distinct roles in vessel morphogenesis (19). Ongo-
ing studies of bone remodeling support the latter hypothesis.
Specifically, these analyses have shown that Fbn2-null osteo-
blast cultures fail to mineralize due to heightened TGEp signal-
ing, whereas Fbnl-null osteoblasts differentiate properly
despite enhanced TGEFp signaling because a greater amount of
BMPs is no longer sequestered in the ECM.?

Temporal variation in gene expression can also influence the
relative contribution of fibrillins to tissue morphogenesis and
the phenotypic consequence of microfibril deficiency. Fibril-
lin-1 deficiency in mice leads to TGF-mediated failure of dis-
tal alveolar septation, which is evident in the first week of post-
natal development and is maintained throughout adult life (20).
By contrast, fibrillin-2 deficiency associates with a more proxi-
mal defect in lung branching morphogenesis that is most evi-
dent during late embryogenesis but resolves completely shortly
after birth (18).* These observations are reconciled by the pre-
dominantly fetal expression of fibrillin-2 in the developing lung
and by the emergence of significant fibrillin-1 expression in the
perinatal period (11). In this light, it appears that the regulatory
role of fibrillins in the developing lung is uniquely shouldered

3 F. Ramirez, unpublished data.
4F. Ramirez and H. C. Dietz, unpublished data.
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by fibrillin-2 during fetal life and that fibrillin-1 can compensate
for fibrillin-2 deficiency by virtue of its later expression.

Fibrillins in Disease Processes

Heterozygous mutations that affect the structure or decrease
the synthesis of fibrillin-1 are responsible for MFS manifesta-
tions, which principally involve the ocular, skeletal, and cardio-
vascular systems (3). Progressive aortic root enlargement and
abnormally thick and elongated valve leaflets are the major
determinants of morbidity and mortality in MFS patients.
Treatment of vascular disease in MFES includes regular imaging
to monitor aneurysm progression, -adrenergic blockade to
slow aortic growth, and prophylactic surgery to prevent aortic
complications. Extensive phenotypic variability, age-depend-
ent onset of informative manifestations, a high degree of spon-
taneous mutations, and clinical overlap with several other con-
ditions are all potential problems in MFS diagnosis and the
timely management of cardiovascular complications, particu-
larly in young children (30).

About 14% of MFS patients show chronic obstructive lung
disease and a predisposition for pneumothorax, a process
that was originally equated with destructive emphysema due
to impaired tissue integrity (3). Fbnl hypomorphic mice rep-
licate this lung phenotype, as they display widening of the
distal pre-alveolar saccules at birth without signs of inflam-
mation or tissue destruction (21). As already mentioned,
Neptune at al. (20) were the first to causally relate impaired
lung development with constitutive Smad2/3 signaling in
Fbnl mutant mice and thus the first to provide direct proof
for the involvement of fibrillin-rich microfibrils in the extra-
cellular control of endogenous TGFB bioavailability. Subse-
quent studies have associated promiscuous TGFf signaling
with the progression of mitral valve prolapse, muscle hyp-
oplasia, and aortic aneurysm in Fhnl mutant mice (22—-24).
Importantly, systemic administration of TGFB-neutralizing
antibodies to Fbnl mutant mice improved all of these MFS
manifestations (20, 22—-24). This last finding led to the pro-
posal that fibrillin-1 mutations in MFS preclude or decrease
matrix sequestration of latent TGFf3, thus rendering it more
prone to or accessible for activation (23).
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FIGURE 2. Diagram highlighting the main steps in microfibril biogenesis. They include the polymerization of fibrillins in a head-to-tail organization (step a)
that is visualized by electron microscopy as multiple strings with regularly spaced beads (step b). The beads correspond to the N-terminal regions of fibrillins
containing the Gly/Pro-rich stretch (arch) and the sites interacting with TGF 8 and BMP complexes, whereas the strings correspond to the central sequence of
multiple cbEGF motifs interspersed with a few TB/8-Cys modules (see Fig. 1). Also shown are microfibrils (step ¢) growing into large macro-aggregates that are
either devoid of elastin (step d) or associated with cross-linked elastin (gray core) in elastic fibers (step e). Orange, blue, and black circles depict microfibril- and
elastin-interacting molecules; additionally, some microfibrils are shown buried within amorphous elastin. A detailed description of microfibril and elastic fiber

biogenesis can be found in several recent reviews (2, 4, 5).

Emerging evidence indicates that additional pathological
events exacerbate TGFB-driven disease progression in MFS,
perhaps in an organ-specific manner. Recent investigations
have reported that a C-terminal third fragment of fibrillin-1 can
apparently displace LTBPs from microfibrils, thus contributing
to large latent complex release from the ECM (25). This mech-
anism cannot, however, provide the sole or even predominant
basis for increased TGFf activity in MFS because improper
Smad2/3 signaling is also seen in tissues and cultured cells from
Fbnl-null mice (19, 26).

Other investigators have shown that addition to cell cultures of
synthetic fibrillin-1 peptides or protein extracts from Fbn1 mutant
aortas stimulates metalloproteinase production and macrophage
chemotaxis (27, 28). In accordance with these findings, doxycy-
cline administration to Fhnl mutant mice improves aortic wall
architecture and delays aneurysm rupture (29, 30).

More recent in vivo and in vitro analyses have implicated p38
MAPK activation as an early contributor to promiscuous
Smad2/3 signaling in FbnI-null aortas (26). Work in progress is
addressing whether or not p38 MAPK is improperly activated
through the non-canonical TGFf signaling cascade and
whether p38 MAPK stimulation also contributes to aortic dis-
ease in progressively severe mouse models of MFS (1). Finally,
the aforementioned bone remodeling data have raised the pos-
sibility that impaired BMP sequestration in the ECM is another
determinant of MFS pathogenesis.

Pathogenic Network of MFS-related Disorders

The above studies and additional evidence from human patients
and genetically engineered mice (see below) support the new con-
cept that microfibrils are part of a broader biological network con-
sisting of molecules that interact with fibrillins and modulate or
transduce signaling by TGFS and BMP ligands (3). Patients with
LDS (OMIM 609192) are a particularly informative example
because of the extensive clinical overlap between this condition
and MFS (31).
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LDS is caused by heterozygous loss-of-function mutations in
TGEP receptors (TGFBR1 or TGFBR2) that culminate, however,
in increased (as opposed to decreased) TGFf signaling in the aor-
tic wall by mechanisms that remain poorly defined (31, 32). This
apparent paradox has been reconciled by arguing that heterozy-
gous loss-of-function mutations in TGFf receptor subunits either
trigger unproductive compensatory events or have themselves
gain-of-function properties (3, 33). For example, lower than
threshold levels of TGEB signaling during a temporally con-
strained developmental event might activate a compensatory loop
that remains constitutively active in the absence of a normal com-
plement of signal transducers or regulators (3). Alternatively,
TGEPR receptor mutations may change the normal balance of
opposing endocytic processes that regulate trafficking of the
TGEP receptors by favoring interactions with accessory proteins
that promote recycling rather than degradation (33). Generation
of LDS mutations in mice will test these possibilities, in addition to
providing the experimental means to compare and contrast path-
ogenic mechanisms initiated by mutations in the extracellular and
cell-surface components of the TGFf signaling network.

Mice with targeted inactivation of genes coding for microfibril-
associated proteins that are involved in the extracellular control of
TGEB signaling include those lacking biglycan, fibulin-4, or
MAGP1 (microfibril-associated glycoprotein-1) (34—36). In con-
trast to the first two mutant strains, MagpI-null mice exhibit a
complex phenotype, which in many aspects is opposite to that of
Fbnl mutant mice and which is apparently associated with
reduced TGFP signaling (36). Thus, preferential interactions of
the forming microfibrils with positive and negative modulators of
TGE B activity may contribute to establishing the signaling thresh-
old for various physiological or pathological processes.

Clinical Applications

The notion of TGFB antagonism has been extended to the
systemic treatment of Fbnl mutant mice with losartan, an
angiotensin II type 1 receptor antagonist that also blunts TGFf3
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signaling (23). The treatment not only counteracted the emer-
gence of histological signs of aortic aneurysm in Fbhnl mutant
mice but also improved alveolar septation and muscle hypopla-
sia in these animals (23, 24). Although the precise mechanism
whereby losartan exerts systemic TGF 3 blockade remains to be
elucidated, these proof-of-principle experiments have indi-
cated that TGFf antagonism is a general strategy against dis-
ease progression in MFS and related disorders of the TGFf3
signaling network. Indeed, losartan treatment rescued im-
paired muscle regeneration in both fibrillin-1 and dystrophin
mutant mice (24). Importantly, therapy with losartan signifi-
cantly reduced the rate of aortic growth in a small cohort of
children affected by a particularly severe and rapidly progres-
sive MES (37). On average, these patients showed a marked
reduction in aortic root growth rate and in the rate of change in
deviation of aortic root dimension from normal when indexed
to age and body size after losartan therapy and compared with
their performance on prior medical regimens (37). Although
these findings are extremely encouraging, both theoretical and
practical limitations are apparent that justify pursuing the iden-
tification of additional biological targets that may prove ame-
nable to combinatorial therapies in MFS patients who may be
refractive or resistant to losartan treatment.

Conclusions and Perspectives

The studies outlined in this minireview underscore the
extraordinary progress made during the past decade in our
understanding of the multiple roles that extracellular microfi-
brils play in organ development and disease processes. Fibrillins
provide contextual specificity to TGFB and BMP signals that
promote matrix formation and remodeling, in addition to
imparting structural properties to connective tissues. A new
paradigm has thus emerged whereby the fibrillins are integral
components of a broader biological network of extracellular,
cell-surface, and signaling molecules that orchestrate morpho-
genetic and homeostatic programs in multiple organ systems.

The above paradigm has already translated into novel therapeu-
tic opportunities in MFS. Indeed, losartan treatment in MFS rep-
resents the first instance in which the life-threatening conse-
quences of mutations in a structural component of the ECM have
been mitigated using pharmacological means of intervention. As
such, the MEFS experience is bound to influence therapeutic efforts
for other human diseases in which gene- or cell-based strategies
are difficult or impossible to implement.

The findings we have described have also raised new ques-
tions that are likely to be the focus of future investigations.
Relevant to MFS pathogenesis, it would be important to iden-
tify the mechanisms responsible for constitutive TGF activa-
tion and losartan action in various organ systems, the nature of
the cellular events downstream of improper TGFf3 signaling in
different tissues, and the potential contribution of other signal-
ing pathways to disease progression. Another unresolved issue
is the mechanism that targets TGFS and BMP complexes to
individual fibrillin molecules in a stage- and tissue-specific
manner and with discrete consequences for tissue morphogen-
esis and homeostasis.

The ultimate challenge is to unravel the manner in which
disease processes integrate the complex (and even opposing)
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roles of fibrillin-rich microfibrils, as well as the balance between
cooperating and antagonistic signals by matrix-bound TGFS
and BMP ligands. For example, it remains possible and even
likely that selected manifestations in MFS may reflect
decreased (rather than increased) TGE signaling alone and/or
in combination with dysregulated BMP signaling. A refined
understanding of such disease-causing events will delineate
therapeutic windows, opportunities, and limitations, particu-
larly as they apply to the clinical management of organ-specific
manifestations in MFS and related disorders of the connective
tissue.
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