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ABSTRACT

CLONING AND CHARACTERIZATION OF FIBRILLIN 2, A NEW
EXTRACELLULAR MICROFIBRIL COMPONENT.

by
Hui Zhang
Adviser: Professor Francesco Ramirez

Microfibrils are incompletely characterized structures of the extracellular matrix
(ECM), that in association with elastin participate in the formation of the elastic fibers. The
gene coding for the major component of microfibrils, fibrillin, has recently been cloned.
This fibrillin gene (FBN1) has also been shown to be responsible for Marfan syndrome
(MFS), a connective tissue disorder with skeletal, cardiovascular and ocular
manifestations. During the cloning of FBNI, a structurally homologous gene (FBN2) was
unexpectedly identified. Genetic linkage analysis revealed that FBN2 is tightly linked to an
MFS-related disorder, congenital contractual arachnodactyly (CCA). It was therefore
proposed that FBN2 produces a protein product that is structurally and functionally related
to that of FBNI1. The main goal of this thesis project was to test this hypothesis by
characterizing the FBN2 product.

First, the FBN2 transcript was cloned in its entirety, and the deduced amino acid
sequence was shown to be structurally related to the FBN|1 product. Second, antibodies
raised against a peptide with FBN2 specific sequence identified the protein encoded by the
FBN2 gene (Fib2) in the extracellular microfibrils. The antibodies also revealed that Fib2

is preferentially located in elastin-rich areas of the connective tissues. To confirm and



extend this observation, murine FBN1 and FBN2 cDNA probes were used to establish the
pattern of fibrillin expression during mousc embryogenesis by in situ hybridization. These
revealed that the FBN1 and FBN2 genes are differentially expressed, both in term of
developmental stages and tissue localization. The differential expression of the fibrillin
genes strongly suggests that there are differences in microfibril composition and function in
various developmental stages and tissues. The postulated differences are consistent with
the distinct pathologies resulting from defects in the two fibrillin proteins. This work lays
the foundation for more in depth studies elucidating the function and regulation of the
fibrillins, and clarifying the role of these proteins in microfibril assembly and elastic tissue

formation.
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INTRODUCTION

The proteins of the extracetlular matrix (ECM) together with the cells that produce
them, form the connective tissue which provides the structural integrity for all tissues and
organs of the body. The main fibrous scaffolding of the matrix is provided by the
collagens and elastic fibers. Filling the space between the cells and the fibers are soluble
precursors of the fibrous proteins, proteoglycans, structural glycoproteins and other
molecules secreted by the cells or filtered from the plasma. Elastic fibers confer elasticity to
all connective tissues and are therefore present in a wide variety of tissues, especially those
under specific and periodic stress. Elastics fiber consist of a highly hydrophobic protein,

“elastin, and a morphologically distinct microfibrillar component. The gene for one of the
microfibrillar proteins, fibrillin, has recently been cloned and shown to cause Marfan
syndrome (MFS) when impaired. This work also led to the preliminary identification of
another fibrillin-like gene linked to an MFS-like condition, congenital contractural
arachnodactyly (CCA). The original aim of this investigation was to verify the existence of

this putative microfibrillar protein, and to establish its s.ructural-functional characteristics.

I. Elastic Fibers

Elastic fibers are present in tissues normally subject to stretching and expansile
forces, including arteries, pleura, lung, certain ligaments (ligamenta flava of human, and
ligmentum nuchae of ruminants), auricular cartilage, vocal cords, and the skin. The
reversible elasticity of elastic fibers allows the tissues to recoil after they have been dilated,
expanded, or stretched. Such elastic recoil ability is part of the physiological basis for
phonation, respiration, and the maintenance of continuous pressure in the circulatory

system.
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Depending on the strength and direction of the forces exerted on the tissues, elastic
fibers may vary in thickness, length, or arrangement in different tissues. With the help of
special stains, such as Verhoeff's stain and Weigert's resorcin-fuchsin, elastic fibers can be
visualized in histological preparations for light microscopy. In arteries, elastic fibers form
thick concentric lamellae, with some interlaminar connecting fibers dispersed radially
throughout the media of the vessel. Very large, highly branched elastic fibers are observed
in elastic cartilage, such as the auricular cartilage. Thin, rope-like, scattered fibers are seen
in the lung tissue outlining the course of the respiratory tree. Similar thin fibers are also
observed in elastic ligaments oriented roughly parallel to the axis of the ligament. In skin,
the Jong and branched elastic fibers form a loose network mainly in the deep dermis
{Goldberg and Rabinovitch, 1988).

Electron microscopic examination of elastic fibers has shown that while their
diameters may vary from 35-50 nm to greater than 100 nm, they all have the same
organization (Dempsey and Lansing, 1954; Hall et al., 1955). The major component of the
elastic fiber is a cement-like amorphous core of elastin without observable periodicity. At
the periphery of this amorphous core is a microfibrillar component with a diameter of about
10 nm. During elastic tissue morphogenesis, these microfibrils appear before elastin in the
form and orientation later assumed by the elastic fibers. They are therefore believed to
serve as "scaffold” proteins that direct elastic fiber assembly (Cleary and Gibson, 1983).

The soluble precursor of elastin, tropoelastin, is cross-linked by oxidative
deamination (via lysyl oxidase) of lysine residues into desmosine and isodesmosine. This
polymerization reaction insolublizes the tropoelastin monomers on the pre-existing
microfibrillar structure, creating the elastic fiber. Elastin deposits along the microfibrillar
bundles eventually embedding some of the bundles within, and displacing others to the

peripheral region where microfibrils are seen in the mature fibers.



I1. Elastin

Electron microscopic studies of purified elastic fiber using negative staining
suggested a fibrillar substructure of the elastin core, consisting of 5 nm filaments (Gotte et
al.. 1974). This linding was supported by optical diffraction and low angle X-ray
scattering analyses (Serafini-Fracassini et al.,, 1976). The freeze-fracture cryotechnique
revealed a 6-7 nm granular structure in bovine ligamentum nuchae in the relaxed state, and
quasi-parallel filaments when stretched (Pasquali-Ronchetti and Fornieri, 1984). Quick-
freeze, deep-etch electron microscopy was recently used to abtain a three-dimensional
surface view of the elastin component in a minimally altered state. This revealed a densely
packed, randomly arranged network of fine filaments, 7nm in diameter, as the main
structural feature of elastin. This observation was supported by the finding that purified
tropoclastin monomers appear as 5-7 nm spheres when examined using freeze-etching and
rotary shadowing techniques. The authors therefore proposed that tropoelastin molecules
join together in three dimensions to form the filamentous network revealed by freeze-etch
electron microscopy (Mecham and Heuser, 1992).

Tropoelastin was first isolated from the aorta of copper-deficient swine (Sandberg
et al..1969). The avalablity of peptide sequence from porcine tropoelastin, and cross-
species sequence homology allowed cloning of tropoelastin cDNA from human (Indik et al
1987}, bovine (Raju and Anwar 1987, Yeh et al 1987), chick (Bressan et al 1987;
Tokimitsu et al., 1987), and rat (Deak et al 1988) sources. These cloning experiments
confirmed the porcine peptide sequence; they also showed that the primary structure of
tropoelastin consists of alternating hydrophobic and cross-linking domains. The
hydrophobic regions of different species are variable in both the number and the content of
the amino acids. In contrast, the alanine-rich cross-linking domains are highly conserved,
particularly in the number of the alanine residues positioned between the lysines. Lysines
are always separated by {wo or three alanines; never by one or morc than three.

Measurements of circular dichroism indicated that the alanine-rich cross-linking regions are



in an o-helix conformation (Foster et al., 1976). Such secondary structure would bring
lysines separated by two or three alanines to the same side of the helix, facilitating the
cross-linking reactions (Mecham and Heuser, 1992). Separation by one or four alanines
would situate the lysine side chains on opposite sides of the helix where they would

unlikely contact one another for a subsequent condensation reaction (Fig.1).

Lys

Ala Ala

Never found in elastin: Lys-Ala-Lys and Lys-Ala-Ala-Ala-Ala-Lys

Figure 1: Cross-sectional view of the elastin crosslinking region drawn as an o-helix. Numbers
indicate the positions of amine acids, and bars represent the side chains of amino acids extending outward in
a helical array. Lysines at position | and 4, or | and 5 are close 1o each other and may possibly form intra-

molecular cross-links.

Data from a variety of species have indicated that the basic carboxyl-terminus of
tropoelastin is highly conserved. The only two cysteines of tropoelastin are found in this
part of the molecule. They can form a disulfide bond that stabilizes a positively charged
pocket suitable for binding the acidic microfibrils (Brown et al., 1992). This region may
be one of the mediators for interactions between elastin and microfibrillar proteins during

elastic fiber assembly.



Tropoelastin synthesis takes place in the rough endoplasmic reticulum of
clastogenic cells with little post-translational modifications. Once translated, the protein is
transported to specific locations within the infoldings of the cell membrane for fiber
assembly (Serafini-Fracassini, 1984). The exact process of tropoelastin secretion is poorly
understood. Available evidence indicates that a 67-kDa galactose lectin serves as a
“chaperon” protein for tropoelastin secretion (Mecham and Heuser, 1992). The affinity of
this 67-kDa protein for tropoelastin is minimized upon interaction with sugar (Hinek et al.,
1988; Barondes., 1988). It is possible that the sugar groups on the highly glycosylated
microfibrillar proteins could serve as the trigger for releasing tropoelastin into the matrix
(Mecham et al, 1991). Immediately after secretion, the lysine residues of the tropoelastin
crosslinking domains are oxidatively deaminated into allysine through the action of the
copper-dependent lysyl oxidase enzyme. The aldehyde residues of allysines and the e-
amino group on lysine side chain are then condensed into desmosine and isodesmosin (Fig.
2, Paz et al., 1982). About 70% of the lysine residues in elastin are involved in these
interactions (Mecham and Heuser, 1992).

Mature elastin is an inert macromolecule with two major characteristics, insolubility
and elasticity. It is highly resistant to protein solvents and hydrolysis with dilute acids or
alkali. More than 60% of the amino acids in elastin are neutral. The content of glycine,
proline, alanine and valine is particularly high. The preponderance of hydrophobic
residues explains in pan the high insolubility of elastin. The lysine cross-links between the
soluble protein monomers are, however, the main contributors to the insoluble nature of the
elastin polymer. The presence of hydrophobic amino acids also leads to lipid and Ca*+
deposition on the mature elastic fiber during aging and atherosclerosis (Labat-Roben, et al.
1990). This deposition may result in progressive loss of elasticity and early degradation of
the protein. Finally, the low content of charged amino acids in elastin accounts for the poor

staining of this protein by ionic dyes.
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linking four ¢lastin chains.

Elastin is responsible for the characteristic property of elastic fiber recoil. Since
elastin has a half-life similar to the lifespan of the animal, its elasticity is believed to derive
from an entropy-driven mechanism, rather than from the stressing of chemical bonds
expected to result in a faster turn over of the protein (Lefevre and Rucker, 1980; Shapiro et
al., 1991). The proposed "rubber” model describes elastin as a three dimensional network
of randomly coiled chains joined by covalent cross-links. Upon stretching, the chains
would extend in the direction of the force applied, resulting in a more orderly state. This
decreases the conformational entropy of elastin which in turn generates the elastic restoring

force {(Hoeve, 1974). There are however differences in the thermodynamics of elastin
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compared to that of rubber (Urry, 1984). Although clastin exists predominantly in a
random coil network, some physico-chemical studies suggesied a fi-spiral contormation in
which B-turns connect the suspended segments (Urry,1984). Supported by these
observations, the author proposed a liberational entropy mechanism viewing elastin as a
syncytivm of easily deformable globular or fibrillar corpuscles behaving as interconnected
springs. While these models differ in the details of molecular conformation, they all agree
that the free energy is the source of the elastromeric force. This free energy contained in an
orderly low entropy state in stretched tissue is released upon recoiling to a disordered
maximum entropy state.

The interaction between the hydrophobic regions of elastin and the surrounding
water may also play a significant role in elasticity (Weis-Fogh and Andersen, 1970;
Gosline, 1979a). Consistent with the idea, dehydration of elastic tissue greatly
compromises its elasticity (Gosline, 1978b). It is therefore likely that the water-
hydrophobic interaction acts in conjunction with the entropy effect to confer elastin with the

ability to reversibly deform upon exertion of force.

HI. Microfibrils
Identification

During the original purification of elastin, investigators noted that the elastic fiber
was tightly cross-linked 10 an elastase-resistant polysaccharide material identified as a
"mucoprotein-containing” outer-coat (Hall et al., 1952). Karrer (1958) showed the first
convincing images of fibrils 11 nm in diameter situated both at the periphery of the
amorphous elastic fibers and within them. This fibrillar structure was given its present
name, microfibril; at that time this morphological term defined all extracellular filamentous
structures less than 20 nm in diameter and lacking the characteristic collagen banding (Low,

1962).



That microfibrils are distinct ECM proteins ts indicated by their characteristic pattern
of enzyme sensitivity and staining affinity. Microlibrils are readity digested by trypsin or
chymotrypsin proteases but they are resistant to elustase: in contrast, elastin is susceptible
to elastase but resistant to the other proteases. Like elastin, microfibrils are resistant to
collagenase, hyaluronidase and (-glucuronidase (Ross and Bornstein, 1969). These
characteristics exclude collagen fibers and proteoglycan filaments as potential components
of microfibrils (Frederickson and Low, 1971 Hay, 1978; Mayer et al., 1981). The current
definition of microfibrils is limited to 11-14 nm unbranched filaments, as seen mostly in
elastic tissue (Cleary and Gibson, 1983). These elastin-associated microfibrils exhibit high
affinity for cationic uranyl-acetate and lead citrate stains, which do not stain elastin.
Conversely, elastin is readily stained by anionic phosphotungstic acid (PTA), which stains
microfibrils poorly (Greelee et al., 1966). The use of PTA staining was the standard
procedure at the time of the original electron microscopic studies of elastic fibers; this
substantially delayed the recognition of the microfibrillar component of elastic fibers.

The affinity of microfibril for cationic stains, including ruthenium red, was
considered indicative of possible glycoprotein (negative charge) content (Yu and Lai.
1970). This possibility was further examined by electron microscopy using the periodic
acid-alkaline bismuth stain (analogous to the periodic acid Schiff stain for glycoprotein in
light microscopy) and the concanavalin A (Con A) binding test. Positive reactions of the
microfibrillar component of elastic tissue with both procedures supported that microfibrils

were composed of, or closely associated with glycoproteins (Fanning and Cleary, 1985).

Tissue distribution

Microfibrils have been identified by electron microscopy in all the tissues where
elastin is found. The 10 nm fibrous structure is seen in association with amorphous elastin
in elastin-rich tissues, such as the aorta and other blood vessels, ligamentum nuchae, the

elastic cartilage of external ear and epiglottis. Microfibrils are also recognized in tissues
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where elastic fibers are less abundant, including the lung (from trachea to alveolar ducts),
uterus, periosteum, perichondrium, intervertebral disk. periphery of the thymus, and the
capsule of the hip joint (revicwed by Cleary and Gibson, [983).

While elastic fibers are never seen without the microfibrillar component, a structure
morphologically indistinguishable from microfibrils has been observed without association
to immunogenically identifiable elastin. In skin, for example, the elastic fibers are
described mainly in the deep dermis, or reticular dermis. However, the microfibrillar
bundles of these elastic fibers extend up through the papillary dermis, connecting
themselves to the fibrous structure arranged as a candelabra at the dermal-epidermal
junction (Cotta-Pereira et al., 1976, 1978). If the tissue sections are subjected to prior
oxidization, these "elastin-less” fibrils stain like elastic fiber with aldehyde fuchsin,
resorcin fuchsin, and orcein stains, and they are therefore called "oxytalan” fibers (Fullmer
and Lillie, 1958). Fibrils with the same staining characteristics are also found in the
peridontal ligament of some teeth, tendons, ligaments, fasciae, periosteum, the adventitial
layer of blood vessels, and in the connective tissue sheaths of dermal appendages and nerve
fibers. Some papillary dermal microfibrils and fibrils in tendon, periostium, mucosa, and
fibro-cartilage can be stained with orcein without prior oxidation. Electron microscopic
examination has revealed that these fibrils are associated with small amounts of elastin.
They are named “"elaunin” fibers as part of the elastic fiber system (Gawlik, 1965).

Morphologically identical microfibrils totally devoid of elastin are also observed
electron-microscopically in the ciliary zonules of the eye (Raviola, 1971}, and in the
mesangium of the renal glomerulus (Farquhar et al., 1961, Hsu and Churg, 1979). These
microfibrils were futher demonsitrated as immunologically related to the elastin-associated
microfibrils. Kewley et al. (1977a) developed an antibody against nuchal ligament
microfibril extract which gave several immunoprecipitin lines on immuno-diffusion against
the antigen. The most prominent line was isolated from the gel and used to generate a

second "monospecific” antibody in rabbit. This antimicrofibril antibody not only revealed
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antigen on the surface of elastic fiber, as it was intended to, but also demonstrated positive
staining on the basement membrane of the tubules and glomeruli of the kidney (Kewley et
al., 1977b). Similarly, antibodies developed against sonicated zonules stained the
microfibrils of nuchal ligament and aorta in the same periodic fashion as seen in zonule
fibrils (Streeten et al., 1981). This finding implicated similar structural components in
zonule microfibrils and in aortic elastin-associated microfibrils. It also suggested for the
first time the possible linkage between microfibrils and MFS; since this condition is
characterized by dissecting aortic aneurysm and dislocation of the lenses.

In summary, the study of microfibrils has indicated that morphologically identical
and antigenically similar microfibrils are present in all tissues which contain elastin, and in
many which do not. It is unclear though, whether all the microfibrils are truly identical in
composition. Answer to this question requires full knowledge of the different components

of the microfibrils.

Ultrastructure

After appropriate cationic staining, microfibrils appear in the electron microscope as
multiple thread-like individual filaments. Higher magnification resolves these structures
into consecutive beads in cross section, and tubules in longitudinal section {(Fig. 3, Cleary
and Gibson, 1983; Inoué and Leblond, 1986; Wright and Mayne, 1988; Mecham and
Heuser, 1992). Upon closer examination, the 10-12 nm tubular structure has a beaded
appearance with a hollow center. This inner electron-lucent lumen of the tubule is
surrounded by a | nm thick electron dense wall, with spikes projecting from its surface.
There is also a small dot in the middle of the lumen which is referred to as the spherule
(Inoué and Leblond, 1986).

The more recent technique of rotary shadowing involving minimal tissue processing
has confirmed the ultrastructure of microfibrils as beads connected to one another by

multiple filaments extending out from the bead surface (Wright and Mayne, 988,



Fleischmajer et al., 1991; Ren et al.. 1991 Keene et al., 1991). The distance between one
bead to the next can vary from 22 am to over 100 nm, depending on whether the tissue
examined is under tension at the time of fixation. The filaments joining the beads appear to
bow outward, giving a shorter bead-to-bead distance when tissue samples are in a relaxed
state; but they become straight, extending the distance between the two connecting beads
when the samples are stretched (Ren et al., 1991, Keene et al.. 1991). These stretching
experiments have demonstrated a unique extension-contraction mechanism of the
microfibrils accomplished by adjusting the distance between the beads. The study of
Keene et al. (1991) indirectly confirmed that the microfibrils are stretchable by showing
under transmission electronmicroscopy that the beaded appearance is more identifiable in

stretched samples than in non-stretched ones. This is probably due to the increased
distance between the beads upon stretching. The extendability ot microfibrils allows for
flexibility of the structure, but at the same time, the covalent links between the beads
provide a limit to this extendability. Also noted in streiched samples are two cross-striation
bands on the filaments between two beads (Wright and Mayne, 1988; Ren et al., 1991).
The authors postulated that this structure may play a role in organizing the overlapping

filaments of the beads.

Function

The function of microfibrils has never been clearly defined, but the limited
extendability suggested by ultrastructural studies seems to indicate a role of microfibrils in
enhancing the stregth of flexible structures. Unlike elastin, microfibrils can stretch without
deforming. The presence of microfibrils in tissues that are subjected to multi-directional
stretching and tension further supports the hypothesized role of providing strength and
structural integnty.

For instance, in an elastic tissue like the aorta, microfibrils surround the elastic fiber

limiting the maximum dilatation by their limited extendabtlity. The microfibrils in the aortic
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adventitia, where elastin is scarce, provide additional support for the vessel. Microfibrils in
the nonelastic ciliary zonule not only anchor the lens, but also adjust the thickness of the

lens by effectively conducting tension from muscular movement of the ciliary body.

Figure 3: Diagramatic illustration of elastic fiber assembly. Note the "beads on string” microfibril

structure and how the distance between beads may increase at stretched state.

Another widely postulated function of microfibrils is in directing clastic fiber

formation. Microfibrils are the element first observed in all developing elastic tissues,
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including in vitro cell culture systems (Cleary and Gibson, 1983). It is believed that the
orientation of these microfibnls determines that of the mature elastic fibers. Some of the

microfibrils are embedded within elastin during its deposition, whereas others remain at the
periphery of the elastic fiber. It is unclear whether or not the microfibrils within elastin and
the ones around it are different; it is also unknown how exactly microfibrils direct elastin

deposition.

Composition

Resolving the biochemical composition of microfibrils has proven to be a difficult
task due to their complexity and highly insoluble nature. Microfibrils can only be dissolved
under reducing conditions after repeated extractions with guanidine hydrochloride (Ross
and Bomnstein, 1969). Materials like collagen type V1 and amyloid P were once believed to
be microfibrillar components because they were found physically adherent to elastic fibers
and present in microfibrillar extracts (Gibson and Cleary, 1985; Breathnach et al., 1989).
Despite these difficulties, a number of putative structural components of microfibrils have
been identified over the last decade.

Fibrillin is the most abundant structural protein of the microfibrii. This
macromolecule will be discussed more extensively in the next section. Another important
protein, MAGP (microfibrillar gssociated glycoprotein) has been shown to be associated
with microfibrils by immunogenic and biochemical means (Gibson et al., 1986, 1991).
MAGRP is present in all tissues containing microfibrils, irrespective of the amount of
associated elastin (Kumaratilake et al., 1989). This 31-kDa protein has an acidic amino-
terminus, and a basic carboxyl-terminus where the thirteen cysteines of the molecule are
located. These cysteines may form disulflide bonds with other microfibrillar proteins
during fiber assembly.

Emilin (glastin microfibril jnterface Jocated protein) was originaly isolated from

chick aorta. It has a molecular weight of 115 kDa, and is apparently located in microfibrils
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that are in close contact with elastin (Bressan et al., 1983, 1993). The involvement of
emilin in elastogenesis was suggested by ils detection at elastogenic sites prior (o elastin
deposition, and was supported by the interference of anti-emilin antibodies with elastic
fiber formation in cell cultures (Bressan et al., 1993).

Using an antibody against zonule microfibrils, Horrigan et al. (1992) cloned the
gene coding for a 32-kDa protein which was specifically localized to microfibrils in a
variety of tissues. This protein was named associated microfibril protein (AMP). Its high
content of acidic amino acids (23% glutamate and 6% aspartate) makes it possible to
interact with basic tropoelastin during elastic fiber assembly. Lysyl oxidase (Serafini-
Fracassini et al., 1981; Kagan et al., 1986) and a 36-kDa glycoprotein from porcine aorta
(Kobayashi et al., 1989} have also been reported to be associated with the microfibrils.

Detailed data on the tissue distribution of these putative microfibrillar proteins are
not available. It is not clear whether they are present in all microfibrils, and whether all
microfibrils have the same composition. The individual expression and function of these
candidate microfibrillar proteins, and their relationships to one another are yet to be fully

defined.

1V. Fibrillin
Distribution and morphology

As already mentioned, the best characterized microfibritlar component is fibrillin.
This 350-kDa protein was originaly identified from the supernatant of human fibroblast
cultures, using a monoclonal Ab (mAb) raised against pepsin-digested tissue rich in
microfibrils (Sakai et al., 1986). The mAb demonstrated that fibrillin localizes to the same
tissues where microfibrils are found. These include the skin, lung, vasculature, cartilage,
tendon, kidney, cornea and cilliary zonule. Immuno-electron microscopy further
confirmed this point by showing that fibrillin is a component of the elastin-associated and

clastin-less microfibrils (Sakai et al., 1986).



15

Fibrillin was also shown to be a glycoprotein through metabolic labeling with
I3H]glucosamine. Increased gel mobility under non-reducing conditions indicated the
presence of intramolecular disulfide bonding in fibrillin (Sakai et al., 1986). In fact, about
14% of the amino acids of fibritlin are cysteines, two-thirds of which are reducible in
fibrillin monomers, suggesting their possible involvement in intrachain disulfide bonding
(Sakai et at., 1991).

Under electron microscopy, purified fibrillin appears as a 148 nm long and 2.2 nm
wide extended molecuile, an observation that is consistent with results from velocity
sedimentation experiments (Sakai et al., 1991). Pepsin digestion of amnionic microfibrils
yielded a crab-like structure in addition to the short rod-shaped fibrillin fragments {(Maddox
et al., 1989). This crab-like structure has six to eight flexible arms surrounding a central
dense region, and corresponds to the bead on a microfibril beaded-string. This conclusion
is based on the finding that a mAb (m69) against the part of fibrillin molecule contained in
this structure (most likely the amino-terminus) decorates the beads on microfibrils (Sakai et
al., 1991). Furthermore, m69 and mAbs against other segments of fibrillin decorate
microfibrils with constant periodicity. This characteristic periodicity implies a "head-to-
tail" model of fibrillin fiber assembly in microfibrils, as opposed to a "head-to-head"
assembly which would result in an alternating periodicity (Sakai et al., 1991). The bead
structure is probably where “heads” and "tails” (amino- and carboxyl- termini) interact with

each other and possibly with other microfibrillar proteins.

Primary structure

The primary structure of fibrillin has been deduced from the cloned cDNAs isolated
using information derived from partial peptide sequences. Fibrillin is a gene product
mostly composed of multiple cysteine-rich repeats resembling those found in epidermal
growth factor (EGF) precursor, and transforming growth factor-p binding protein (TGFp-

bp) (Maslen et al., 1991; Lee et al., 1991; Pereira ¢t al., 1993 Corson et al., 1993). The
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protein can be divided into five structural/functional domains (Fig. 4, Pereira et al., 1993).
Domain A is a cysteine-poor, basic domain located at the amino-terminus immediately after
the signal peptide. Domains B and D consist of cysteine-rich repeats and are separated
from each other by a proline-rich domain C. The prolines in domain C have been proposed
to introduce a hinge in fibrillin, possibly allowing the bending of the fibrillin molecule in
the relaxed state (Pereira et al., 1993). Domain E is the lysine-rich carboxyl-terminus of
the molecule. It contains several stretches of consecutive lysines, and two cysteines that
may form links between fibrillin molecules and/or other microfibrillar proteins.

The most often seen cystetne-rich repeat in fibrillin is an EGF-like repeat which has
the following average amino acid composition:

DXD/NXCXgCX4CXD/NX4FYXCXCX 12CX.

The spacing of the cysteine residues and the conserved amino acids D, D/N, D/N, F/Y at
specific positions indicate that these EGF-like repeats belong to the Ca** binding subclass
(EGF-CB). In other proteins, the disulfide bonding between the cysteines of a EGF-CB
motif brings the conserved amino acids together and produces a signal for the
hydroxylation of the third conserved amino acid, D/N, forming a high affinity Ca*++
binding site (Dahlbick et al., 1990; Handford et al., 1991; Selander-Sunnerhagen et ai.,
1992). Corson et al. (1993) reported that fibrillin has a calcium binding ability that can be
diminished by reducing agent. This result indicates that disulfide bonding is necessary for
the fibrillin protein to bind calcium. Binding of calcium by EGF-CB- repeats can stabilize
protein secondary structure and help mediate protein/protein interactions, as for example in
the Vitamin K-independent protein C (Ohlin et al., 1988; Davis, 1990), human factor 1X
(Rees et al., 1988) and the Drosophila Notch gene product (Rebay et al., 1991).

The second kind of motif is homologous to the TGF-bp sequence that contains
eight cysteines, three of which are consecutively clustered together (Kanzaki et al., 1990).
In fibrillin, these motifs are interspersed among the EGF-like repeats with their consecutive

cysteines being the likely candidates 10 mediate covalent intermolecular interactions, In
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fact, one-third of the cysteines in soluble fibrillin monomers from tissue culture medium
appear to be in the free reactive sulfhydryl form that can potentially form intermolecular
disulfide bonds (Sakai et al., 1991).

The third kind of cysteine-rich motif, characterized by the presence of two
consecutive cysteines, has been so far identified only in fibrillin. Called the Fib motif
(Pereira et al., 1993) or the hybrid motif (Corson et al., 1993), this sequence is believed to
have arisen from the fusion of an EGF-like repeat and a TGFB-bp repeat. Studies of the
genomic structure of the FBN1 gene have shown that most repeats are encoded by single
exons, resulting in a cassette-like organization of the gene (Pereira et al., 1993). Such
intron/exon arrangement has prompted the speculation that the gene for fibrillin might have
evolved from duplication of an ancestral EGF-like coding unit.

Although the transcription start site of FBN1 is still controversial, the location of
the first methionine codon in the FBN1 gene is generally agreed upon (Periera et al., 1993;
Corson et al., 1993). Despite the absence of an in-frame upstream stop codon, the
following indirect lines of evidence suggest that this ATG codon is indeed the translational
start site. First, it is within the context of a Kozak consensus sequence (Periera et al.,
1993: Corson et al., 1993); second, there is an abrupt decrease in sequence homology
between the murine and the human genes upstream to it (Yin et al., 1994); third, the peptide
encoded by the sequence immediately 3' to it conforms to the structural criteria of a leader
sequence (Periera et al., 1993); finally, expression of only the ATG containing exon
disrupts microfibril assembly in cultured cells (Dietz, personnal communication). This last
result indicates that the putative signal peptide can direct fibrillin secretion, and that the very
amino-terminus of the protein can participate in fibril assembly. More importantly, the data

also imply that the ATG codon is used as the start site of translation.
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Relationship to MFS

The original cloning of the fibrillin gene (FBN1) also led to the demonstration of a
causal association between mutations in this gene product and MFS. MFS is an autosomal
dominant disorder with an estimated incidence of 1 in 10,000. About 15-20% of the cases
are de novo mutations (McKusick, 1956; Pyeritz and McKusik, 1979). The three most
commonly affected systems in MFS patients are the musculoskeletal, the ocular, and the
cardiovascular systems. The abnormalities involving the musculoskeletal system include
arachnodactyly (long, spidery fingers), dolichostenomelia (limbs are disproportionately
long compared with the trunk), high narrow palate, excessive height (exceeding the 95th
percentile for age), hyperextensible joints, pectus deformities, vertebral column
deformities, and pes planus (flat foot). Ectopia lentis (dislocation of the lens) and myopia
are the major clinical features involving the ocular system. Dilatation of the ascending aorta
is the key symptom in the cardiovascular system. It can lead to dissection of the vessel
which is the major cause of death in MFS patients. Mitral valve prolapse is also seen in
about three quarters of the patients. The symptoms and signs progress as the patients age.
Without effective medical intervention, half of the affected men survive to age 40, and half
of the women to age 48 (Pyeritz, 1990).

The first direct evidence that a microfibrillar abnormality is associated with MFS
came from the immunological studies showing deficient fibrillin content in both the skin
and cultured fibroblasts from MFS individuals (Hollister et al., 1990: Godfrey et al.,
1990). At the same time, genetic linkage studies in different ethnic groups localized the
MFS locus to a region of chromosome 15, 15q15-21.3, subsequently identified as the
fibrillin locus. (Tsipouras et al., Kainulainen et al., 1990, 1991: Lee et al., 1991; Maslen et
al., 1991; Dietz et al., 1991a). The identification of fibrillin mutations in MFS patients
conclusively established defective fibrillin as the cause of MFS (Dietz et al., 1991b).

Metabolic studies of the fibrillin protein supported the conclusion by demonstrating
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defective synthesis, secretion, and matrix assembly of fibrillin in cultured fibroblasts of
MFS patients (McGookey et al., 1992).

Since then, additional fibrillin mutations have been characterized in MFS patients
(Deitz et al., 1992, 1993; Godfrey et al., 1993; Hewett ¢t al., 1993 Kainulainen et al.,
1992, 1994). The majority of the fibrillin mutations are missense mutations that alter
amino acids believed to be involved in maintaining the hypothetical secondary structure, or
in confering the calcium binding property to the protein. A less frequent group of
mutations generates shorter peptides either by in-frame deletion of one or more exons, or
by generaling premature termination codon. These mutations presumably affect the
alignment of the fibrillin molecules during polymerization, thus resulting in defective and
weaker fibrils. [t is yet to be established whether or not there is a third group of fibrillin

mutations that reduces the production of structurally normal fibrillin, and causes the MFS

phenotype.

Genetic heterogeneity

The genetic heterogeneity of fibrillin was unexpectedly discovered during the search
for the MFS gene (Lee et al., 1991). Briefly, this cloning work identified two distinct
groups of genomic clones that hybridize to a fibrillin cDNA fragment. The first group was
shown to correspond to the gene located in the same region of chromosome 135 as the MFS
locus. The second group of clones was found to contain three putative exons coding for
EGF-like sequences similar 10 those of fibrillin. This fibrillin-like gene was mapped to
chromosome 5 at g23-31, and thus named FibS or FBN2 to distinguish it from the FBN |
gene on chromosome 15. Moreover, genetic linkage analysis associated this fibrillin-like
gene 1o an MFS-related condition, CCA, with a LOD score of 6.2 at zero recombination
fraction (L.ee et al., 1991; Tsipouras et al., 1992).

CCA is a rare, dominantly inherited, connective tissue disease that bears some

clinical resemblance to MFS. CCA shares with MFS skeletal signs such as
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dolichostenomelia, scoliosis, and arachnodactyly, but is characterized by congenital and
symmetrical contractures of the joints, in contrast to the generalized joint laxity of MFS.
Such contractures are maximum at birth, and improve spontaneously with age and use. A
distinctively shaped abnormal external ear is recognized as a characteristic sign of CCA.
Lack of ocular and cardiac involvement also distinguishes CCA from MFS (Beals et al.,
1971).

Using an oligonucleotide specific for the EGF-like sequence of the FBN2 genomic
clone, a placental cDNA clone, MF23, was isolated (Lee, et al.,, 1991). Aside from
containing the three EGF-like repeats of the genomic clone, the deduced amino acid
sequence of MF23 revealed that the encoded protein is structurally related to the FBNI
gene product. It is mostly composed of the same EGF-CB motifs as FBN with TGFB-bp
and Fib-motif sequences interspersed among them. However, the homology between these
two gene products ends abruptly in the middle of the fibrillin sequence (Lee et al., 1991;
Maslen et al., 1991). In place of additional cysteine-rich motifs, the MF23 encoded
product has a short carboxyl terminus followed by a 3’ untranslated region (UTR) (Lee et
al., 1991). Northern analysis using MF23 as a probe indicated that the size of FBN2
transcript was about the same as that of FBN |, implicating a possible same size protein as
Fibl. Although it was not clear at the time how FBN2 might be related to FBNI, the
appearent similarities between the two genes and their asssociation with two phenotypically
overlapping genetic conditions raised the possibility that FBN2 might produce a fibrillin-
like protein product.

However, fibrillin heterogeneity was not supported by the data in the literature.
Previous ultrastructural studies had reported differences in the thickness of microfibrils 1n
various tissues at different developmental stages, though there were inconsistencies among
the reports (reviewed by Cleary and Gibson, 1983). Additionally, differences in tissue
preparation could cause variations in microfibril diameter (Fanning et al., 1981). There

was no biochemical indication of the existence of a 350-kDa microfibrillar protein other



21

than Fibl. The limited sequence homology between Fibl and the peptide coded by MF23
provided little assurance that the FBN2 gene might indeed produce a bona fide tibrillin-like
protein.

Despite the uncertainty, the presence of this high level sequence homology
corroborates the genetic linkage of CCA to the FBN2 locus, and could not be accounted for
by mere coincidence. Therefore, we proposed that FBN2 encodes for a distinct
microfibrillar component of the fibrillin family, and it is associated with pathology different
from that of FBNI. This thesis project was undertaken to test this hypothesis.

Accordingly, the following three specific aims were to be accomplished:

1. To establish the primary structure of the Fib2 transcript.
2. To identify the Fib2 protein.

3. To characterize the spatio-temporal expression of the FBN2 gene.

In achieving these aims, we could elucidate the primary structure of Fib2 protein,
and establish its structural relationship to Fibl. The sequence information could then be
used to generate specific polyclonal {(p) Abs in order to demonstrate the existence and
distribution of the Fib2 protein. Using the cDNA clones and pAbs, we could then compare
the spatio-temporal pattern of expression of the fibrillin genes, as a first step towards
understanding the potential relationships between the fibrillins. Confirmation of our
original hypothesis would set the stage for future experiments aimed at detailing the

differential pathogenic potentials of the different fibrillins.



MATERIALS AND METHODS

I. Nucleic Acid Analysis
cDNA library screening

Two cDNA libraries were used to clone the FBN2 transcript. One was a
commercial Agtl| placental cDNA library (Clontech), whereas the other was prepared with
RNA from MG63 cell line using the AZapll vector (Stratagene). The libraries were plated
at a density of 20,000-50,000 plaques/150 mm plate with the appropriate bacterial host
(Y1090 for A gtlt, XLI1-Blue for AZAPII), and incubated overnight. Plaques were
transferred in duplicates onto nitrocellulose filters (Millipore). After baking at 80°C in a
vacumn oven for 1-2 hr, both sets of filters were pre-hybridized for 5 hr and then hybridized
to the probe of interest. The hybridization solution used with oligonucleotide probes
contained 6x SSC (ix SSC: 0.15 M NaCl and 15 mM sodium citrate, pH 7.0), Ix
Denhart's solution (50x Denhardt's: 1% Ficoll, 1% polyvinylpyrrolidone and | % bovine
serum albumin), 0.05% sodium pyrophosphate, 0.1% sodium dodecyl sulfate (SDS) and
50 pg/ml salmon sperm DNA (ssDNA). The hybridization temperature varied from 40 to
55°C depending on the Tm of the oligonucleotide used (Tm, melting temperature, was
calculated at 1 M Na* concentration, Sambrook et al., 1989). Filters were washed with 6x
SSC, 0.5% sodium pyrophosphate, 0.1-1% SDS with increasing temperatures up to 10°C
below the hybrid's calculated Tm. Hybridizations using cDNA probes were performed at
429C in 50% formamide and 5x SSC. The washing stringency was determined according
to the degree of homology between the hybridizing sequences. We used 0.5x SSC at 50°C
as the highest washing stringency for cross-hybridization between the FBN1 probes and
FBN2 cDNAs, and between the human and murine cDNAs.

DNA from the positive Agtlt clones was prepared by the liquid culture method

according to Sambrook et al. (1989). Purified DNA was subsequently subcloned into the
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pUC vector for sequence analysis. Positive AZAPII clones were conveniently excised
from phage arms and re-circularized into the phagemid pBluescript following the

manufacturer's recommendations (Stratagene).

Sequence analysis

The dideoxynucleotide chain termination on denatured plasmid DNA was employed
to determine the sequence of fibrillin clones (Sanger et al., 1977, USB-Sequenase V2.0).
The DNA for sequencing was prepared either by CsCl gradient centrifugation (Sambrook et
al 1989) or by the Magic mini-preps DNA purification system (Promega). Sequences were

analyzed using the computer program MacVector (International Bio Technologics).

RNA purification

RNA was purified from cultured MG63 cells by guanidine isothiocyanate lysis
followed by LiCl precipitation (Sambrook et al., 1989). Briefly, cells were lysed using 5M
guanidine isothiocyanate, 10 mM EDTA, 50 mM Tris-HCl, pH 7.5, and 8% v/v [3-
mercaptoethanol. The lysate was precipitated overnight with 7 volumes of 4 M LiCl a1
40C, after passing it a few times through a 18 G needle in order to shear genomic DNA.
The next day, the lysate was pelleted at 11,000 rpm in a Sorvall centrifuge and washed
with 3 M LiCl to minimize DNA contamination. After resuspending it in TE (10 mM Tris-
HCI pH 8.0, | mM EDTA) containing 0.1% SDS, the pellet was extracted three times with
pheno) and chloroform before ethanol precipitation. The resulting RNA was resuspended
in diethyl pyrocarbonate-treated water (DEPC-H3;0) and quantitated by UV
spectrophotometry. The quality of the RNA was verified on a freshly prepared agarose
gel. The presence of sharp 28 S and 18 S rRNA bands at approximately a 2:1 ratio was
used as an indicator of undegraded RNA. About 500 ug of RNA in 400 pul volume was
loaded onto an oligo dT column (Stratagene) to select for polyA* mRNA according to the

supplier's instructions.



Northern analysis

Total RNA was used for Northern analysis (Sambrook et al., 1989). About 10 pg
of RNA was dissolved in 50% formamide, 1x formaldehyde gel-running buffer (0.02 M 3-
[N-morpholino}propanesulfonic acid (MOPS) pH 7.0, 5§ mM sodium acetate. ]| mM EDTA
pH 8, and 2.2 M formaldehyde). After heating at 68°C for 5 min and rapid chilling on ice,
the sample was loaded onto a formaldehyde denaturing 0.8% agarose gel in |x
formaldehyde gel-running buffer, and electrophoresed a1 § V/icm. RNA size markers
(BRL) were included on the gel and stained with ethidium bromide. The gel was then
capillary blotted overnight onto a Hybond N* nylon membrane (Amersham) in 20x SSC.
The RNA was crosslinked to the membrane by a brief exposure to UV-light. After a rinse
in 2x SSC, the membrane was pre-hybridized at 420C for at least 6 hr before addition of
the probe. The hybridization buffer contained Sx SSC, 1x Denhart’s, 50 pg/ml ssDNA,
50% formamide, 25 mM sodium phosphate, 0.1% SDS, and 10% dextran sulfate. Probes
were labeled with [y-32P] dCTP by nick-translation to a specific activity greater than 3x 108
counts per min(cpm)/ug. For each hybridization, we routinely used 1-3x10% cpm/m| of
probes. Stringent washing conditions (0.1x SSC, 0.5-1% SDS at 65°C) were used for all

Northern blot hybridizations.

Construction of ¢cDNA libraries

Both random primed and oligo-dT primed libraries were constructed from 4 ug of
MG63 polyAt RNA. Double stranded cDNA was synthesized using Amersham cDNA
synthesis System Plus following the manufacturer's protocol. A small amount of (y-32P]
dCTP was included in the reaction to estimate the amount of cDNA obtained. The blunt-
ended double stranded cDNA was phenol/chloroform extracted three times before two

precipitations with 2M ammonium acetate and 2.5 volumes of ethanol to remove
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unincorporated dNTPs. The subsequent steps of EcoRl1 linker ligation, size fractionation
and kinase treatment were accomplished vsing the Amersham ¢cDNA cloning system.

The ¢cDNA molecules with EcoRI adapters were cloned into the EcoRlI site of the
AZAPII vector (Stratagene). After performing test ligations to chose the most efficient
insert/vector ratio, 2.5-5 ng cDNA was ligated to 100 ng phage arms and packaged with
GIGAPACK 11 gold packing extract (Stratagene). Primary libraries were plated with XL -
Blue host and amplified. The random and oligo-dT primed libraries contained about 4x 05

and 6x 10 independent clones, respectively.

Rapid amplification of 5' ¢cDNA ends

Various RACE (for rapid gmplification of 5' cDNA gnds) protocols were tested in
order to obtain the §' end of the FBN2 transcript. We found the Clontech modified method
SLIC (single-stranded ]igation to single-stranded ¢DNA) to be the most successful one.
About 2 pug of polyAt MG63 RNA was reverse transcribed using the 3’ primer MF129
(Figs. 4 and 6) following the 5'-AmpliFINDER RACE protocol (Forhman et al., 1988).
After hydrolysis of the template RNA, the first strand ¢cDNA was column purified with
GENOBIND sepharose beads supplied in the kit and precipitated with 0.2 M sodium
acetate and ethanol. A single stranded oligonucleotide anchor with a §' phosphate group
and a 3' amino group (to block self-ligation) was ligated to the 3' end of the cDNA using
T4 RNA ligase. This modification avoided homopolymeric tailing with the
deoxyribonucleotide transferase enzyme, which could have interfered with specific
annealing of the primers in the subsequent PCR amplification. A portion of the anchored
cDNA was then amplified with a primer complementary to the anchor, and the nested gene-
specific primer MF140 (Fig. 4 and 6). The PCR products were hybridized 1o a primer
located further 5' to confirm their specificity, and then cloned into pCRII vector using TA

cloning kit (Invitrogen).
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Primer extension

For the primer extension cxperiment, the 20mer MF 129 was synthesized and end
tabeted with [y-32P]ATP using T4-polynucleotide kinase. MFI29 is located 151
nucleotides downstream from the 5S‘'end of clone A06-4 (Figs.4 and 6). Following
labeling, the reaction product was precipitated with 2 M ammonia acetate and ethanol to
eliminate unincorporated nucleotides. The pellet was resuspended in deionized formamide
and the specific activity measured with a scintillation counter. About | ng of the labeled
primer (with a specific activity of 5-10x10% cpm/ug) was annealed to 1 pg of poly A* RNA
in 30 pl of annealing buffer (80% formamide, 40 mM PIPES [piperazine-N, N’ bis(2-
ethane-sulfonic acid)] pH 6.4, | mM EDTA pH 8.0, 0.4 M NaCl) overnight at 30°C. The
RNA used in these experiments was prepared from cell lines MG63 and NT2/D1. The
annealed primer-RNA complex was precipitated with 0.3 M sodium acetate and ethanol,
and reverse transcribed at 42°C for | hr using 12.5 U of AMYV reverse transcriptase
{Promega). The product was extracted with phenol/chloroform, and ethanol precipitated.
The pellet was resuspended in gel loading buffer (35% formamide, 20 mM EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol), and loaded onto a 5% sequencing gel after heat
denaturation at 94°C for 3 min. Primer extension products were visuvalized by

autoradiography.

Il Protein Analysis
Antibody generation

We raised pAbs against recombinant antigenic peptides expressed by a commercial
bacterial based expression system {Novagen). Nucleotide oligomers for both strands of the
fibrillin sequence to be expressed were synthesized after being adapted into E. coli codon
usage. The oligomers were ligated into pET-3xa vector which contains the strong
bacteriophage T7 promoter and the T7 translation signals. In order to ensure plasmid

stability, the recombinants were propagated in a host E. coli strain (HB101) that lacks the
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T7 polymerase gene . After confirming the reading frame and the sequences, the plasmids
were transformed into a lysogenic strain BL21(DE3) which contains a chromosomal copy
of the T7 polymerase gene. The T7 RNA polymerase can be activated by induction with
isopropyl-f§-D-thiogalactopyranoside (IPTG), which in turn initiates the transcription of
pET-3xa plasmids. After 2-4 hr induction with 1.4 mM IPTG, more than 50% of the total
proteins produced by the bacteria is the fusion protein (Studier et al., 1990). The fusion
protein was then collected as insoluble inclusion bodies following Bruggemann's
procedure (1991). Briefly, the bacterial pellet was resuspended in TNE (50 mM Tris-HCI
pH 8.0, | mM EDTA, 100 mM NaCl) and lysed at room temperature with | pg/ml of
lysozyme. The lysate was pelieted, then resuspended and incubated for 30 min in TNE
with 0.1% deoxycholate (DOC), 10 pg/ml DNase, 10 ug/ml RNase, and 8 mM MgCl; to
further eliminate the nucleic acid and bacterial protein. This mixture was repeatedly pelleted
and resuspended by sonication with cold TNE + 0.5% Triton. The last pellet was washed
with cold PBS + 0.5% Triton, and resuspended with cold PBS by sonication. We
estimated that more than 90% of this suspension represented the fusion protein inclusion
bodies. After further purification on an SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), the antigen proteins were sent to Mount Sinai's Hybridoma Core Facility for rabbit
immunization. The initial titer was 1:500 for both antibodies for Fibl and Fib2 against the
fusion proteins. The titer was boosted with subcutaneous injection of 10 pug of antigens

periodically, and antisera were coilected two weeks after each boost.

Immunoprecipitation

Confluent MG63 celis cultured in 35 mm dishes were washed twice with PBS to
clear any residue from serum before being placed in 700 pl of serum-free, cysteine-free
Dulbecco's modified Eagle medium. After 2 hr starvation, 50-100 pCi of 35S cysteine
(Amersham) was added and the cells were incubated for 12-16 hr. The collected medium

was placed on ice and proteinase inhibitors were immediately added at the following
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concentrations: 5§ mM EDTA, 50 uM N-ethylmalimide, and 50 uM PMSF
{phenylmethlsulfonyl fluoride). After clearing cell debris by centrifugation, 20 pl of either
anti-Fibl (Ab-f1C) or anti-Fib2 (Ab-f2C) antisera were added to 230 pl of the supernatant,
together with 50 pl of 15% proteinA beads (Pharmacia). The mixture was shaken for 3 hr
at 49C, The beads were then centrifuged at 4°C, washed repeatedly with cold PBS, then
washed twice with RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS, 50
mM Tris pH 8.0), and finally rinsed again in PBS. Afier draining out PBS, the pellet was
resuspended in 2x gel loading buffer (1x: 5% glycerol, 2.5% [3-mercaptoethanol, 1% SDS.
0.38% Tris. 0.01% bromphenol-Blue) and boiled for 5 min before loading on a 4% SDS-

PAGE. The gel was dried and autoradiographed to visualize the precipitated proteins.

Silver staining

The amount of the immunoprecipitated unlabeled protein was estimated by silver
staining using a commercial kit (Boehringer Mannheim). Unlabeled serum-free overnight
culture medium was collected and immunoprecipitated with fibrillin pAbs at 1:50 pAb:
media ratio. About 3 ml of media was used to precipitate Fibl, while as much as 24 ml|
was used to obtain a similar amount of Fib2. The immunoprecipitates were separated in
4% SDS-PAGE. After fixing the gel with isopropyl alcohol and acetic acid, the gel was
soaked in a sensitizer solution for 5 min before transferring into silver stain solution for 20
min. The staining was visualized by two | min changes of developer followed by a third
5-10 min change. The first two quick changes in the developer helped minimize the
background, so that the gel could be left in the third change until the desired staining

showed. The developed gel was then photographed.

Western blotting
Equivalent amounts of Ab-fIC and Ab-f2C immunoprecipitates (as verified by

silver staining) were loaded on a 4% SDS-polyacrylamide gel, separated, and transferred
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onto a nitrocellulose membrane (Millipore) in a gel running buffer containing 20%
methanol. The membrane was then washed with TBST (10 mM Tris-HCI pH 8.0, 150
mM NaCl, 0.05% Tween 20) and blocked with 3% BSA in TBST for 2 hr at room
temperature or overnight at 4°C. The primary antibody (Ab-f1C) was diluted | 10 100 with
blocking solution and incubated with the membrane for 2 hr at room temperature.  After
washing with TBST a few times for 10 min each, the secondary antibody Anti-rabbit 1gG
(Fc) alkaline phosphatase conjugate (Promega) was incubated with the membrane at the
supplier's recommended dilution. The membrane was washed with TBST as before, and
transferred into a color development solution prepared by adding 66 pl of NBT and 33 pl
of BCIP solution to 10 ml of substrate buffer (100 mM Tris-HCI pH 9.5, 100 mM NaCl, §
mM MgClz). The purple color was developed until the desired intensity was reached and

the reaction was stopped by rinsing the membrane in deionized water.

Immunohistochemistry and immunofluorescence

The samples used in our studies were discarded human tissues obtained from the
Departments of Pathology of New York University Medical Center, and Mount Sinai
School of Medicine. Formalin-fixed tissues were either snap-frozen with OCT (Tissue
TEK) embedding medium for immunofluorescent analysis or paraffin embedded for
immunochistochemistry. Consecutive sections about 8-10 um thick were prepared for the
staining of both antibodies. Paraffin sections were de-waxed with xylene and rehydrated
with a graded series of ethanol. Intrinsic peroxidase activity was blocked by immersing the
slides in a solution of 3% hydrogen peroxide in methanol for 10 min. The slides were then
blocked with 10% goat serum for 2 hr at room temperature. Frozen slides were taken
straight out of the freezer for blocking. Primary antibodies (diluted 1:100 with blocking
solution) were incubated on the slides overnight at 4°C. After washing with PBS for [ hr
with 4-5 changes, biotinylated goat anti-rabbit 1gG (Zymed) was added to the slides for |

hr. The slides were then washed with PBS before developing the signals. For
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immunohistochemistry, streptavidin-peroxidase and the chromagen AEC supplied with the
Zymed Histostain-SP kit were used as instructed. Steptavidin-rhodamine (Amersham) was
used for immunoflourescent studies. Stainings were viewed and photographed with a

Zeiss Axiophot microscope. All experiments included pre-immune serum as control.

Immunoelectron microscopy .

This work was accomplished in collaboration with Dr. Elaine Davis at the
department of Cell Biology and Pathology of Washington University Medical Center,
St.Louis MO. Fetal bovine tissues were fixed in 7% paraformaldehyde in 0.IM
Sorensen's buffer (pH 7.4) for 4-6 hr at 4°C and processed for reductive denaturation
according to Gibson et al. (1989). Specimens were dehydrated in a graded series of
methanol to 90% at progressively lower temperatures from 4°C to -20°C. Samples were
then infiltrated and embedded with Lowicyl K4M (SPI supplies) which was subsequently
polymerized by UV illumination for 24 hr at -35°C and an additional 48 hr at -10°C. Thin
sections of tissue were cut with a diamond knife on a Reichert ultra-cut microtome and
placed on formvar coated nickel grids. After blocking with |% BSA in 100 mM NaCl and
50 mM Tris-HCI (pH 7.4) for 15 min, the grids were incubated with primary antibodies
diluted in blocking solution overnight at 4°C. Following extensive washing and a second
blocking step, the grids were incubated with goat F-(Ab')2 anti-rabbit 1gG conjugated to 10
nm colloidal gold (BioCell Research Lab) at 1:30 dilution for | hr at room temperature.
Immunolabeled sections were counter-stained with methanolic uranyi acetate for 2 min
followed by lead citrate for 30 sec. Controls included non-immunized rabbit serum and

omission of primary antibody.



I1l. In Situ Hybridization
Tissue preparation

Mouse embryos from different developmental stages were dissected and quickly
fixed in fresh 4% paraformaldehyde dissolved in PBS at 4°C overnight. Embryos older
than 16.5 days post-coitus (d.p.c.) were fixed for 2-5 days and decalcified by adding 5%
EDTA to the paraformaldehyde solution. The embtyos were dehydrated by a series of
immersions in graded ethanol {30%, 50%. 70%, 80%, 90%, 100%) at room temperature
for 30 min each, and cleared with 2 changes of xylene for 30 to 60 min each, before
embedding them at 60°C in Paraplast plus (Fisher) for 2 hr with 3 changes of wax.
Embryos were oriented into the desired positions with a hot metal probe. About 6-8 pm
thick sections were cut and spread onto Superfrost/plus slides (Fisher). Slides were stored
at 4°C until use.

Before hybridization, the appropriate sections were selected and deparafinized with
Americlear (a xylene substitute, Scientific Products), and rehydrated by immersing the
slides through a graded series of ethanols quickly followed by a 5 min rinse in DEPC-H,0.
Hydrated slides were fixed for 10 min in 4% paraformaldehyde before treatment with |
ug/mi proteinase K (Boeringher Mannheim) for 30 min at 37°C in 0.1 M Tris-HCI pH 8,
and 50 mM EDTA. The slides were rinsed with the same Tris-EDTA buffer followed by
treatment with 0.1 M glycine pH 8 in 0.2 M Tris-HCI pH 8 at room temperature for 10
min. The slides were acetylated to absorb positive charges after a brief rinse with DEPC-
H70 and 0.1 M triethanolamine-HCI pH 8.0. The acetylation procedure was performed by
first adding 0.5 mi of acetic anhydride to a dry staining dish, and then simultaneously
adding the slides and 200 ml of 0.1 M triethanolamine. After dipping the slides up and
down to mix the buffer, they were left in the mixture for {0 min in a fume hood. The
acetylation buffer was rinsed off with 2x SSC and the slides were dehydrated with graded

ethanol. Finally, the slides were dried in a dust-free location and stored for hybridization.



Preparation of the cRNA probes

A murine FBNI probe covering 840 bp of the 3' UTR was obtained from Dr.
Bonadio's laboratory at the University of Michigan, Ann Arbor, MI. The clone was
linerized with restriction enzyme Spel for antisense CRNA probe transcription. The murine
FBN2 probe was isolated from a mouse 10.5 d.p.c. embryonic ¢cDNA library (kindly
provided by Dr. Lufkin, Mount Sinai School of Medicine) using the human ¢cDNA clone
3'A as a probe (Fig. 4) . The resulting 880 bp murine clone encompassing the 3'UTR of
FBN2 was linearized for antisense transcription using the restriction enzyme Pstl.

The linearized plasmids were transcribed with T7 polymerase using MAXI-Script
kit (Ambion) following the supplier's protocol and with 35S-UTP (NEN) as the labeling
substrate. After removal of the DNA template with DNase (RNase free), the probes were
hydrolysed to 100-150 nucleotide long fragments by incubating them in 0.1 M sodium
carbonate buffer pH 10.2 at 60°C for 40-50 min. Free nucleotides were removed by
passing the probe mix through a G-50 Sepharose column. The elutriate was ethanol
precipitated and the pelleted probe was resuspended in a small volume of TE with 10 mM
DTT and stored at -8B0°C.

Hybridization and autoradiography

Hybridizations were performed in a buffer containing 50% formamide, 0.3 M
NaCl, 20 mM sodium acetate, pH 5.0, 5 mM EDTA, 0% Dextran sulfate, 1x Denhardt’s
solution, 500 pug/mli of yeast tRNA and 0.] M DTT. About 40,000 cpm of probe was
added to each pl of the hybridization mix. About § pl/iem?2 of such mix was added to the
tissue sections which were then covered with clean cover slips. Hybridizations were carried
out at 50°C in a humid chamber for 16 hr. The slides were then washed with 4 changes of
4x SSC and 10 mM DTT at 50°C for 2 hr (the cover slips would float off in the first
wash), followed by 2 hr wash at S0°C with 50% formamide, 2x SSC and 10 mM DTT.
After rinsing with NTE buffer (0.5 M NaCl. 10 mM Tris-HCl pH 8.0, and | mM EDTA)
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tor 10 min. the stides were digested with 20 pg/ml of RNaseA and 1 U/mlt of RNaseT | in
the NTE buffer for 40 min a1t 37°C. This was followed by u wash with NTE buffer
containing 10 mM -mercaptoethanol at 37°C for 30 min, a wash in 2 x SSC with 10 mM
f3-mercaptoethanol at 37°C for 15 min, and a final wash in 0.1 x SSC with 10 mM f-
mercaptoethanol for 10-20 min at 50°C. The slides were then rinsed in 0.1x SSC with 10
mM f-mercaptoethanol at room temperature and dehydrated with increasing concentrations
of ethanol in 300 mM ammonium acetate. After drying, the slides were dipped into NBT-2
photographic emulsion (KODAK) at 42°C in the dark room, and autoradiographed in a
light tight box at 4°C for 4 to 7 days. The slides were then developed with KODAK D-19
developer for 3.5 min at 15°C and fixed in KODAK fixer for 6 min at room temperature.
After counter-staining with hematoxylin (Diagnostic Solutions Inc.) for 20 sec, the slides
were dehydrated and mounted. The results were viewed with a Zeiss microscope and

photographed in both bright and dark fields.
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RESULTS

I. Primary Structure of Fibrillin 2
Introduction

The search for the genetic defect of MFS identified not only the fibrillin gene
(FBN1) on chromosome 15 but also a structurally homologous gene (FBN2) on
chromosome 5g23-31 which was linked to the MFS-related disorder CCA ( Lee et
al.,1991). This linkage suggested that the FBN2 locus produced a protein product,
although there was no direct biochemical evidence for the product. The original FBN2
clone, MF23, was isolated from a Agti | placental cDNA library; it contains a 2.2 kb open-
reading-frame (ORF) and a 0.6 kb 3' UTR (Fig. 4). The ORF has 81% overall amino acid
homology to Fibl, and bears the same structural characteristics. The 13 EGF-CB repeats
of MF23 are highly homologous to the 6th through the 18th EGF-like motifs of domain D
of Fibl (Fig. 4, Pereira et al., 1993). Like Fibl, these EGF-CB motifs are interrupted by
TGF[B-bp and Fib motifs (Fig. 4). Despite this strong homology, the deduced amino acid
sequence of MF23 has a short 16 amino acid carboxyl terminus with a termination codon
after its 13th EGF-like repeat (corresponding to the 18th EGF-like repeat of Fibl/domain
D; Lee et al., 1991).

Previous unpublished Northern blot analysis using MF23 as a probe identified a
10-11 kb transcript in MG63 cells (osteogenic sarcoma cell line). If a protein product were
translated from this transcript, it would have been similar in size to Fibl. However, there
was no suggestion of such a protein in the original isolation of fibrillin (Sakai et al.,1986).
In addition, the early termination codon of MF23 limited the homology of this putative
fibrillin-like protein to the amino-terminal portion of Fibl. To resolve the nature of FBN2
locus, we first screend for additional sequence of the FBN2 transcript in both the 5' and the

3 directions from the MF23 clone.
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Cloning of the full length FBN2 transcript

The Clontech placenial library was initially screened with oligonucleotides
corresponding 1o both ends of MF23. The resulting clones were further selected by PCR
amplification with nested primers and primers in the vector phage arm to identify the
longest clone for subcloning and sequencing. For example, clones that were positive for
oligonucleotide probe MF58 were amplified with the complementary primer MF69 and the
Agtll primers flanking the cloning site (see Fig. 4 for positions of primers). Clone Al
(Fig. 4) produced the longest PCR product, extending 1.6 kb further §' from MF23. The
DNA of this phage clone was subcloned and sequenced. This information allowed us to
synthesize new oligoricleotide probes to continue the cDNA "walking". As a result, we
identified clone A06-4 extending the §' coding sequences for another 0.5 kb (Fig. 4).
Screening of 3' sequence was carried out using the MF90 oligonucleotide (from nucleotide
[nt] 2740 to 2761 as in Lee et al., 1991, Fig. 4) as a probe. Only one clone, B2, was
identified; unfortunately, it ends 30 nt 5' to the 3' end of MF23.

Overall, the new clones extended the ORF of MF23 about 2.1 kb in the 5
direction. The amino acid translation of these cDNAs retained the structural similarity to
the amino terminus of Fibl. The cloning work also revealed that most of these placental
library clones have different 3' UTRs. For example, the 3’ portion of clone A1l is identical
to the coding segment of MF23 from nt | to nt 298, but continues into an unrelated 480 bp
fragment containing several in-frame stop codons. Similarly, the 390 bp 3’ portion of
A06-4 is identical to the §' end of Al, but is followed by a 126 bp unrelated UTR. 1t was
unclear whether these clones represent functional products, or abortive transcripts. This
raised the possibility that the original Northern data might represent a cross-hybridization
signal between MF23 and the FBNI mRNA, and that the actual FBN2 transcript and
protein were not as large as believed.

To confirm the transcript size, we performed Northern analysis on MG63 RNA

using the unique 3'UTR of MF23 rather than the entire clone as the probe. Despite
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numerous attempts, no hybridization signal was ever detected with this probe. We then
used the 1 kb EcoRI fragment of one of the new clones (Al, Fig. 4) that has only 40%
nucleotide homology to the corresponding FBN | sequence. Under stringent hybridization
conditions, this probe identitied a transcript of about 10-11kb (Fig. 5). The sume size
message was detected by the same probe in RNA from a teratocarcinoma celt line, NT2/D1
(data not shown). Re-hybridization of the filter to the ¥UTR of FBN ., detected a slightly
smaller transcript (Fig. 5). Based on this evidence, we concluded that FBN2 produces a
10.5 kb transcript.

To estimate how much 5' sequence remained to be cloned, a primer ¢xtension
experiment was performed using primer MF129 (151 nt downstream from the §' end of
clone A06-4, Fig. 4 and 6) and RNA from cell lines MG63 and NT2/D1. This yielded a
primer extension product of about 495 nt in length from both RNA sources, thus
suggesting that there were about 345 nt yet to be cloned in order to reach the 5’ end of the
FBN2 transcript (Fig. 7).

The estimated size of the transcript together with the result of the primer extension
seemed to indicate that FBN2 contains a 5 to 6 kb long 3' UTR. However, sequencing of
the genomic regions containing the cDNA sequences coding some of the carboxyl ends
showed that both these short ORFs and the continving 3' UTRs correspond to intron
sequences (data not shown). This information gave us reason to suspect that some of the
cDNA clones, including MF23, might represent partially spliced transcripts, and a properly
processed FBN2 transcript would contain a longer 3' ORF. Indeed. we later confirmed
that the carboxyl terminus coding sequence and the 3'UTR of MF23 represent an unspliced
intron. This result also explained our failed attempts to identify FBN2 transcript using the
3'UTR of MF23 as a probe.

In our search for additional 3’ coding sequence, we screened 240,000 clones of the
Clontech placental cDNA library with an oligonucleotide (MF132, Fig. 4) from within the

last EGF-CB repeat of MF23. More than one hundred positive clones were identified; they
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were further selected for the oncs that did not hybridize to an oligonucleotide probe from
the 3'UTR of MF23 (MF63, Fig. 4; nt. 2385 to nt. 2366, Lec et al., 1991). Five such
clones were identified, but none of them produced new sequence information as they had
shorter versions of the same 3UTR as MF23.

We then realized that full term placenta might not be an appropriate source for
FBN2 mRNA, and decided 1o construct a cDNA library from the MG63 cell line where we
had demonstrated the presence of the 10.5 kb transcript. Random-primed and otigo dT-
primed cDNA libraries were constructed from MG63 poly A* RNA to ensure cloning of
both the 5' and 3-ends of the 10.5 kb FBN2 transcript. The AZapll vector was chosen for
casy manipulation of the cDNA insert. The primary librartes were again screened with the
double selection of MF132 and MF63 probes. One of the two resulting clones, 4), was
found to have sequence identical to nt 967 to 2215 of MF23 (Fig. 4). Nucleotide 2216 is
where the sequence encoding the non-EGF carboxyl terminus of MF23 begins. In its
place, clone 4] contains a continuing 0.4 kb ORF whose deduced amino acid sequence
extends the homology to Fibl. The other clone, RPOSB, overlaps with the 3' portion 4] for
0.5 kb and extends the ORF towards 3’ for another 0.3 kb (Fig. 4). This additional 0.3 kb
sequence maintains the strong homology to FBN1. Thus, the MG63 cell line proved to be
a better source for the cloning of a full-length FBN2 transcript.

Subsequent screening of the MG63 cDNA library was carried out using
oligonucleotide probes or low stringency hybridization to FBNI1 probes. As a result,
clones covering the entire carboxyl-terminal half of Fib2 were identified (Fig. 4). Using
oligonucleotide MF150 (positioned at the 3' end of RPO8; Fig. 4), a 3.5 kb long clone,
15061, was isolated and characterized. Clones 3'A and 3'B were identified by low
stringency hybridization to the 3'end fragment of FBN1 (F-3.3, Pereira et al., 1993).
Clone 3'B is 1.3 kb in length and overlaps with both clone 15061 and clone 3'A.
Together, these three clones extended the ORF of MF23 towards its carboxyl-terminus for

another 4.3 kb. Clone 3'A contains a 2 kb insert, 1.4 kb of which is 3' UTR with a poly A
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tail, following the putative polyadeaylation signal AAUAA. The poly A tail was verified as
a genuine post-transcriptional addition by its absence in the correspoding genomic fragment
(data not shown).

The search for further 5' sequence by library screening failed to produce new
cDNA clones, probably because of poor representation of the 5' end of such a large
transcript.  As an alternative, we decided to take the RACE approach (Forhman et al.,
1988). We chose the modified SLIC protocot that allows specific priming in the PCR
amplification step (Dumas et al., 1991). Poly A* RNA from MG63 cell line was reverse
transcribed by priming with oligomer MF129 (Figs. 4 and 6). After ligation to the
AmpliFINDER anchor, the resulting cDNA was amplified with nested primer MF140
(Figs. 4 and 6). Following subcloning, recombinants positive for an oligonucleotide
(MF130} located further 5' to MF140 were sequenced. Aithough most clones ended
around the §' end of clone A06-4, onc of them, RCI, extended the sequence for 43 nt
further 5'. This allowed us to synthesize a new primer for PCR amplification of the
anchored first strand cDNA. We sequenced all of the resulting clones that contained inserts
long enough to extend the sequence. The longest clones extended the sequence 347 nt
further 5' to A06-4, thus reaching the estimated end of the primer extension products. The
additional sequence contains an in frame methionine codon 201 nt downstream of its S'end.
Although no stop codon was identified in the preceding sequences, this methionine is
followed by a potential signal peptide. Moreover, the amino terminal sequence has some
structural homology to FBN1. We therefore concluded that we had completed the cloning

of the FBN2 transcript.

Theoretical structure of the FBN2 encoded protein

The ORF of the overlapping FBN2 cDNA clones translates into a 291 | amino acid
polypeptide which has an overall 80% homology to the Fibl protein. The theoretical
product of the FBN2 locus was therefore named fibrillin 2 (Fib2). The Fib2 protein is
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mainly composed ol cysteine-rich repeats homologous to the EGF, EGF-CB, TGFf-bp,
and the Fib motifs arranged in the same order as in Fibl (Fig. 4). Because of this, the
amino acid sequence of the Fib2 protein can be aligned to that of Fibl and divided into the
same five structural domains (A to E) (Pereira et al., 1993: Fig. 4). Domains B and D are
cysteine-rich, whereas domains A, C, and E are cysteine-poor regions that correspond to
the amino-terminus, the connecting region, and the carboxyl-terminus.

Although only 19% homologous to each other, domain A of Fib2 and Fibl contains
a putative signal peptide composed mostly of nen-polar amino acids. In Fib2, the tri-
peptide "AGQ" introduces a B-turn in this sequence at the carboxy! cnd of the signal
peptide, making the sequence a good candidate for the putative cleavage site {(MacVector;
Pecalman and Halvorson, 1983). The amino terminus is as basic as that of Fib] with an
estimated pl of 11.7. Only in Fib2 this region contains a stretch of prolines immediately
after the postulated signal peptide cleavage site (Fig. 8).

Domains B and D are composed of the same cysteine-rich repeats as the Fibl
protein (Corson et al., 1993; Pereira et al., 1993). Domain D has 47 EGF-like repeats, all
but one of which belong to the calcium binding subgroup. Six TGFB-bp motifs as well as
one Fib motif are interspersed among these EGF-repeats. There are three EGF-like motifs
and two EGF-CB motifs in domain B, with one TGF-bp and one Fib motif among them.
All the cysteine-rich sequences are arranged in the exact same manner in Fib2 as in Fib]
(Fig. 4). The amino acid conservation within these repeats of Fib2 has retained all of the
putative N-glycosylation sites and the one RGD cell attachment site of Fib] (An additional
cell attachment site is found in the second TGF[-bp repeat of domain D/Fib2, Figs. 4 and
8). The resulting high degree of homology between Fib] and Fib2 is 87% for domain B,
and 81% for domain D.

Region C connects the two cysteine-rich domains and is mostly made of glycine
residues. This is in striking contrast to the high proline content in the corresponding region

of Fibl (Fig. 8). Although region C of Fib2 has no homology to that of Fibl, we
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nevertheless believe that the glycines of Fib2 may also provide flexibility to allow bending
in the same manner as previously proposed for the proline-rich region of Fibl (Pereira et
al., 1993). Regardless of the vahdility of the hypothesis, the amino acid difference of
region C was used to generate Abs specific to each fibrillin.

The carboxyl-terminus of Fib2, region E, has the same number of amino acids as
Fibl and a homology of 50%. Despite the relatively low degree of homology, there are
some noticeable features that are conserved in the two proteins. The only two cysteine
residues of this region are conserved within the context of [4 identical amino acids (Fig.
8). As previously discussed, these residues may potentially mediate protein-protein
interactions through disulfide bonding. Moreover, this region of Fib2 has a high lysine
content like Fibl, and one of the three possible glycosylation sites of Fibl.

In conclusion, the experiments described in this section determined the primary
structure of Fib2. They also explained the unusual structure of the original clone MF23.
More importantly, they provided the means to perform the next set of experiments aimed at

excluding the possibility that FBN2 was just a pseudogene producing abortive transcripts.

11 Characterization of the Fibrillin 2 Protein
Introduction

To identify the Fib2 protein, we generaied specific pAbs. Since the two fibrillins
are highly homologous, it was critical to choose epitopes in the most divergent sequence of
the fibrillins, region C. We expressed a 45 amino acid segment from this region of Fibl,
and a corresponding 43 amino acid peptide of Fib2 in a bacterial expression system
(sequences illustrated on Fig. 8 in italic). Gel-purified bacterial fusion proteins were then
used to immunize rabbits. The resulting antisera identified the Fib2 protein as a
microfibrillar component in a three-step approach. First, we proved that the Fib2 protein
was made in the same MG63 cell line where the FBN2 transcript had been detected by

Northern analysis. Then we demonstrated that Fib2 is present in tissues known to contain
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microfibrils. Lastly, we localized Fib2 epitope on to the clastin-associated microfibrils

using immunoclectron microscopy.

In vitro identification of the FibZ protein

To identify the fibrillin proteins in the MG63 cells, antisera against each fibrillin
were used to immunoprecipitate the radioactively labeled culture media supernatant of this
cell line. Following electrophoresis, the precipitates were visualized by autoradiography.
The precipitate of Fib2 Ab (Ab-f2C) migrated for about the same distance as Fibl,
indicating similar molecular weight. In contrast to the equivalent mRNA levels observed
on the Northern blot, the Fib2 protein was substantially less abundant than Fibl (Fig. 9A).

To verify the specificity of Ab-f2C, a Western blot analysis was performed on its
immunoprecipitate using anti-Fibl pAb {Ab-f1C). Immunoprecipitate of Ab-fIC was
included as a positive control. Equal amounts of both precipitates, as estimated by silver
staining (Fig. 9B), were separated by SDS-PAGE. After transferring the proteins from the
gel to a nitrocellulose membrane, they were incubated with Ab-f1C. A positive signal was
seen only in the lane loaded with Ab-f1C immunoprecipitate (Fig. 9C). This experiment
demonstrated that the immunoprecipitation product of Ab-f2C was not the result of a cross-
reaction with Fibl. This result, together with the obervation of the expected molecular

weight, led to conclude that the cultured celis secret the Fib2 protein.

In vivo distribution of Fib2

In addition to establishing the tissue locolization of Fib2, immunohistochemical
studies showed a difference in the distribution of the two fibrillins that may be indicative of
distinct functional roles. Initially, we examined a number of adult human tissues, including
skin, aorta, muscle, ligament and tendon. These are the same tissues that Sakai et al.
(1986) reported to contain fibrillin. Although we could reproduce those results using our

anti-Fibl pAb, we barely detected Fib2 protein in the same tissues.



42

The spontaneously resolving nature of the CCA contractures suggested to us that
the protein might be primarily expressed in fetal tissues. We first tested this idea on some
fetal skin tissue. We found not only the presence of the Fib2 protein, but also quantitative
and qualitative differences in the expression of the two fibrillins (Fig. 10). Skin is
composed of two parts, the epidermis and the dermis connected by the dermal-epidermal
junction. The dermis contains the dermal appendages, such as hair follicles and sweat
glands. The dermis is also where the elastic fibers of the skin are located. Likewise, the
connective tissue sheath of the hair follicle has a high content of "oxytalan fibers” (Fullmer
and Lillie, 1958). Fib2 staining, although not detectable in adult tissue, was seen in fetal
skin as discrete fibers in the dermis, particularly around the hair follicles (Fig. 10B). Ab-
f1C showed a discrete fibrous staining which extends from dermis to epidermal junction in
both fetal and adult skins (Fig. 10A, C). The dermal appendages did not have particularly
stronger staining with this pAb. In contrast, a distinctive candelabra-like structure was
noted at the epidermal junction where no Fib2 was detected. Based on these results, we
then performed a more systematic immunchistochemical analysis of the fibrillins in human
tissues at 20 week gestation. Fib2 was detected in the ECM of a wide variety of tissues.
The overall pattern was similar to that of Fibl, but the expression level was generally lower
except in tissues rich in elastic fibers.

The aorta has three distinct cellular layers from the lumen outward: the intima, the
media, and the adventitia. In fetal aorta, Fib2 staining was most abundant in the medial
layer (Fig. 11B}). As shown by Verhoeff's staining, this is the vessel layer where most of
the elastic fibers are located (Fig. 11D). In contrast to Fib2, Fibl staining was intense
across the three layers with the adventitia being the strongest (Fig. 11A). It should be
noted that the net amount of Fibl staining detected in the media was still greater than Fib2.

Differences in Fibl and Fib2 distribution were also seen in hyaline cartilages of the
skeletal system. Cartilage is surrounded by a fibrous sheath, the perichondrium, which is

composed of an ouler dense connective tissue layer, and an inner cellular layer that has the
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potential 1o differentiate into chondrocytes. The chondrocytes at the periphery of the
cartilage are less differentiated and still dividing while the cells in the interior of the cartilage
are more mature and have stopped dividing. Ab-f2C detected accumulation of Fib2 protein
in the matrices of the peripheral areas of the cartilage (Fig. 12D), and the perichondrium
(Fig. 12F). A diffuse staining of Fibl was however seen in the entire cartilaginous matrix
(Fig. 12C) with a relatively more elevated level of accumulation in the hypertrophic zone of
the osteogenic cartilage (Fig. [2E). These results suggested that Fib2 might be produced
earlier than Fibl in the less differentiated chondrocytes.

The staining of elastic cartilage of the fetal ear dramatically demonstrated the
differential localization of the fibrillins, and the preferential distribution of Fib2 in elastic
matrices. While the fibrillar staining of Fibl was mostly seen in the connective tissue
surrounding the cartilage (Fig. 12A), the elastic cartilage core itself and the perichondrium
directly adjoining the core were intensely stained with Fib2 Ab (Fig. 12B).

The expression of fibrillins was also examined in the developing eye. Both
proteins were detected in the sclera and the comnea. Anatomically, the latter is a transparent
extension of the sclera at its most anterior portion. Fib2 expression was seen evenly
distributed throughout the sclera (Fig. 13E), but was restricted to the morphologically
distinctive anterior third of the Descemet's membrane of the cornea (Fig. 13B).
Descemet’s membrane is an acellular connective tissue layer situated just posterior to the
corneal stroma. Consistent with previous findings, Ab-f1C reproduced the intense staining
in the full thickness of Descemet's membrane (Fig. 13A, Sakai et al., 1986). Fibl staining
in the sclera was predominantly in the outer layer and the inner vascular choroid layer {Fig.
13D). Unfortunately, we could not compare the fibrillin accumulation in the delicate zonule
fibers because our tissue preparation did not preserve them.

In the fetal kidney there was a similar staining pattern for both proteins in the
basement membrane of the glomeruli and in the developing collecting ducts. Perhaps, there

was a hint of greater expression of Fibl in the tubular region, and of Fib2 in the giomeruli
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(Fig. 13G, H). In the fetal lung, Fibl staining was mainly located in the interlobular septa
and the perivascular and peribronchiolar connective tissue with light staining of the alveolar
matrix (Fig. 13J). In contrast, Fib2 showed minimum staining at this stage of lung
development (Fig. 13K). Finally, we could not detect any convincing signal of either
protein in the ligament and tendon samples from the same stage (data not shown).

[n summary, our immunochistochemical and immunofiluorescent analysis
documented the presence of Fib2 in microfibril-rich connective tissue of the developing

embryo, especially in the elastic fiber-containing regions.

Ultrastructural localization of Fib2

Despite the successful identification of the Fib2 protein in tissues, our results were
not sufficient to define the exact relationship between Fib2 and microfibrils. To localize
Fib2 in the matrix, we performed immuno-electron microscopy studies in collaboration
with Dr. Elaine Davis using our Ab-f1C and Ab-f2C Abs. The immuno-labeling was
performed in elastin rich fetal bovine ligamentum nuchae and aorta. The tissues were first
incubated with primary pAbs and repeatedly washed. A gold-conjugated secondary Ab
was used to visualize the fibrillin/anti-fibrillin-Ab complexes. The gold particles localized
both Fibl and Fib2 to the morphologically indistinguishable microfibrils of fetal bovine
ligamentum nuchae (Fig. 14A, B). Such specific localization was also seen on microfibrils
of elastic laminae in fetal bovine aorta (data not shown). This finding demonstrated that

Fib2 is closely associated with, if not a component of the 10nm microfibrils.

I11. Developmental Expression of Fibrillins
Introduction

The immunohistochemical studies suggested that morphologically identical
microfibrils may be different in composition. The failure to detect Fib2 in adult tissues,

and its relatively higher accumulation in fetal elastic matrices seemed to imply that the
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distribution of microfibritlar components may change in time and space during
development. The Fib2 protein is either degraded, or masked during the subsequent clastic
fiber assembly and maturation. To further support this hypothesis, we decided to study the
embryonic pattern of fibrillin expression using the in situ hybridization approach. We
chose 1o examine the mouse embryos since our lab is currently involved in establishing
transgenic mouse models for FBNI and FBN2 mutations. Defining the spatial and
temporal pattern of expression during normal development is a complementing first step
toward understanding the function and pathogenic potential of fibrillins.

The 839 bp probe for murine FBN1 covers the 3'UTR from nt 8546 to nt 9384
(Yin.-et al, 1994). To isolate the murine FBN2 probe, we screened a 10.5 d.p.c. embryo
c¢DNA library using the 3' most human ¢cDNA as a probe. Three overlapping clones ml,
mJ, and mF were isolated and sequenced (Fig. 15). They span a 3.9 kb region that
contains 2.8 kb ORF (Fig. 16). The deduced ORF shows 96% homology to the human
Fib2 amino acid sequence (Fig. 17). In contrast, the amino acid homology of the murine
Fib2 to human and murine Fibl is 79.1% and 78.8% respectively. Clone mF covers a 876
bp segment of the 3'UTR (Fig.16) that is 73% homologous to the corresponding sequence
of human FBN2 (from nt 8936 to nt 9811). [t can not be aligned to either the human or the
murine 3'UTRs of FBNI1. This clone was chosen as the probe for specific detection of
murine FBN2 transcripts. Additionally, we used as a control probe, the type II collagen
gene which is specifically expressed in cartilage (Cheah et al., 1991). Riboprobes of

- equivalent specific activity were synthesized from each of these clones and used for in situ
hybridizations on serial sections of mouse embryos collected at days 10.5, 13.5, and 16.5
p.c. This study confirmed and further delineated the differential expression of fibrillins in
microfibril-containing tissues as first suggested by the immunohistochemical analysis.
More importantly, it showed that FBN2 expression appears transiently and with a
characteristic pattern. It peaks parallel to the formation of a given tissue and decreases

(sometimes disappears) thereafter. In coatrast, the accumulation of the FBN | message
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increases gradually as morphogenesis proceeds. The following is a description of fibrillin

expression during mouse embryogenesis presented by organ systems.

Lungs

The developing lung represents the best example illustrating the differential spatial
and temporal pattern of expression of the fibrillin genes. At 10.5 d.p.c., the lung bud is
rapidly elongating and the primary bronchi are present as small tubes. A strong signal of
FBN2 expression was detected in the epithelial layer of the budding main bronchi at 10.5
d.p.c.. along with a weaker and diffuse signal in the primitive lung mesenchymal cells
(Fig. 1BA). A similar weak signal for FBN1 expression was seen in the mesenchymal
cells but there was no signal in the bronchial epithetium (Fig. 18B).

As lungs develop, they subdivide into lobes where secondary lobar bronchi and
tertiary segmental bro.nchi continue to branch. By 13.5 d.p.c., branching of the segmental
bronchi is dominant. The levels of FBN1 and FBN2 message were comparable in the
mesenchyme, but only the FBN2 transcripts were seen in the epithelium of the forming
segmental bronchi, particularly on the lumen side (Fig. 18E.F). A weaker signal of FBN2
message was still detectable in the epithelium of the main bronchi at this stage (Fig. 19A).

At 16.5 d.p.c., the lungs are still compact, and terminal bronchi lined with cuboidal
cells begin to appear. While segmental bronchi had little FBN2 expression at this point, the
epithelial cells of the sprouting terminal bronchi were now the active sites of FBN2
expression (Fig. 181). Except for an increased but stili low level of expression in the
mesenchyme, FBN1 expression was prominent only in the vasculature of the lung (Fig.
18J). The FBN1 message was never detected in the bronchial epithelium in embryos at any
stages. Thus, lung tissue showed a developmentally specific and selective expression of
FBN2 in bronchial epithelium during the formation of bronchi. Both fibrillins were
expressed in the lung mesenchymal cells with progressively increasing ratio of FBN|

versus FBN2 message.
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Kidneys

Dynamic changes in FBN2 expression were also noted in the developing kidney.
The kidneys are undergoing rapid development around 13.5 d.p.c. The metanephric
vesicles differentiate into primitive glomeruli and eventually move to their mature location
in the cortical region, which itself differentiates from the metanephric cap tissue. Aside
from the expression in the undifferentiated mesenchyme tissue, an increased amount of
FBN2 message was seen in the metanephric vesicle and the metanephric cap tissue adjacent
to the capsule of the kidney (Fig. 20A). At this stage, FBN | expression was only seen in
the renal capsules where FBN2 signal was also observed (Fig. 20B).

At 16.5 d.p.c., the undifferentiated metanephric cap tissue is still present just
beneath the renal capsule, and the kidneys are more clearly divided into the peripheral
cortical region and the central medullar region. At this stage, expression of FBN2 was
seen mostly in the cortical region where the developing glomeruli are located (Fig. 20E, I).
FBN1 message was mostly detected in the mesenchyme throughout the cortical and
medullar regions (Fig. 20F, J). Expression of both fibrillins in the renal capsule was more
apparent at this stage. Neither fibrillin was expressed in the collecting tubules (Fig. 20E,
F) that develop from the metanephric diverticulum (ureteric bud), rather than the
metanephric mesoderm as the rest of the kidney does. Thus, we observed expression of
FBN2 in the renal mesenchyme at the location of the developing glomeruli. We also noted
an increasing expression of FBNI in the mesenchyme, but not particularly near the
glomeruli. The results are in agreement with our immunohistochemical data suggesting that

glomeruli have a greater accumulation of Fib2 protein.
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Musculoskeletal system

The limbs at 10.5 d.p.c. are composed of primitive mesenchymal tissues. Cartilage
starts to appear in the limbs at 13 d.p.c. Ossification occurs in skull and ribs around 15
d.p.c.. but does not extend to the limbs until 16.5 d.p.c.

The fibrillin messages can be identified in the developing mesenchyme of the limb
bud as early as 10.5 d.p.c., with FBN2 at a much greater intensity than FBN1 (Fig. 2 A,
B). By 13.5 d.p.c. the expression of FBN2 was seen in the perichondrium of the
developing long bones (Fig. 22A, E), ribs (flat bone), and vertebral bodies (short bone,
Fig. 19A), clearly defining the outline of the bone. FBNI1 was also observed in the
perichondrium but at a much lower intensity, as well as in the cartilage itself where FBN2
message was absent (Fig. 19B, and 22B, F). Such an expression pattern was even more
clear in 16.5 d.p.c. embryos {Fig. 24) where FBN1 expression was now higher than 13.5
d.p.c. At this stage of development, an increased FBNI signal was observed in the
hypertrophic and calcifying zones compared with other areas of cartilage (Fig. 24B, J).
Higher Fibl accumulation around the more differentiated chondrocytes was also noted in
our immunohistochemical study.

Expression of both fibrillins was seen in the ligaments surrounding the vertebral
column and other joints at 13.5 and 16.5 d.p.c.. with the FBN2 signal much stronger than
that of FBNI (Fig. 22, 23). In 16.5 d.p.c. embryos, active expression of FBN2 was
observed in the ligamentum flava, an elastic ligament that forms after 14 d.p.c.
Accumulation of FBN1 mRNA was also seen in the fibroblasts of this ligament but at a
lower intensity than FBN2 (Fig. 24E, F). FBN2 was expressed in tendons as early as
13.5 d.p.c.(Fig. 22A, E). while FBN expression was barely detectable in this tissue even
at 16.5 d.p.c. (Fig. 23B). The fibrocartilagenous intervertebral disc is another tissue that
contains a moderate amount of elastic fibers. The expression of FBN2 in this structure was
intense and more localized to the peripheral annulus fibrosis (Fig. 19A). A weaker and

more diffuse signal of FBN | was observed in the entire disc (Fig. 19B).
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Well-developed muscle bundles are present in embryos at 16.5 d.p.c. Although the
myocytes did not express FBNI, the fibroblasts of the perimysium showed an abundant
accumulation of FBN|I mRNA (Fig. 24N). On the other hand, FBN2 expression was not
only detected in the perimysial fibroblasts but also in the myocytes themselves (Fig. 24M).
In summary, the results in the musculoskeletal system revealed that accumulation of FBN2
transcripts peaks earlier in development than FBNI: in turn, FBNI accounts for an

increasing portion of the fibrillin expressed by the differentiating tissues.

Larynx

The immunohistochemical staining of the auricular cartilage showed little Fibl in
the elastic cartilaginous core, but abundant Fib2 protein deposition. The in situ data of
cartilaginous larynx confirmed the preponderance of FBN2 gene expression in elastic
cartilage. At 13.5d.p.c. the elastic epiglottis is separated by a discrete cleft from the rest of
the larynx which is still pre-cartilaginous. The cartilaginous skeleton of larynx and trachea
becomes well delineated by 15 d.p.c. Although the laryngeal structure was still poorly
developed in the 13.5 d.p.c. embryo, an clevated level of FBN2 expression was already
noted in the mesenchymal tissue that will eventually form the larynx (Fig. 25A, B). An
intense signal of FBN2 message was observed in the elastic cartilage of the larynx, the
epiglottis and the cuneiform cartilage in 16.5 d.p.c. embryos (Fig. 25D). The expression of
FBN1 in these structures was no higher than in the surrounding matrix fibroblasts (Fig.
25B, E). The expression of both fibrillins in the hyaline cartilage of the larynx was mostly

seen in the perichondrium, as was the case for cartilages of the skeletal system.

Cardiovascular system
At 10.5 d.p.c. the heart is still a single tube, inside which active morphogenesis of
the aortico-pulmonary spiral septum and atrio-ventricular endocardial cushion tissue 1s

taking place. By 13.5 d.p.c. the ascending aorta and the pulmonary trunk are distinct
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vessels, and the valves and septa of the heart are in their primitive form. A continuous
circulation starts around 14 d.p.c. when the communication between right and left ventricle
is closed. The embryos of 16.5 d.p.c. have their heart and large vessels in the final
prenatal configuration.

Expression of FBNI in the cardiovascular system was an exception to the di-phasic
pattern of fibrillin expression during embryogenesis. A high level of FBN I message was
detected as early as 10.5 d.p.c. in the aortic sac and the dorsal aorta (Fig. 26G, Fig. 21B).
Intense signals continued to be seen at 13.5 and 16.5 d.p.c. in the full thickness of the
aortic arch, pulmonary artery, and dorsal aorta (Fig. 27B, Fig. 28B, F). The level of
FBN2 expression was lower in these structures (Fig. 26E, Fig. 27A, Fig. 28A, E), and the
difference seemed to increase with the age of the embryo. The less intense signal of FBN2
message can be attributed in part to its more localized expression in the media layer,
particularly the outer part of the elastic arteries and the muscular arteries.

Expression of FBN2 in the heart was seen uniformly in the myocardial cells (Fig.
26A, E, Fig. 27A), whereas FBN| was mostly seen in the endothelial cells of endocardium
and the epithilial cells of epicardium (Fig. 26B, F, G, Fig. 27B). Active transcription of
both fibrillins was observed in the endocardial cushion tissue associated with the wall of
the atrio-ventricular canal (which later forms the valves between atrium and ventricle, Fig.
26). FBN1 expression was noted in the forming aortico-pulmonary spiral septum (Fig.
26F). A significant amount of FBN| message was detected in the arterioles of different
tissues such the lung (Fig. 18], D}, the kidney (Fig. 20F) and the joints {Fig. 23B). Asa
result. the vasculature of the tissues was easily visible on slides hybridized to the FBNI

probe. FBN2 expression in small arteries was not particularly elevated.

Other tissues
The higher expression of FBN2 gene at earlier stages of development was in

general observed in all mesenchymal tissues. At 10.5 d.p.c. the expression of FBN2 was
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far greater than FBNI (Fig. 21E, F); as the embryo developed. the level of FBNI
expression increased to give a signal comparable to, it not stronger than FBN2 wt 13.5
d.p.c. By 16.5 d.p.c.. FBNI expression in the embryonic mesenchyme was clearly
overriding that of FBN2, which was still reasonably strong (Fig. 23, 24).

The sclera of the eye represented another example of FBN2 expression preceding
that of FBN| during morphogenesis. The FBN2 message was detected in the sciera as
early as 13.5 d.p.c. (Fig. 29A), while FBNI signal was only seen in the 16.5 d.p.c.
embryonic eye (Fig. 29E). Fibrillin expression was also detectable in the smooth muscle
celis of the stomach and the intestines, with similar intensity for FBN| and FBN2 (Fig. 29
T to O). A subtle difference was noted in the localization of the signal in the intestine.
While FBN2 was expressed in the submucosa and lamina propria, FBN1 was found only
in the submucosal cells (Fig. 29M, N). Expression of both fibrillins was seen in the
capsule of the thymus, with FBN2 being relatively stronger and displaying an additional
signal in the lobular septa (Fig. 19). The fibroblasts ot the fibrous sheath of nervous tissue
produced fibrillin messages. In contrast, the nervous tissue itself lacked any fibrillin

expression and was used as the internal negative control (Fig. 19, Fig. 28E, F).
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Figure 4: (Previous page) Restriction map of FBN2 ¢DNAs with a schemauc illustration of the
Fibl and Fib2 protein structure. Letiers indicate the five structural regions. Symbols represent the
following structural elements: signal peptide (wavy lincy, EGF-CB repeat (white rectangle); EGF repeat
{hatched rectangle); TGEFb-bp repeat (white ovalsy, Fih-motil (white diamond); putative glycosylation sites
(black dots); polcatial cell-auachment signal (white triangle). Note that region C is depicted differently in
two-fibrillins in order to emphasize its composilional difference. Aslerisks indicate the positions of the
oligonucleotide probes MF58, MF69. MF130 and MF150 used for the screening of the library: and
primers MFI129 and MF140 for the primer extension and RACE experiments. The dotied line on the
restriction map indicaie the unspliced intron sequences. Letters on the cDNAs indicate the following

restriction enzymes: BamHI{B), Clal{C), EcoRKE) and Xhol(X).
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Figure 5: Northern blot hybridization of FBN1 and FBN2 specific probes to MG63 RNA . RNA
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E T 5 G K T 0D 1 B ECAUDPTINZCUVHNGLCGCYHNTPG R Y-
GAGTGTAACTGCCCACCCGATTTICAGTTGAAC CCAAC TG TOTOGG T TG TG T TGAL AN CGTGTOGGC AACTGCTAC T TGAAGTTTOGA
E N C P P D F QL HNPTGWV G C VDNRVY GHNICY L K F G
CCTOGAGGAGA TUGGAGTCTG TC TTGCAACACCGAGA TCGGGGTOGGCGTCAGTCGC TCT TC ATGC TEC TGO T TC TOGGAMAGGCCTGG
" R 4 P G % L &8 ¢ N T E I ¢ VM G W § F 8§ 5 C C C 8 L G K A W
GGAAACCCCTGTGAGACATGC CCCCCTGTCAATAGC ACTGAR TA TTACAC COTGTCTCCCOGAGGTTGAMGC T TCAGACCTAACCCCATC
% W P C ETOC P P VY N S TEVY ¥ T L C P G G E S5 F R P NP 1=
ACKRATUATT TTAGAAGAT ATTGACGAATGCC AGGAGTT ACCAGGTCTCTGCC AGOGTOCAARCTOCATCAACACTTTTGOGAGCTTCCAG
T 1 I L. EpP I DECGQELUPOGIULUCCQGCGT GMNT L CTIMNTFG S F >
TGTGAGTGC CCATAGGE TACTACCTCAGCGAGGATACCOGCATCTS TGAGGATATTGATGAGTOTTTTGCAC ATCC TGITGTGTGTGOG
C E ¢ P Q G ¥ ¥ L 8 ED TR 1 CE D ! D ECF A HPGV O G
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P 4T C Y N T L GHNY T C I CP P E Y M QO V NG G H N C M D=
ATGAGAMAMAGC TTTTGC TACCGAMGCTATAATGGAMC CAC TTGTGAGAATGAG TTGCCTTTC AATG TGACAAMMACGA TGTGCTGUTGE
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T Y H ¥V G K A G MW K P C E P C P TFGTATDFETTTI C G N I
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P ¢ F T F D I H TG K A VY D I DECC X E 1 P G ]I C A NG V O
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I v g I G & F pR CEC PTG F 5 Y KD LL L VYT ED I DE C=
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¥ N ¢ DN L C @ R M AMDC I NS P G 5 Y PR C EC M A G F K L-
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S P N G A C ¥ DRMNETCULE ] PNV C S # G L OV DL O G 5>
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TTOT 7 T OTCAACR TR e a #a TTTACUTTUOTAANT T - A IVHGTTT A A A AT A RCT T ATAT i AA AR IAA R
oL OV W T Lo o FOT F P F T oo o T A 1 o H M O E-
TOT#F T T TUARCCTTT T TG e A HAAAL K HAAT 1\,1 CAAMAM AT R AT T A TTUT L AAT ¢ O ARAAGAL LT T T T
[ : o' L Lo 0 F T 1 ! v NT B F oo F. IRV R e
CTTGAT =0 AU AU TUAAC T FTGARGATUTTUGATUHAATU TV AT 2 0 iAAL CACALIGT v CAAUACIY AT 1 A WAAVCAT U T s aiTraw” IR
LA T G LN v E Dow o1 E o g N H R G PO £ T S P
TACAGAT STOGUCTUUT OO ARLCK T AU ATCUAGH ACTAL CAGTUGAATUAGTUTUTCUHATGAGAATUAMT & T UCAATUCUAAT W OCTOT FLH
Y R T G o PG oY 1Yy H Y oy W Ny YW I ENE NP K A
GUCTC TR TTUCTG  TACAMA AU T R LARGTTAL AAGTGC R T U CUTOGGTT  TOCTTUGAC AL T T TOC AT R T U A LTI
OS5 oA s Y KT LG s ¥ K O A P8 G F S F D o, F LS5 AT W
CGAUOGTSAR TOASTOUTCGTOCTO C AR JAAUT T AT TAC T b T T TAAC AR GAF GGG TALC T T iT W T O oM a; HIED
by N E C S O4H 5 KON P O H Y 4O S NTE G UYL G BE R G

TATTACA GAGTGOGGAUANGUC UACTOTGTUTU AUGAATGUGAT T TARL AAGLC AGTAC CTUTCAUTG AT A TAGAGUTUGATUALGAM Ho g
Y ¥ F ¥V G ¢ G H ¢ ¥ 5 G M G F N ¥ 6 ¢ Y &5 L D T E WV I E E-

AATGOT . TS TOUCCAGAAUGC ATGUT AU AT T AARATC AR GG TATUC TAA I AMAGAT AGE MG AGAA A GAALTATTUATUAACCT LEF L
N A _ 5 P E A U Y E ¢ K 1 N o ¥ P K KD S R Qg ¥ F 5 I H E P

GATCCCATT JCTGTTGAAT AGATUCAGUCTAGAGAGTGTC GACATGUACAGHUCTUGTC AAUATUMGTTCAA. ™ " TUTUCUACUTO I HTCT Hy 3+
DI'TA\I['.QI-aLES\J’DHDSPVNHKFNLSHL".’,-

ABCGAG A T ATUCTUGAAUTAAGGU COGUCATOCAGUCCUTCAACAACCACATUCUTTATGTCATOTOTU AL L SEAATGATOA AT GTC H&Zy
K E H 1 L E L R P A I Q P L NN H 1 B Y V I 5§ L 5 H D D 5 -

TTCCGUAT OV AC CARMGGAN TG TCAGTTACT TGO AC ACGHT T AAGAAGAM U TC ATGUCTOGCACATA A " ACTGUAMAT AT TAGL LY K
F R I HQg R HG L S5 Y L HTAINKE KUK LMKMPGT Y T L E 1 T 5

ATCCT T T I TAC ARGAAGAAGGAGC TTAAGAAAC TGUOAMACGAGAGC AATOAGGATOAS TAC O TCUTAGGGHAG TV HGHACGK T ITCAGA ATng

1 P L Y K K XK E L K K L. E E 5 N E b D Y L L G E L G E A L B~
ATGAGGC T3 ACGATTCASCTC TATTAAC COTTCACAGACTTGU X COMIGUTCAMATCCTAGC AC AGCCAGT T THCAGAAGCATTTOAMA LEEL]

M FE . Q2 I ¢ L ¥
AGTCAASGACTAATTTTAAAGAGCGAAARMTAATAATAACTC TG TT T T T TCCTCCC TGTCT TAGACTTTSAA TG T TGACCC T AT ADGS ARRT
AGOGATAATTTAGAC TCTGGTATOGTCAARGAT T TGAGCTC AAAGGC AAC CGTGGTTACTGTATTTTTTATATAACTTCATTTTAAAATA A379
TATTAMAGAMMCCTAAMTETTCAAGAT ATC AGC AT ATOGC ACTAAATGCAC AAAAA TAATGTGAGC TTTTT T TTTTTTTTCC THTTAGE 9069
AGTCTGTAACACTTTGGG TATTTTIGCTATAGTTGC T AATTAAAAAAATA TAGATGTTTAT TTATTTTTAATGC AGTAATATATGGAGAAA 9159
TGAACAAAC TATGTAMC AAMMAMAGGGAMACTCACTTGTTT T TCTTTAGATTTATAM TTTGAGC T AT TTT TTT TAGAGGTGCTTTT TAAA 9249
ARTCCAAT AGATACAAGAGATCTTTCCTTTGGTT TTCTGC CAGTCATCCAGCTGATACAC ACC TGATCGATTT TAAAGAAAGC T ACACAG 5319
AGCTGAATCOOGCACTGC TAATCAATAA TTTAAMAGAC ATGAATGTCATTAGATCCTTTATAA GTAGA T GAAGC CAMAGC AGT TCATT 9429
TGTGACAASATTTCATATCACCAGACAC ACCAGGCAAC AGAMGTTGAAGCACAACCACTGTAGC AAMATACCT TGACTGCT TG TSAGACC 9519
ATTAGCATTGCAGGCCAAACCGTAC TUTATTTCCTTCTCATAAC CTCARNGGAAC CATATG TGO TACCCAC AR TACCTU ATTCTTACCCAG 9609
GGTGCGC T SUGTCCTCATGETACTUTAGGL AGC TGAAGAAC TG S TTCCCTTGAAAGGGAACACCTGGCATT CTGTGSTGTT T STGLT 96919
CTCTTAAATAATGGTGCATTTATTATGT TCAAGTTATTTCAGGATTGCCATATUTGC AAACAANTCATGCAAT SCAGC U AAMGGAATATAT 97A9
GTTGT TG T TGTTGTTTTAMC CCATTTTTTT TTTAGAATTT TCATTAATACTGTAGT TATACACCATATG . CT CATTTTATCATASCCTA 9ATY
TTCTGTATSAAAGATGTTTGTACAATGAATTGATGTTTAGT T TGO TT TAGTC AT TTAAAMGATATTGTAT T4 JGATGTGCTATTARGAG ELTY]
CACGTAT I CATTATTCTTCTCAACC CAAGAA TCTGTTTCC TGRAT CAGTGAC CAAACCTC ATATGTGAAR T F 5T C ARAGC ACATIC AGGC 1nnse
TCCTGGTT ST TCCTCTCAAARL C TG TG TGACCAAAGATTAG TAA CAGTTATACCCAGTAT TTTGAGGTT T T AT TG TTTTTTTAATAATT 10149
AMRBRRIAD 171%A

Figure 6: FBNI ¢DNA sequence with amino acid transtation.  Numbering starts from the first
ATG. Underlined sequences are primers used in primer extension and 5" RACE experiments. From §' 10 ¥,

they are MFI171, MFI140 and MF129.
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Figure 7: Primer extension using MF129 as primer (see Fig. 6). RNA from cell lines NT2/D1
(lane 1) and MGA3 (lane 2). Marker sizes on the left are in nt, and the estimated product size is on the right.
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Figure 8: Comparison of the amino acid sequences ol Fib) (top) and Fib2 (hottom) with residues
numbered according 10 Pereira et al. (1993). identities and conservative changes are indicated by vertical
bars. whereas one and 1wo dots denote decreasing levels of evolutionary distance between amino acids
calculated according to Grihskow and Burgess (1986). Dashes were introduced for best alignment.
Glycosylation and cell-attachment sites  are underlined. The sequence of the glycine- and prolinc-rich
regions used for the generation of the antibodics are italicized with the glycine and proline residues indicated
in hold characters. Triangles identify putative signal peplide cleavage sites and asterisks indicate the coding

houndaries of MF23.
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Figure 9: (A) SDS-PAGE of radioactively labeled immunoprecipitates obtained using Ab-fiIC or
Ab-12C antisera. (B) The unlabelled immunoprecipitates immunoblotied with Ab-fIC. Underneath each lane
is a silver staining of the gel showing equal loading of the two proteins. The estimated protein size is

indicated on the right side of each panel.



Figure 10: Indirect immunoflorescent localization of fibrillins in human skin. Staining of adult skin
with Ab-fIC (A), Ab-f2C (C); and siaining of felal skin with Ab-f1C (B), Ab-f2C (D).
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Figure 11: Immunchistochemical localization of fibrillins in human fetal aorta using Ab-fIC {A) and
Ab-f2C (B) antisera. C shows sample treated with pre-immune serum, and D shows VerhoefT's staining for
elastic fibers. Note thal the lumen of the aorta is always al the top lefl corner. Bar = 200 um.
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Figure 12: Immunohistochemical localization of fibrillins in human fetal ear (A and B) and toe (C to
F) using Ab-fIC (A, C, and E) and Ab-f2C (B, D, and F) antisera. The arrows in B and F highlight the
perichondrium, while the arrowheads point to the cartilaginous core in B, the peripheral arcas of cantilage in
D, and the hypertrophic zonc in E. Staining with pre-immune serum was negative. Bars100um.
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Figure 13}: {Previous page) Immunohistochemical docalization of tibrillins in human fetal ocular
Lissues (A-F}), lung (G-I) and kidney (J-L) using Ab-f1C (A.D, G, and 1) Ab-12G(B. E. H, and K} antiscra.
C. F. I. and L. show samples treated with pre-immunae serum. The arrowheads highlight Descemet's
membrane (A-C), the outer layer of the sclera {D-F), the interlobular septa of the lung (G-D and the
glomeruli of the kidney (J-L). In A-C. the arrow points to the anterior portion of the cornea, in which
stained necrotic debris are noticeable, and in J-L the arrow points 10 the developing collecling ducts . Bars:

(A-C) 10 pm; {D-L}) 501tm,



67

4
. '

:‘.. - ;T- : .I'_-;? : "‘ﬁ". ] ) ;...._.I; ‘I_‘I" '..: ‘ T - : "‘.'""-"_—__—-"'.--'_"(‘F-v;:--_ s

Figure 14: Immunolocalization of fibrillin-2 (A) and fibrillin-1 (B) on a developing elastic fiber in
170-d gestation bovine ligamentum nuchae. Gold particies label the peripheral mantle of microfibrils (MF)
of the elastic fiber demonstrating the specific association of fibrillins with the microfibrils. Note that the
central core of amorphous elastin (E) is devoid of label. Bar, 0.2 pm.
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Figure 15: Restriction map of mouse FBN2 cDNAs and schematic comparison of the structure of

murine and human Fib2. The symbols represent the same structures as in Fig. 4. Leuters indicate the
following restriction sites: Clal (C) and Sphl ($).
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Figure [6: Mousc FBN2 ¢DNA sequence with amino acid translation. Underlined part indicate the

fragment used as probe tor in situ hybridization, '



Human Fib2 GFKASQDOTHCMDVDECERHPCGNGTCRKNTVGSYMNOLO Y PGFELTHNNDCL DI DECSSFRHVORNGROFNE IGSFRCLC 20
Mouse Fib2 e m e i e e H . L'
NEGYELTPDGIKNC 1 DTNECVAL PGSCS PGTCONLEGSFRC ICPPGYEVEKSENC IDINECDEDPNICLFGSCTNTRGGREQC  24UHD
R . ah
LCPPGFYLS DNGRRCFOTROSFOFTNFENGES SYPKAFNTTRAKC CCSEMPGEGWGDPCELCPEDDEVAFQDLOPYGUGT 1RO
1 L L
VPSLHDTREDVNECLES PG I CSNGOC INTDGS FRCEC PMGYNLDY TGVRCVDTDECS IGNPCGNGTCTNVIGSFECHNCHE 2240
s T 255
GFEPGPMMNCEDINECAONPLLCALRCMNTFGSYECTC FIGY ALREDQKMC KDLDECAEGLHDC ESRGMMCKNLIGTFMC 23120
F v G =335
ICPPCMARR PDGEGCVDENECRTK PGICEMGRCUNI IGSYRCECNEGFQSSSSCGTECLDNRQGLCFAEVLOTICOMASSS 2400
M ~ 419
RHLVTKSECCCDGGRGWGHQCELC PLPGTAQYKK [ CPHGPGY TTDGRL I DECKVMPNLCTHGOC INTMGSFRCFCEVGYT  24R0
A 5 v * 495
TDISGT SCIDLDECSQUSPR PCNY ICKNTESSY 0O SCPRGYVLOEDGR TCKD LDECQTRQHNCOF LOWVNTLGGFTCKC PPG 2960
M AV F ¥ > 575
FTOHHTAC I DNNECGSQPLLCOGKG ICONT PGSFSCECORGF SLDATGLNCEDVDECDEMHRCQHGC ONI LOGYRCGCPG 2640
5 A 5 »  ER5
GY IQHY QWNOCVDENEC SH PNRCGSASCYNT LGS YXNCACPSGF SFDQF SSACHDVNEC SSSINPOCNYOC SNTEGGYLOGC 2720
oV G 4 L 1
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| |
E E
PYNME FNLSHLGSKFHILELRPAIQPLMNHIBR YV I SQGNDDSVFR THORNGLSYLHTAMEK LIMPGTYTLEITSI PLYKKE ZRAO
G v E E G LS G * 337
ELKKLEESNEDDYLLGELGEALRMRLOIQLY = 2911
R H v * 1028
Figure 17: Comparison between human (upper) and mouse (lower) Fib2 primary structure.

miss-matched amino acids are shown in the mouse Fib2.
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Figure (8: (Previous page) In situ hybridization of the lung bud a1 10.5 d.p.c. (A-D). the developing
lungs at 3. 5 d.p.c. (E-H) and 16.5 d.p.c. (I-L) using mouse FBN2 (A, C. E. G. 1. K) and FBNI (B. D F,
H. J. L) as probes. The epithehial cells of the main bronchi (mB), segmental bronchi (sB} and terminal
bronchioles {tB) specifically express FBN2. Note the lack of FBN2 signal in the segmental bronchi at 16.5
d.p.c. (arrowhead) as compared to carlier stages. FBNI expression at all stages is mostly in the lung

parenchyma and arerioles (Ar)y. Bar = 50 nm.
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Figure 19: (Previous page) In situ hybridization of the main bronchi (mB), veriebral column (Vh),

and the spinal cord (SpC) at 11.5 d.p.c. with FBN2 (A and C) and FBNI (B and D) probes,
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Figure 2k (Previous page) In sity hybridization of the kidney a1 13.5 d.p.c. (A-D) and (6.5 d.pc.
{E-L) with mouse FBN2 (A, C, E, G, |, K) and FBNI1 (8, D, F, H, J, L) probes. Open triangles painl to
the renal capsules and arrowheads to the developing glomeruli. Note the lack of firbrillin expression in the

cells of collecting ducts {cd).



77



78

Figure 21: {Prcvious page) In situ hybridization of the 10.5 d.p.c. limb bud (Lb, A-D) and the
cephalic mesoderm (CM. E-H). with FBN2 (A, C, E, G) and FBNI (B, D, F, H) probes. The
neurocciodermal cells (NEc) of the brain and spinal cord are not expressing cither one of the fibrillins. Note

thc FBN1 signal in the cells of dorsal aona (ammowhead).
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Figure 22: Expression of FBN2 (A, C, E, G) and FBNI (B, D, F, H) in joints of 13.5 d.p.c. mouse.
Signals of the FBN2 message are prominent in the cells of perichondrinum (pCh), ligment (L), and tendon
(T). FBNI cxpression is widely distributed in the mesenchymal tissue with a slight increase in the

perichondrium.
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Figure 23: {Previous page) Expression of FBN2 (A, C} and FBNt (B, D) in joints of 16,5 d.pe.
mouse. Intense FBN2 signals are noted in the cells of perichondrium (pChj, ligament (L), tendon (T), and
the periphery of the cartilage (armowhead). FBN1 expression is most notable in the vasculature around the
joint capillaries (cp). and the cells surrounding the ligament and tendon. The signal of FBNI in the

mesenchymal cells (Ms) at this stage is more intense than that of FBN2,
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Figure 24: (Previous page) Expression of FBN2 (A, C, E, G, 1. K. M, O)and FBNI (B. D. F. H. J.
L. N, P} in the long bone ( A to D), ligamentum Dava (E w H), rib (Nuat bone, [ 10 L), and muscle (M w
P) of 16.5 d.p.c.embryo. Intense FBN2 signat of is observed in the cells of perichondrium and growth
plate (GP). Moderate expression of FBN | is noted in the perichondrium, growth plate and the hypertrophic
chondrocytes (hCh). The cells of the elastic ligamentum flava (LF) have a higher expression of FBN2 than
FBNI (E and F}. Myocytes (M) accumulate FBN2 message, whercas perimysium cells {(pM) express
FBNI.



84



Figure 25: (Previous page) Expression of FBN2 (A, D, F) and FBNI (B, C, E, (3) in the laryngeal
structures of 13.5 d.p.c. (A to C)and 16.5 d.p.c. (D 10 G) embryos. At 13.5 d.p.c.. the mesenchymal cells
(arrowhead) that later differentiate into the laryngeal structures have enhanced accumulation of FBN2
message. In 16.5 d.p.c. mouse, the clastic cartilages of the larynx. epiglottis (Ep) and cuneiform cartilage
(Cn) have a high expression of FBN2. The signals for FBNI in these structures arc not particularly high.

Esophagus (Es) and trachea (Ta) are indicated in the figure.
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Figure 26: Expression of FBN2 (A, C, E, H) and FBNI (B, D, F, G, L. J) in the 10.5 d.p.c.
developing mouse heart. FBN2 signals are seen in the myocardial cells whereas FBN1 is expressed in the
epi- and endocardial cells (arrowheads). The cells at the endocardial cushion (EnC) tissue express both
FBN2 (A.E) and FBN1 (B, F). The truncus aneriosu region (1A), where the aortico-pulmonary spiral
septum is forming, has a strong signal for FBN | expression. The wall of the aortic sac (as) is expressing

both fibrillins (E. G): note that only the edge of the aortic sac is on the section in E and H.
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Figure 27: (Previous page) Expression of FBN2 (A) and FBNI (B.C) in the heart (H) and clastic
vessels of the 13.5 d.p.¢. embryo. The entire walls of the polmonary irunk (P) and aorta (A) have strong
expression of FBN1, whereas the FBN2 message is observed mostly in the medial layer. The myocardial
cells express the FBN2 gene, thus giving uniformly distributed signals in the heart.  However, the
expression of the FBNI gene, mosl probably by the endothelial and fibroblast cells of the cardiac skeleton.

gives a punciate signal pattern. The capsule and the septa of the thymus (T) also show fibrillin expression.
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Figure 28: Expression of FBN2 (A, C, E, G) and FBN1 (B, D, F, H) in the large vessels of the 16.5
d.p.c. embryo. [n the elastic arteries (A to D), FBN1 message is accumulated in the full thickness of the
vessel wall, particularly in the intimal and adventitial cells (B, arrowheads). FBN2 signal is mostly seen in
the medial layer and particularly, in the outer elastin rich part of the elastic anieries (A) and the muscular
artery (E). Note the clearly negative background in the nervous tissue of the spinal cord (SpC).
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Figure 29: Expression of fibrillins in the eye (A-F) and digestive system ( G-O)of 135 d p.c. (A to
C,Gto L) and 16.5 d.p.c. (D-F, M-O) embryos. Expression of FBN2 (A, D) is observed in the sclera
(arrowheads) as early as 13.5 d.pc.. while FBN1 message is only seen on 16.5 d.p.c. sclera (E). Some
expression of FBN2 can be noted in the retina cells (Rr) at 13.5 d.p.c., but no signal of either fibrillin
mRNA can be detected in these cells at 16.5 d.pc. The smooth muscle cells of the stomach (G-1) and the
intestines (J-0) show accumulation of both fibrillin mRNAs. The lamina propia celis of the intestine also
express FBN2, but not FBNI (see arrowhead on M).
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DISCUSSION

Results presented in this thesis conclusively demonstrate that fibrillin is not a
monogenic product but a small group of matrix proteins with distinct patterns of expression
and presumably, different functional roles. They also strongly suggest a differential
fibrillin composition of morphologically similar microfibrils associated with elastin and
unassociated. The compositional diversification of the microfibrillar networks probably
results in distinct biochemical and physiological properties of various elastic and non-elastic
tissues, both during embryonic morphogenesis and in adult organgenesis. The conclusions
of this work have therefore provided an unexpected new perspective on microfibril
biology. and as such, they lay the groundwork for future investigations aimed at testing the
validity of several hypotheses. These conclusions and hypotheses will now be discussed

together with a brief recollection of the most relevant experimental data.

1. Identification of the Full Length FBN2 Transcript

The first point clarified by this study was the nature of the FBN2 gene transcript
identified originally through the cloning of the MF23 cDNA. As already mentioned, the
sequence composition of the initial FBN2 clone MF23 suggested the following four
alternatives: a) FBN2 is a pseudogene which does not encode a protein; b) FBN2 codes for
a truncated version of a fibrillin-like protein; ¢) FBN2 codes for a protein of similar size,
but only partially homologous to fibrillin; and d) FBN2 codes for a protein structurally and
functionally related to fibrillin. The last two alternatives were indirectly supported by
Northern blot hybridizations showing that the FBN2 and FBN/! transcripts are of
comparable size. Unfortunately, this resuit was originally obtained using potentially cross-
hybridizing probes. It should also be noted that the second and third alternatives would not

necessary restrict the FBN2 gene product as being an ECM component. If this were true, it
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might have meant that the genetic linkage between FBN2 and CCA was mierely
coincidental.

The initial phase of this work was therefore mostly devoted to confirming the
sequence of the 3' end of the FBN2 transcript and. to a lesser extent, cloning its S'end.
This eftort eventually lead to the demonstration that MF23 represents a partially processed
mRNA whose carboxyl terminus coding region and 3’'UTR correspond to part of an intron.
The intronic nature of the 3' UTR of MF22 and the continued use of a placental cDNA
library delayed the process of identifying the full-length FBN2 transcript. On the one
hand, use of the carboxyl-terminus and/or 3'UTR probes of MF23 failed to give a positive
Northern blot result. On the other, use of more upstream probes identified placental
cDNAs extending further 5' the ORF of MF23, but also encoding truncated forms of
fibritlin-like proteins. These initial findings strengthened the possibility that FBN2 might be
a pseudogene that produces a variety of abortive transcripts. Fortunately, the availability of
additional clones produced in this and a paraliel study (Pereira et al., 1993) enabled us to
use more discriminating probes in Northern blot analysis of RNA from different cellular
sources. The results confirmed the 10.5 kb size of the FBN2 transcript in cell lines MG63
and NT2/D1. Convinced that FBN2 is transcribed and successfully processed at least in
these cell lines, we constructed cDNA libraries from mRNA extracted from the MG63
cells. Characterization of clones isolated from these cDNA libraries provided structural
evidence that FBN2 encodes a secretable protein of the same size as Fibl.

The choice of RNA from full-term placenta as a source for mature FEN2 mRNA
was not a good one, in view of the subsequent evidence suggesting the transient expression
of FBN2 during organgenesis. We speculate that Fib2 production occurs early in placental
formation and ceases before the end of a pregnancy, and that the production of Fib2 protein
is controlled post-transcriptionally by incomplete processing of the nuclear RNA. The
production of non-globin proteins in mature erthyrocyles is an example of such a regulatory

mechanism (Darnell et al.,1990). In these cells, non-globin transcripts constitute 99.95%
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of the total nuclear RNA, but only 10-50% of the total mature mRNA. This apparent
discrepancy indicates that, although transcription of non-globin genes continues throughout
erythropoiesis, processing of non-globin transcripts and/or stability of most non-globin
mRNA are substantially decreased in matwre erythrocytes. Partially spliced FBN2
transcripts in placenta were probably collected along with poly A¥ mRNA due to the AT-
rich nature of the intron, and subsequently reverse transcribed by priming at these regions
with oligo-dT primers.

Although the MG63 cDNA libraries were instrumental in solving the Fib2 structure,
they failed to yield the very 5' end of the FBN2 transcript. As an alternative, we used the
RACE protocol to isolate the 5’ end of the estimated 10.5kb transcript. In employing this
approach we still had two major difficulties, the high GC content and the extensive
secondary structure of the FBN2 mRNA. Appropriate tailing of the 3' end of first strand
cDNA is critical for a successful PCR amplification which is in turn necessary for the
subsequent cloning. The original procedure described by Forhman et al. (1988) utilizes
terminal transferase to add homopolymers for the tailing reaction. In a highly GC-rich
region, poly A (or poly T) primers have a substantial difference in Tm from the gene
specific primers; while poly G (or poly C) primers can lead to miss-priming within the
¢DNA instead of priming at the added 3' homopolymer. As a result, both sets of primers
will be unproductive for PCR. This complication was circumvented by ligating a single-
stranded anchor oligonucleotide to the 3’ end of the first strand cDNA using RNA ligase.
This enabled priming to occur specifically at the anchor site, and the PCR reaction to occur
at the optimal annealing temperature.

The secondary structure of the mRNA proved to be a harder problem to solve. The
majority of the cloned RACE products ended near the 5 end of the cDNA clone A06-4
(isolated from library screening), immediately 3’ to the location of a hairpin loop structure.
A large number of clones had to be sequenced before identifying one that extended the

sequence of FBN2 further 5 to the secondary structure. New PCR primers were
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synthesized and used to clone what the primer extension result had indicated to be the §'
end of the FBN2 transcript. Given the high GC content in the §' region of the gene, we are
aware that the primer extension product itself might have been an artifactual termination
caused by secondary structure. Thus, the identity of the start site of transcription still needs
to be further verified by S| nuclease protection assays and additional primer extension
. experiments.

Since the RACE clones lack an in-frame stop codon 5' to the putative first
methionine codom, there is also uncertainty regarding the transcription start site. However,
we believe the ATG identified at position 1 is the actual start site of translation for two
major reasons. First, the ATG codon resides within the context of a good translation
initiation consensus particularly at the more critical -3 and +4 positions (Kozak, 1991).
Second, the first methionine is followed by a sequence that resembles a signal peptide
(Pealman and Halvorson, 1983). Additionally, the relative position of the ATG of FBN2
is the same as the translation initiation codon of FBNI (Pereira et al., 1993). Thus, the
results of the cloning experiments provided strong, if not conclusive, evidence for having

determined the primary structure of the Fib2 protein.

I1. Fibrillin Is a Small Gene Family

The cloned cDNAs of FBN2 cover a 10.4 kb transcript that can translate into a 314-
kDa polypeptide. The protein has an amino acid profile of a secreted acidic protein with the
same building blocks as Fibl, namely the EGF-like, EGF-CB, TGFB-bp and the Fib
repeats arranged in the same fashion as in Fibl. Consistent with the structural data inferred
from the cloning experiments, a 350-kDa Fib2 protein was found in tissue culture media
and in the ECM of several tissues.

Although the theoretical translation of Fib2 bears an overall 81% amino acid
homology to Fibl, there is one region in Fib2 that greatly diverges from the corresponding

proline-rich region of Fibl. This glycine-rich region of Fib2 is the most significant
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structural difference between the two proteins, and this difference was used to generate Abs
specific to each-fibrillin.

The anti-fib2 pAb immunoprecipitated from the cell culture media a protein of the
same size as Fibl. Moreover, this immunoprecipitate did not crossreact with Ab-f1C on
Western blot analysis. Together with the size predicted from the cDNA sequence, these
observations confirmed that the FBN2 transcript translates into a distinct protein product.
Using Ab specific to Fib2, we subsequently demonstrated that, like Fibl, Fib2 is an ECM
protein localized to microfibrils in a wide variety of tissues. Furthermore, preliminary gene
structure data indicate that the repeats of Fib2 are encoded by single exons as previously
reported for FBN1 (Pereira et al., 1993). In light of the structural homology, evolutionary
kinship. and ultrastructural co-localization, we propose that the fibrillins are a small family
of distinctive ECM proteins with related functions. Incidentally, another fibritlin-like
protein, FLP, has been partially cloned and shown to be microfibril associated (Gibson and
Mecham. personal communication). It will be interesting to eventually elucidate the
evolutionary and functional relationships of FLP and the two fibrillins.

In analyzing FBN2 expression, there was a notable discrepancy between the
relative level of FBN2 messenger RNA and Fib2 protein. The Northern analysis showed
equivalent amounts of steady state mRNA for both fibrillins in the MG63 cell line. The
data was verified with highly specific 3' UTR probes, thus excluding the possibility of
cross-hybridization. In contrast, the Fib2 protein immunoprecipitated from MG63 cell
culture media was estimated to be between 8 to 10 times less abundant than the Fibl
immunoprecipitate. Moreover, the level of Fib2 protein expression detected in tissues
seemed much lower than that of Fibl, especially in adult tissues where virtually no Fib2
could be identified with our reagents.

Several possibilities may account for the low detection of the Fib2 protein. First of
all, the discrepancy between the level of FBN2 transcript and Fib2 protein may result from

less efficient translation. The 200 nucleotide long 5' leader sequence of FBN2 message is
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highly GC-rich (68%) and prone to secondary structure. The sccondary structure around
the AUG codon may be responsible for the proposed incfticiency in traaslation of the
FBN2 transcript. Truncation of such GC-burdened, highly structured leader sequences has
been shown to dramatically improve the expression of some regulatory and house-keeping
proteins, such as INT-2 (fibroblast growth factor-related oncoprotein, Dixon et al., 1989),
human 8-globin (Leung et al., 1989), rat ornithine decarboxylase (Manzella and
Blackshear, 1990), and c-sis (platelet-derived growth factor 2, Rao et al., 1988).

If the translation efficiency of the FBN2 mRNA is not impaired, two other
possibilities must be considered. First, lower antibody affinity could contribute to the
apparent low detection of the Fib2 protein. This seems unlikely. since pAbs developed
against other regions of Fib2 have consistently shown much less detection of Fib2 than
Fibl in tissue cultures and histological samples (Mecham, personal communication).
Finally, masking or degradation of the epitope may be leading to decreased detection.
Since immunoprecipitation of Fib2 from cell culture media measures the soluble protein
available before it forms insoluble matrix, faster incorporation of Fib2 protein into the
matrix could make the epitope unavailable and result in under-detection. Similarly, a faster
protein turnover could explain the absence of Fib2 in adult tissues. Until a more
comprehensive understanding of fibrillin metabolism is attained, these considerations
remain hypothetical. A possible cause of Fib2 epitope masking is the process of elastic
fiber assembly and maturation. Deposition of elastin on microfibril bundles buries some of
the fibrifs within elastin. If Fib2 is primarily represented in these embedded fibrils, it could
be hard 1o detect without prior removal of elastin. Overall, we believe that the lower
efficiency of FBN2 mRNA translation in conjunction with epitope masking contribute to
the lower amount of Fib2 in cell culture media and to decreased detection of this fibrillin in

tissue samples.
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I11. Differential Spatial and Temporal Distributions of Fibrillins

The homology between human and murine Fibl is 90% at the amino acid level and
8(0% at the nucleotide level. The murine FBN2 clones we isolated arc similarly
homologous to the corresponding human FBN2 regions t96% and 75% at the amino acid
and nucleotide levels). Comparison of the two murine fibrillin genes shows a similar
amino acid homology (78.8%) as their human counterparts in this region (76%). We are
therefore quite contident that our clones represent the murine FBN2 transcript. We chose
the highly divergent 3'UTR of the two genes as our in situ hybridization probes to ensure
specificity. The equivalent length and similar GC content of the probes enabled us to
compare the hybridization signals, and estimate the relative amount of each mRNA present
in a given tissue at a particular developmental stage.

Although in situ analysis provides detailed information on when and where gene
expression takes place, it does not necessarily reflect protein production, particularly when
the translation efficiency might be limited. Immunostaining studies could theoretically
solve this problem by giving a direct evaluation of the protein deposition. Unfortunately,
our pAbs were raised in rabbits, and rabbit IgG caused a high background staining in
murine tissues that interfered with the interpretation of the results. Nevertheless,
immunohistochemical data obtained from human tissues supported and supplemented in
situ data in defining the spatial and temporal pattern of fibrillin expression.

These data clearly demonstrated that FBN2 and FBNI1 are differentially expressed
genes. They consequently implied that morphologically similar microfibrils may differ in
their fibrillin content in different tissues and at different developmental stages. Such
findings may help us understand the function of Fibl and Fib2, and the etiology of MFS
and CCA. Following is a detailed discussion of the data with particular emphasis on the
pathogenic implications. When discussing the in situ results in murine embryos, we will
use the terms FBN | and FBN2 in reference to mRNA, while the terms Fibl and Fib2 will

refer to proteins detected immunologically in tissues of the 20-week human fetus.
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Musculoskeletal system

Growth of long bones is influenced by tension or pressure across the growth
plates. Periosteum, as an elastic membrane. 1s believed to generate the ension regulating
bone growth. Releasing the tension by circumferential section of the pertosteum results in
acceleration of bone growth, whereas longitudinal inctsions have no effect (Crilly R. G.,
1972; Warrell et al., 1979). Both immunohistochemical and in situ analyses have shown
Fib2 expression in the perichondrium of the developing long bone, and in the periphery of
the hyaline cartilage where dividing chondrocytes are located. Fibl was uniformly
distributed in the cartifaginous matrices with an elevated detection of both RNA and protein
in the more differentiated hypertrophic zones. Increasing expression of FBN1 RNA was
seen in perichondrium parallel to embryo development. When cartilage calcifies into bone.
perichondrium becomes periosteum. The presence of defective fibrillin proteins in this
structure may decrease the periostial tension, thus possibly explaining why abnormally
long bones are seen in both MFS and CCA. The presence of Fibl in the more
differentiated parts of cartilage and bone is consistent with its increased appearance at later
developmental stages. It also indicates that it might provide additional tension from within
the bone.

The integrity of joints is provided by the ligaments connecting one bone to the
other. Fibl is readily detected in adult ligaments but not in the 20-week fetal ligaments.
FBN1 transcription can be seen in ligamental fibroblasts of 16.5 d.p.c. mouse embryos.
Defects in FBN1 gene may cause weakening of the ligaments which manifests itself as
hyperflexibility of the joints, a feature often described in MFS patiems (Pyeritz and
McKusick, 1979). While we did not detected the Fib2 protein in either adult or fetal
ligaments, FBN2 was expressed at an apparent higher level than FBN1 gene in mouse
ligamental fibroblasts as early as 13.5 d.p.c. We believe that the Fib2 protein must

therefore be present in the ligament at some point during development, and its function may
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be different from Fibl in order to explain why joint contractures rather than hypermaobility
occurs in CCA. Impairment of the tendon may also be involved in contractures. Although
there was no detectable Fib2 in adult or 20 week fetal tendon tissues, substantial FBN2
accumulation was seen in tendon fibroblasts of both 13.5 and 16.5 d.p.c. mice. Only a
low signal of FBN1 expression was detected at those stages of development, whereas the
Fibl protein was eastly seen in adult tissue. The high expression of FBN2 in fetal tendon
and the lack of FBNI transcripts may explain why congenital contractures are usually
observed in CCA patients and only seen in the more severe cases of infantile MFS.

While previous reports advocated the presence of microfibrils in elastic cartilage
(Ishihara et al., 1973; Sanzone and Reith, 1976; Nielsen, 1976), others disputed this
finding and were particularly skeptical of "peripheral elastin-associated” microfibrils in
mature elastic cartilage (Serafini-Fracassini and Smith, 1974; Quintarell et al., 1979;
Kostovic-Knezevic et al., 1981). The report from Quintarell et al. (1979) indicated that in
rabbit ear cartilage, elastic tissue was formed by fusion of amorphous elastin into bundles
of 3-4 nm filaments absent at the periphery of mature elastic fibers. They also found these
fine filaments within purified elastin produced by chondrocytes in tissue culture. Kostovic-
Knezevic et ai. (1981) confirmed that microfibrils could not be demonstrated in adult rat ear
cartilage, but they did show the presence of microfibrils adjacent to the chondrocytes in the
boundary zone and perichondrium. Their result was confirmed immunologically by
Prosser et al. (1984) using a pAb raised against microfibrillar extract of bovine nuchal
ligament. The authors attributed the failure to detect a positive microfibrillar signal in the
elastic cartilaginous core to epitope masking by proteoglycans. Our data of in situ
hybridization in epiglottis and cuneiform cartilage, and of immunohistochemistry in ear
cartilage strongly suggest that Fib2 is the predominant fibrillin in elastic cartilage
microfibrils. Qur findings clarify the apparent failure to detect microfibrils in the elastic
cartilaginous core. They also explain the origin of the characteristic crumbled ear of CCA

patients. We think that the pAb raised by Prosser et al. (1984} iv probably directed against
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Fibl epitopes, and therefore stains only the microfibrils at the perichondrium as did our
Fibl specific pAb. The preferential expression of FBN2 in elastin-rich tissues is also seen
in the clastic ligamentum flava which is the equivalent of ligamentum nuchae in ruminants.
This issue will be further discussed in the context of the data suggesting functional
differences between fibrillins.

Although long and thin extremities are present in both MFS and CCA patients,
muscular hypoplasia is particularly noted in individuals with CCA (Epstein et al., 1968;
Ramos et al., 1985). Our in situ results suggest a molecular basis for this clinical
difference. While FBN| expression is seen in the fibroblasts of perimysium (where Fibl
accumulation was confirmed with anti-Fibl Ab), FBN2 is expressed by myocytes. This is
true not only for skeletal myocytes but also for cardiomyocytes. This and the muscular
hypoplasia typical of CCA patients suggest a functional role for Fib2 in muscle

development.

Cardiovascular system

Similar to skeletal muscle, expression of Fib2 is seen primarily in the myocardium
layer of the heart. The epicardium and endocardium cells express Fibl, which is also
present in the fibroblast of the cardiac skeleton later in development (13.5 d.p.c.). The
immunohistochemical data, as well as the in situ results clearly showed that Fib! is present
throughout the full thickness of the aortic wall, whereas Fib2 is primarily located in the
aortic media. This gives another example of Fib2 being more intimately associated with
elastin, since the media layer contains most of the elastic fibers. It is known that the
advenlitia layer sustains the bulk of the stress and pressure in aorta (Tilson et al., 1990).
Therefore it is conceivable to speculate that defects in Fibl might cause weakening of the
adventitia, thus leading to dilatation and rupture of the vessel. A load bearing structural
function of Fibl is clearly indicated in this case. Fib2 appears not to be a major component

of the adventitia. Consistent with this finding, CCA is not characterized by aortic dilatation
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and aneurysm. The function of Fib2 may be more related to elastic fiber formation, a
concept also supported by its higher expression at earlier stages of vessel morphogenesis.
it1s also interesting to note that Fib2 is expressed mostly in the smooth muscle media layer
of the vessel. This is the equivalent layer of the myocardium of the heart. FBNI
transcription, on the other hand, dominates in the intimal and adventitial cells which
correspond to the endo- and pericardial cells, respectively. This finding may suggest a cell
lineage selectivity in fibrillin expression. The active expression of the FBN| gene in the
endothelial cells of the heart and vessels seem to coincide with the previous abservations of
microfibrils in the atherosclerotic plaques (Haust, et al., 1967; McCullagh, 1973). It is
possible that this protein also has some involvment in plaque formation during injury.
Mitral valve prolapse (MVP) is often seen in MFS patients and has the tendency to
worsen with age (Pyeritz, 1990), whereas MVP or any other cardiovascular deformities are
not usually associated with CCA, Although both fibrillins are expressed in tissues that will
form atrio-ventricular septa. the pathology in MFS and its absence in CCA suggest that
they may have distinct functions. Fibl may function more as a structural component; in
contrast, Fib2 might be more important in the formation of a structure rather than in
sustaining it therefore its impairment may tend to be lethal. Additionally, the
preponderance of Fibl expression in the cardiovascular system is demonstrated by its
substantial presence in the arterioles of different organs, where Fib2 is scarce. Altogether,
the data indicate that Fibl is the major fibrillin component in the microfibrils of

cardiovascular system.

Respiratory system

Ailthough spontaneous pneumothorax, bullous emphysema, reduced total lung
capacity and residual volume are all documented in MFS patients, it is unclear whether
these pulmonary problems are directly caused by the genetic defect. For example, reduced

lung vital capacity in MFS patients is often attributed to the thoracic cage deformities, such
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as kyphoscoliosis and pectus excavatum (Pyeritz et al, 1990). Our studies have identified
the expression of FBN1 in the developing lung parenchyma, and the presence of Fibl
protein in alveolar connective tissues, bronchioles, interlobular septa and pleura (Sakai et
al, 1986; Zhang et al 1994). These findings provide a histological basis to include the
congenital lung abnormalities of MFS .paticnls as part of the primary symptoms of the
disorder. The possibility that a defective Fibl protein is associated with spontaneous
pneumolho;ax and bullous emphysema suggests that Fi.bl may have a slrﬁclural role in
withstanding the expansile force upon inhalation. Mutations may also interfere with the
normal development of the lung parenchyma itself, which results in reduced lung capacity.

If pulmonary involvement is not commonly recognized as part of the clinical
spectrum of MFS, it is very rarely seen in association with CCA. In fact there is only one
documented case of CCA with respiratory problems, in addition to the typical CCA
manifestations. The patient had also generalized osteopenia and underdevelopment of the
musculature, and died suddenly at 2.5 years of age. He was probably the most severe CCA
case ever reported (Epstein et al., 1968). Autopsy results found a narrowed inlet of the
patient’s larynx and a prominent epiglottic curvature. The cause of death was determined to
be suffocation from laryngeal obstruction. Pulmonary atelectasis and focal edema was
noticed microscopically, although there is no detailed description (as most of the attention
was devoted 1o the skeletal abnormalities). Atelectasis could be caused by chronic
suffocation resulting from the narrowed laryngeal inlet. We demonstrated high expression
of the FBN2 gene in elastic cartilage at both the RNA and protein level. Malformation of
the laryngeal elastic cartilages is not a surprising finding in CCA patients, as abnormally
shaped elastic cartiluge of the ear is one of the characteristic signs of this condition.

Strong and specific in situ signals of FBN2 in the bronchial epithelia indicated the
potential importance of Fib2 in the formation of the respiratory tract. Elastogenesis is
believed to play a role in lung morphogenesis and growth (Loosli and Potier, 1959; Emery,

1969). This is indirectly supported by the concurrence of elastogenesis and cavity
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formation of bronchi, respiratory bronchioles and alveoli (Collet and Biens, 1974; Amy et
al., 1977). 1t is not clear whether elastogenesis initiates the program of lung
morphogenesis or is itself part of the program. Nevertheless, elastogenesis of the lung
seems to be synchronized with the development of the airways. In primary and sccondary
bronchi, elastic fibers can be seen by the 14th day in chick embryos (total incubation time
20 days, Jones and Barson, 1971), and by the 16th day in ral embryo (total gestation
period 23 days, Collet and Biens, 1974). In the bronchioles (tertiary bronchi), active
elastogenesis starts at day 18 for chick embryos and day |9 for rat embryos. Alveolar
elastic tissue appears postnatally at the second or third day in mice as primary saccules
develop into alveoli (Amy et al, 1977).

We looked into the expression of the two fibrillin genes at 10.5, 13.5, 16.5 d.p.c.
of mouse embryogenesis. We found that while FBN is made by lung mensechymal cells
but not bronchiolar epithelial celis, FBN2 is prominently expressed in these epithelial cells.
FBN2 expression is also restricted temporally to a period when the bronchi (10.5 and (3.5
d.p.c.) or bronchioles (16.5 d.p.c.) are forming, and is turned off afterwards. Since Fibl
is expressed throughout the lung mesenchyme, but elastogenesis only appears around the
bronchiolar tree where Fib2 is presumably abundant, we think Fib2 protein plays a special
role in directing elastic fiber formation. Collet and Biens (1974) observed that
“microfilaments”, likely to be microfibrils, are often located between the epithelial basal
lamina and the underlying smooth muscle cells, and around the smooth muscle cells. Both
of these areas are sites of subsequent elastin deposition. We speculate that these
microfibrils probably have a different biochemical composition from those located in other
parts of the lung. Although this hypothesis could not be corroborated by
immunohistochemical data, there is in the literature experimental evidence that microfibrils
in rat tracheal lamina propria have different enzymatic susceptibility from that observed in
typical microfibrils (Bodley and Wood, 1971). While there are other possible

explanations, this observation may indicate differences in biochemical compaosition or
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physical accessibility of the microfibrils. This subgroup of microfibrils may be specialized
for initial elastin deposition, and thus may well be buried within the elastic fiber bundles
and less accessible to enzymatic digestion.

The fact that there is little or no pulmonary involvement in CCA patients may, on
the contrary, indicate the importance of Fib2 in clastogenesis and lung morphogenesis.
Most Fib2 defects may cause pulmonary malformation too severe to be compatible with
survival. CCA patients may just be a small viable fraction of FBN2 mutations that cause
no serious effects on lung morphogenesis. Aside from re-emphasizing the importance of
Fib2 during early lung morphogenesis, this hypothesis may also explain why the incidence

of CCA is so much lower than MFS.

Ocular system

One of the key features that differentiates CCA from MFS is the lack of ocular
manifestations, principally ectopia lentis. Microfibrils in the zonule fibers clearly contain
Fibl protein (Sakai et al., 1986). In line with the CCA phenotype, one would expect little
or no Fib2 expression in zonules. Unfortunately we could not verify this point as our
tissue samples did not have well preserved zonule fibers. We did however identify both
fibrillin proteins in the sclera and the Descemet's membrane of the cornea. There is
indication that the Fibl deposition is somewhat enhanced in the outer layer of the sclera and
the inner vascular choroid layer. Interestingly, expression of FBN2 precedes that of
FBNI, since its message can be detected in the mensenchymal cells of the sclera at 13.5
d.p.c. when no FBN1 message is detected. Both genes eventually reach equivalent levels
of mRNA accumulation at 16.5 d.p.c. This is another example suggesting that microfibrils
of the same tissue can change composition over time, in addition to varying in different

tissues.
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Other tissues and organs

Microfibrils are present in the mesangial region of the renal glomeruli without
association to immunogenic elastin (Hsu and Churg, 1979; Kumaratilake et al., 1989).
Both MAGP and Fibl have been localized to the mesangial microfibrils (Kumaratilake et
al., 1989; Sakai, et al., 1986). We have now added Fib2 to the list of the microfibrillar
components in the glomerular and peritubular connective tissue. The in situ data suggest a
developmentally regulated pattern of expression of the two fibrillin genes during renal
morphogenesis. While FBN1 transcription is primarily taking place in the mesenchymal
cells of the peritubular and extraglomerular regions, FBN2 expression is mostly seen in the
developing glomeruli. Although hard to determine by light microscopy, we believe that the
cells actively transcribing FBN2 in the developing renal corpuscle are mesangial cells.
These cells have characteristics of smooth mucle cell such as producing smooth muscle
actin and being contractible (Johnson et al., 1991). It is possible that these cells have other
characteristics of smooth muscle cells, including production of fibrillin. Although we did
not examine stages later than 16.5 d.p.c., the immunostaining data of Sakai et al. (1986)
imply that FBN1 becomes actively expressed in the renal glomeruli later in development.

The submucosal layer of the intestines contains microfibrils associated with small
amount of ela:stin (Kumaratilake et al., 1989). Our in situ data indicate that both smooth
muscle cells and mesenchymal cells of the submucosa are active producers of fibrillins.
FBN2 message was selectively detected in the mesenchymal cells of the lamina propria of
the intestines. Additional sites of fibrillin expression were the muscle celis of the stomach
and the bladder, and the mesenchymal cells of the thymic capsule and septa. The latter in
situ results confinm the light microscopic findings of elastic tissue and oxytalan fiber in the
periphery of the opossum thymus (Savino, 1982).

Overall, this tissve survey demonstrated that Fib2 protein is made by a wide variety

of cells including mesenchymal cells, epithelium, muscle cells (smooth, skeletal, and
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cardiac), and chondrocytes. It also confirmed that morphologically similar microfibrils of
different tissues, as well as those of the same tissue at different developmental stages, can
be biochemically different due to changes in the ratio of the two fibrillin proteins. [t
remains (o be determined whether or not the fibrillins assemble together in the same fibril.
Electron microscopic double-immunolabeling assays of individual microfibril molecules
need to be performed to answer this question.

Fib2 was accidentally discovered by cloning experiments without prior biochemical
evidence suggesting its existence. In retrospect, it is not surprising that the
immunabiochemical studies missed this protein. The highly insoluble nature of the
microfibrils together with the immunological method used for identifying the microfibrilar
components contributed to Fib2 being overlooked. The amniotic membrane used to
prepare anti-microfibrilar antibodies may have low Fib2 content and, as a result, antibodies
generated might have all been against Fibl. Futhermore, affinity purification of Fibl was

carried out using fibroblast culture media which contains very little Fib2 protein.

IV. Differential Functions of the Fibrillins

In broad terms, microfibrils appear to perform two major functions. First, there is
the function of directing elastogenesis. This widely recognized role is based on the indirect
observation that microfibrils appear first in the form of presumptive elastic fibers in
developing elastic tissues and in in vitro culture systems (reviewed by Cleary and Gibson,
1983). Second. they seem to have a force-bearing structural function with limited
extendibility which provides strength to elastic fibers. This function can be inferred from
the tissue distribution and ultrastructural characteristics of the microfibrils. Based on the
spatial and temporal pattern of gene expression, we suggest that each of the fibrillins plays
predominantly one of the two postulated roles.

As extensively discussed in the previous section, Fib2 shows a preferential

distribution in elastic tissues, such as elastic cartilage, the tunica media layer of the aorta,
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and along the bronchial tree. During embryogenesis, transcription of FBN2 seems to start
carlier than FBN1 and is sometimes limited to a window of time just before elastogenesis.
This is best exemplified by the fibrillin expression during pulmonary development.
Although we did not examine the expression of fibrillins in all developmental stages we
observed that Fib2 expression tends to decrease with time. We therefore speculate that this
transient pattern of FBN2 expression holds true in other elastic tissues. Assuming that our
hypothesis is correct, it is likely that the major functional role of Fib2 is to direct elastic
fiber assembly.

A few other observations support our prediction. Anti-Fib2 Abs seem to bind to the
microfibrils within the amorphous elastin more often than Fibl Abs (Davis, personal
communication). Microfibrils are present during elastic cartilage morphogenesis of the ear,
and later they are buried within elastin leaving the mature elastic fibers without visible
peripheral microfibrils (Sanzone and Reith, 1976; Seratini-Fracassini and Smith, 1974,
Quintarelli et al., 1979). Both our immunohistochemical and in situ data suggest that these
microfibrils are made mostly of Fib2. Others have also noted that the microfibrils initially
laid out by cultured chondrocytes are morphologically different from those that appear later
(Davis, personal communication). It is interesting to note that tropoelastin binds
preferentially to these morphologically distinct early microfibrils. Although the true identity
of these microfibrils should be verified immunologically, we speculate that they are made
of Fib2 given the transient and earlier expression pattern of FBN2.

Additional evidence that points to an intimate relationship between Fib2 and elastin
comes from the co-regulation of FBN2 and tropoelastin gene expression. Tropoelastin
steady state mRNA level is post-transcriptionally inhibited by TPA (12-0-
tetradecanoylphorbol-13-acetate) and VitD, (1,25-dihydroxyvitamin D3) (Parks et al,,
1992, Pierce et al., 1992). These two reagents greatly decrease the FBN2 message in
cultured chondrocytes without decreasing FBN1 (Mecham, personnal communication).

Even though the mechanism of TPA and VitDy regulation of FBN2 expression remans (o
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be clarified, the co-repression of FBN2 and tropoelastin provides another indirect link
between these two components of the elastic fiber.

The predominance of Fibl in stress and load bearing structures like aortic
adventitia, suspensory ligament of the lens and skin, suggests that this fibrillin may be
mostly responsible for the structural function of the microfibrils. Consistent with this
conclusion is the fact that symptoms of MFS patients show clinical signs of a premature
wearing-out of a defective load-bearing structure, including aortic aneurysm and ectopia
lentis. The observation that elastic cantilage, the only elastic tissue existing in a stress-free
condition, contains little Fibl further reinforces our hypothesis.

Is there any evidence of a basis in the protein structure for the predicted differential
function? As already mentioned, the most striking difference between the two proteins is
the proline-rich region for Fibl and the glycine-rich region for Fib2. While the proline-rich
region does not show any recognizable relationships o elastin, the glycine-rich region is
about 40% homologous 1o multiple segments of the tropoelastin amino acid sequence
(NCBI, BLAST network service). The glycine rich sequences of both Fib2 and
tropoelastin form B-sheets or (3-turns that are believed to promote protein aggregation
through interdigitation of the hydrophobic side chains (Robson et al., 1993; Mac Vector).
Tropoelastin and the glycine-rich region of Fib2 have abundant hydrophobic amino acid
residues for side chain interactions. Thus, it is conceivable that this unique region of Fib2
provides critical interaction with elastin during the assembly of the elastic fibers. This is
consistent with the predominant or exclusive deposition of this fibrillin at earlier stages of

development and in elastin-rich tissues.

V. Future Research Plans
In summary, the work presented in this thesis has demonstrated the existence of
fibriltin-2, a new ECM glycoprotein and a distinct component of the elastin-associated

microfibrils. It has also clucidated the structure of this protein and the spatiotemporal
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pattern of gene expression during embryogenesis. Resuilts from these studies have
provided the basis for several hypothesis concerning the function of fibrillin-2.
Accordingly, we speculate that fibrillin-2 plays a critical regulatory role during the early
assembly of the elastic fiber. This hypothesis and several other unresolved points
constitute the new set of questions to be addressed by future investigations.

Metabolic labeling assays will elucidate the biosynthetic steps of the Fib2 protein.
This information will help explain the observed discrepancy between levels of FBN2
message and Fib2 protein. [t will also determine the fate of Fib2 protein, once it is
assembled into microfibrils and elastic fibers. For the later purpose, immuno-
electronmicroscopy in conjunction with enzyme digestion assays will help clarify whether
or not Fib2 is embedded in the amorphous elastic core, or is simply degraded after serving
its purpose.

In situ hybridizations at developmental stages later than those described here wili
increase our knowledge of the differential spatiotemporal pattern of expression of the two
fibrillin genes. The proposed function of Fib2 as an organizer of fiber assembly makes this
gene product more important than Fibl during embryogenesis. However, the levels of
expression of FBN and FBN2 at the developmental stages analyzed in this study do not
explain the abundance of Fibl and the near absence of Fib2 in adult tissues. Although
study of translation efficiency may shed light on this point, it will still be necessary to
assess gene transcription at later post-natal stages in order to answer the question more
directly.

Additionally, it will be more informative if we could correlate the message level to
the actual accumulation of the protein in mouse embryos. The high background staining of
our rabbit pAbs in murine tissues has unfortunately hampered these experiments.
Preliminary results showed that the same affinity purified antibodies stain rat tissue with

little unspecific signal (Panetta, personal communication). Thus, these same reagents could
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be used to study the relation between protein deposition and mRNA accumulation in this
ammal model.

We have shown that FBN2 is a developmentally regulated gene. Preliminary data
also suggest that the regulation is related to tropoelastin gene regulation. It will be
interesting to explore the relationship between the Fib2 and elastin expression to understand
the program of clastogenesis. Experiments examining the transcriptional mechanisms of
the two genes may identify common regulatory pathways.

In vitro systems in which the expression of the FBN2 gene is altered, can be used
to test the proposed function of Fib2 as the organizer of elastic fiber. In cultured cells that
form an elastic fiber matrix, FBN2 gene expression could be abrogated by the ribozyme
techniques (Forster and Symons, 1987, Uhlenbeck, 1987). One could observe the
consequence of such an action on chondrocytes which normally express tropoelastin and
both fibrillins, and which form elastic fibers. Additionally, Abs against specific regions of
Fib2 (such as the glycine-rich region C) can be introduced into the culture media to identify
the element(s) involved in elastic fiber formation. Alternatively, forced expression of the
FBN2 gene product (or a portion thereof) in cells that produce tropoelastin, but do not form
fibers may also provide information about the role of Fib2 in elastogenesis. The technique
of homologous recombination in embryonic stem cells (Capecchi, 1989) could be
employed to substitute the glycine-coding exon of Fib2 with the proline-coding exon of
Fibl. The introduction of structural and regulatory mutations in transgenic mice will be a

definitive assay for studying the function of Fib2 and its role in development.



Abbreviation Table

Ab
Ab-fIC
Ab-2C

CCA
d.p.c.

EGF
EGF-CB
Emilin
FBNI1
FBN2
Fibl

Fib2

IP

kDa

LOD (score)
mAb
MAGP
MFS

nt

ORF

pAb
RACE
TGFB-bp
Tm

UTR

antibody

anti-fibrillin I-antibody

anti-fibrillin 2-antibody

associated microfibril protein

base pair(s)

congenital contractive arachnodactyly
days post coitus

extracellular matrix

epidermal growth factor

epidermal growth factor Ca** binding subtype
elastin microfibril interface located potein
fibrillin | gene locus

fibrillin 2 gene locus

fibrillin |1 (protein)

fibrillin 2 (protein)

immunoprecipitate

kilo-Dalton

logarithm (to base 10) of the odds
monoclonal antibody

microfibrillar associated glycoproteins
Marfan syndrome

nucleotide(s)

open reading frame

polyclonal antibody

rapid amplification of cDNA ends
transforming growth factor-B-binding protein
melting temperature

untranslated region
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