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Summary

LTBP-2 is tightly associated with fibrillin microfibrils and elastic fibres in a range of tissues
mainly in the lung, heart, skeletal muscle, placenta, liver and the aorta. LTBP-2 belongs to the
fibrillin-LTBP superfamily of extracellular matrix proteins. Unlike other LTBPs, LTBP-2 does
not covalently bind TGF-beta and its molecular function remains unclear. LTBP-2 complexes
with fibulin-5, an elastin-chaperone protein critical for normal elastic fibre assembly, and it has
been suggested that LTBP-2 may preferentially direct fibulin-5-elastin globules onto fibrillin-
1 (rather than fibrillin-2) microfibrils during elastinogenesis. However, we have now shown
that LTBP-2 inhibits rather than enhances the interaction of tropoelastin with fibulin-5 in vitro.
In addition LTBP-2 inhibited elastic fibre assembly in ear cartilage chondrocyte cultures
largely at the stage of elastin deposition onto the fibrillin microfibril scaffold. In parallel
experiments, LTBP-2 was shown to significantly inhibit the binding of heparin to tropoelastin
suggesting LTBP-2 may compete with tropoelastin for binding to certain cell surface HSPGs
and contribute to controlling the release of elastin microassemblies from the cell surface.
Confocal microscopy showed strong co-distribution of LTBP-2 with fibulin-5 and fibrillin-1
and partial co-distribution with HSPGs, perlecan and syndecan-4 in fibroblast matrix Thus it
is evident that LTBP-2 is a negative modulator of elastinogenesis and that LTBP-2 levels may

regulate the rate and extent of elastinogenesis in some tissues.

A recent study has linked LTBP-2 gene mutations to recessive form of Weill-
Marchesani syndrome which is characterised by short stature, thick fibrotic skin and ectopia
lentis. Since fibrillin-1 mutations can also cause this syndrome it is now clear that LTBP-2 is
linked to fibrillin biology, growth factor regulation and fibrosis. To investigate growth factor
binding to LTBP-2, our laboratory screened a number of cytokines involved in the pathogenesis
of fibrotic disorders and identified a very strong specific interaction of FGF-2. The activity was
confined to a central region of the LTBP-2 consisting of 6 EGF-like repeats, suggesting a single
binding sequence. The finding presented in this thesis found that 5-fold molar excess LTBP-2
can completely block FGF-2 stimulation of fibroblast proliferation via its receptor. In addition
increased levels and extensive co-localisation of LTBP-2 and FGF-2 were observed and
quantitated in human hypertrophic scars and keloids. Furthermore, g°PCR confirmed consistent

elevation of LTBP-2 and FGF-2 expression in samples of these fibrotic tissues. The results



support the concept that increased LTBP-2 expression in fibrotic disorders may increase FGF-

2 binding and reduce FGF-2 activity, inhibiting normal repair processes.

Previously we have shown that LTBP-2 competes with LTBP-1 for binding to fibrillin
in vitro, suggesting that LTBP-2 may modulate TGF-p storage and activation. In experiments
designed to measure displacement of TGF-B complexes from fibrillin microfibrils, our
laboratory discovered addition of LTBP-2, or a small bioactive fragment LTBP-2C F3 to MSU
1.1 skin fibroblasts resulted in a large increase in TGF-§ levels in culture medium. However
the increase in TGF-B the medium was cycloheximide sensitive indicating elevated cellular
expression and secretion of TGF-P rather than release of matrix-stored TGF-p. Exogenous
LTBP-2 or fragment F3 significantly increased levels of latent TGF-f in the medium after 9h
peaking at 15h. The signalling mechanism appears to involve the PI3K/Akt and p38 MAPK
pathways, as incubation of cells with LTBP-2 (10ug/ml) elevated Akt 1/2/3 Ser473 and P38
D-8 phosphorylation and inhibition of each pathway completely blocked the synthesis of TGF-
B. Investigation of the cell surface receptor for the bioactive fragment of LTBP-2 was less
informative. Inhibitory antibody to B1 integrins did not affect the TGF-p upregulation but it
was partially inhibited by an antibody to the integrin aVPB3 receptor, suggesting it may be

involved in LTBP-2-cell interaction(s) resulting in elevated TGF-f expression.

In conclusion, these findings are consistent with LTBP-2 having novel regulatory
functions in elastinogenesis, growth factor modulation and fibrosis which may lead to novel

therapy development for fibrotic diseases and tissue repair.
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NEAA- non-essential amino acids

ng- nanogram

Ni- nickel

NRS- normal rabbit serum

PBS- phosphate-buffered saline

PCR- polymerase chain reactions

PG- proteoglycan

PVDF- polyvinylidene difluoride

r- recombinant

RGD- arginine-glycine-aspartic acid motif
RNA- ribonucleic acid

RT- room temperature

SD- standard deviation

SDS-PAGE- sodium sulphate polyacrylamide gel electrophoresis
SLC- small latent comlex

SMA- smooth muscle actin

SMC- smooth muscle cell

TBS- tris buffered saline

TGF-f- transforming growth factor-f3
TIMP- tissue inhibitor of metalloproteinases
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TMB- tetramethylbenzidine

v or vol- volume

W- weight

WMS- Weill-Marchesani syndrome
o- alpha

aVp3- alpha V beta 3

aVp5- alpha V beta 5

B- beta

ul- microliter

A delta

8-cys- 8-cysteine containing motif

18




CHAPTER 1: The Role of LTBP-2 in

Elastinogenesis and Fibrotic Diseases

1.1 The extracellular matrix (ECM) and its components

The extracellular matrix (ECM) is a compilation of various molecules that surround
cells, and provide structural and functional integrity to connective tissues and organs (Schultz
et al.; Yanagishita, 1993; Gentili and Cancedda, 2009; Gillies and Lieber, 2011). The ECM is
not simply a uniform scaffold; it is a complex mixture of structural molecules, including
collagens, glycoproteins, proteoglycans and elastin (Hohenester and Engel, 2002; Halper and
Kjaer, 2014). These proteins serve many functions including the provision of structural
support; resilience and tensile strength, scaffold for migration, and attachment sites for cell
surface receptors. Moreover, these proteins also act as reservoir for signaling factors that
modulate such diverse processes as angiogenesis and vasculogenesis, cell migration, cell
proliferation and orientation, inflammation, immune responsiveness and wound healing (Werb,
1997; Lukashev and Werb, 1998; Badylak, 2002).

The collagen protein superfamily provides the major structural components of most
connective tissues and the most abundant insoluble proteins of the ECM (Kjaer et al., 2009;
Ricard-Blum, 2011b). Collagens are ubiquitous proteins responsible for maintaining the
structural integrity of vertebrates and many other organisms (Ricard-Blum, 2011a; Hwang et
al., 2014). In tissues that have to resist shear, tensile, or pressure forces, such as tendons, bone
cartilage, and skin, collagen is arranged in fibrils, responsible for providing the tensile strength
(Diamant et al., 1972; Weber et al., 1994). Only collagen type I, 1, I11, V, and XI self-assemble
into fibrils. Some collagens form networks such as type IV, VIII, and X (Bosman and
Stamenkovic, 2003). An example of such a network is the basement membrane, made of
collagen 1V, (together with perlecan and laminin) (Kihn, 1995; Poschl et al., 2004). Basement
membranes are sheet-like extracellular matrices which underlay almost all epithelia and
endothelia, support soft tissue structure and acting as selective barriers to permeability (Kielty
et al., 2002b). Other collagens associate with fibril surfaces such as types IX, XIlI, and XIV.
There are also transmembrane proteins (type XI1I and XV1I1) and collagens that form periodic
beaded microfibrils (type VI) (Gordon and Hahn, 2009).
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Elastic fibres are essential for the structure and function of various types of organs that
require elasticity, such as large arteries, lung and skin (Sherratt, 2009a). Lung tissue has a high
content of elastic fibres that provide tissues with the resilience they require to distend and
contract during tidal breathing (Starcher, 2000; Shifren and Mecham, 2006). Moreover, elastic
fibres allow blood vessels to stretch and recoil, maintaining a constant blood pressure and
preventing the vessels from rupture (Rosenbloom et al., 1993; Cain et al., 2008c). Elastic fibres
consist of two main components, a hydrophobic amorphous elastin core and a fibrillin
containing microfibril, which acts as template for elastin deposition (Kielty et al., 2002a;
Shifren and Mecham, 2006). There are also other macromolecules that play essential roles in
the functional and biological characteristics of the matrix and connective tissues including;
proteoglycans, hyaluronan, and glycoproteins such as fibronectin, thrombospondin, and
microfibrillar-associated proteins (Culav et al., 1999; Bruckner-Tuderman et al., 2010).

The ECM also appears to serve as a reservoir for growth factor cytokines where
components of the matrix have the potential to interact with growth factors to store these
cytokines in tissues and subsequently regulate their activation (Rosso et al., 2004). Although
growth factors were originally defined as soluble molecules, increasing evidence indicates that
the binding of growth factors to the ECM is a major mechanism regulating growth factor
activity (Taipale and Keski-Oja, 1997). Many of the ECM growth factors develop complex
interactions with surface molecules of neighbouring cells (Aumailley and Gayraud, 1998b;
Badylak, 2002). Such interactions may provide a mechanism for the local control of cellular
behaviour such as cellular differentiation, tissue morphogenesis, maintenance of homeostasis,
growth factor expression and cellular response to injury, indicating that the role for each ECM
molecule is sophisticated and highly specific (Yamaguchi et al., 1990). Due to the direct
connections between cells and their milieu, any quantitative and qualitative modification of the
ECM microenvironment will influence cell functions. For example, disruption of transforming
growth factor-beta (TGF-p) signalling has been implicated in many human diseases, including
cancer, and fibrotic, autoimmune and cardiovascular diseases (Matrisian and Hogan, 1990;
Border and Ruoslahti, 1992; Yamamoto et al., 1994; Ruiz-Ortega et al., 2007).
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1.2 Collagens

Collagens are major components of the ECM and are the most abundant proteins found
in the body. Collagens are secreted by multiple cell types and at least 26 different types of
collagens have been described in vertebrates, and each has distinct properties in the matrix
(Bunyaratavej and Wang, 2001; Canty and Kadler, 2002; Ricard-Blum, 2011a). The collagen
family represents a group of diverse molecules linked by presence of the collagen triple-helix
structure as a common structural element (Brodsky and Ramshaw, 1997; Brodsky and
Persikov, 2005). Collagens are trimeric molecules composed of three polypeptide o chains,
which contain the sequence repeat (G-X-Y)n, where the first position of repeat is glycine, the
second and third positions of the repeat being frequently proline and hydroxyproline, allowing
the formation of a triple helix (Brodsky and Ramshaw, 1997; Brodsky and Persikov, 2005).
Each member of the collagen family contains at least one triple-helical domain (COL) and most

collagens are able to form supramolecular aggregates (Ricard-Blum, 2011a).

Various types of collagens are involved in the formation of fibrils and microfibril
networks of both basement membranes and interstitial ECM (Trelstad and Hayashi, 1979;
Kadler et al., 2008). The structure and function of different collagens varies significantly and
multiple types of collagens are often combined to form major structural elements of the ECM.
The triple helix constitutes a rod-like structure important for fibril formation and structural
integrity, but it is now clear that the triple helix also interacts with a wide range of molecules
important in extracellular matrix organization and function (Brodsky and Ramshaw, 1997,
Brodsky and Persikov, 2005). For example, collagen 1V, a network forming collagen, plays
important roles in the structure and assembly of basement membranes (Miner and Sanes, 1994;
Pdschl et al., 2004; Khoshnoodi et al., 2008). Members of the collagen IV family are found in
all basement membranes and are characterized by their ability to form complex and covalently-
linked structural scaffolds, required for the basement membrane assembly process (Miner and
Sanes, 1994; Poschl et al., 2004; Khoshnoodi et al., 2008). Type I and type 111 collagens, both
of which are fibrillar or rod-shaped collagens, provide tensile strength to the skin and other
connective tissues (Lapiere et al., 1977; Epstein and Munderloh, 1978). The tensile strength of
skin is due predominantly to these fibrillar collagen molecules, which self-assemble into
microfibrils in a head-to-tail and staggered side-to-side lateral arrangement (Brodsky and
Ramshaw, 1997; Ottani et al., 2001; Brodsky and Persikov, 2005). Type VII collagen forms

anchoring fibrils, attachment structures in the basement membrane zone of skin that adhere the
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epidermal layer of skin onto the dermis (Sakai et al., 1986¢; Keene et al., 1987; Burgeson,

1993). Different types of collagen are found in the matrix and each of the collagen have specific

localization and functions in the extracellular matrix (Table 1.1).

Missense mutations can cause alterations in the stability of the triple helical structure

of collagens, contribute to a range of heritable connective tissue disorders. For example,

mutations in the type | collagen gene causes osteogenesis imperfect, mutation in type Il

collagen causes Ehlers-Danlos syndrome type IV, and mutation in type IV collagen causes
Alport syndrome (Superti-Furga et al., 1989; Hudson et al., 2003; Marini et al., 2007).

Type

Chain Composition

Structural Details

Localization

I [al(D]2[a(D)] 300nm, 67nm banded fibrils | skin, tendon, bone, etc.

] [al(ID]3 300nm, small 67nm fibrils cartilage, intervertebral disk

I [al(IID)]3 300nm, small 67nm fibrils Blood vessels, skin, muscle,

frequently with type |

v [al(IV)2[a2(IV)] 390nm  C-term  globular | all basal lamina
domain, nonfibrillar

\/ [al(W)][a2(V)][a3(V)] 390nm  N-term  globular | most interstitial tissue, assoc.
domain, small fibers with type |

VI [al(VD)][a2(VD][a3(VI)] | 150nm, N+C term. globular | most interstitial tissue, assoc.
domains, microfibrils, 100nm | with type |
banded fibrils

VIl | [al(VID]3 450nm, dimer epithelia; oral mucosa, cervix

VI | [al(VIID)]s some endothelial cells

IX [al(IX)][a2(IX)][a3(IX)] | 200nm, N-term. globular | cartilage, assoc. with type Il
domain, bound proteoglycan

X [al(X)]3 150nm, C-term. globular | hypertrophic and mineralizing
domain cartilage

Xl [al(XD][o2(XD][a3(XI)] | 300nm, small fibers cartilage

X | al(XID) interacts with types | and 111

Table 1.1 Details of the different types of collagens found in the matrix. Table adapted and

modified from Bateman JF (1996).
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1.3 Proteoglycans

Proteoglycans (PGs) are major contributors to the structure and function of the ECM. They are
primarily composed of a core protein that has covalently attached one or more long unbranched
polyanionic sugar side-chains known as glycosaminoglycans (GAG) (Hardingham and Fosang,
1992) (Figure 1.1). The ECM proteoglycans can be divided into four groups, which are the
small leucine repeat (LRR) family (e.g. biglycan, decorin), the aggrecan/versican family, the
collagen family (e.g. type IX, XII and XIV collagen) and others that are specialised and
expressed in the basement membrane and neuromuscular junctions (e.g. perlecan, agrin)
(Junqueira and Montes, 1983; Hassell et al., 1986; Hardingham and Fosang, 1992). The protein
cores of proteoglycans are rich in serine and tyrosine residues to allow for multiple GAG
attachment, resulting in very complex structures of high molecular weight. GAGs are extended
structures and are highly negatively charged with many sulphate and carboxylate groups and
they often dominate the physical properties of the protein to which they are attached (U Lindahl
and Hook, 1978; Jackson et al., 1991). GAG chains are repeating disaccharide units containing
either of two modified sugars, N-acetylgalactosamine (GalNAc) or N-acetylglucosamine
(GLcNAC) with an uronic acid. There are five sub-classes of GAGs, defined by their sugar
compositions which are hyaluronic acid (HA), dermatan sulphate (DS), chondroitin sulphate
(CS), heparin, heparan sulphate (HS) and keratan sulphate (KS). HS, CS, and DS are assembled
via a serine residue to the protein cores, defining them as PGs (U Lindahl and Hook, 1978;
Jackson et al., 1991; Sasisekharan et al., 2006; Taylor and Gallo, 2006) (Figure 1.1).

Recently, heparin and heparan sulphate proteoglycans (HSPGs) have been shown to
bind fibrillin-1 and are essential for formation of fibrillin-microfibrils which in turn provide a
scaffold for elastin deposition (Tiedemann et al., 2001b). In addition, heparan sulphate chains
have been shown to interact with tropoelastin and promote the coacervation of tropoelastin to
form elastin-microassemblies (Gheduzzi et al., 2005). However the precise HSPGs involved
in these processes are not yet clear. This study will investigate the influence of heparin/heparan
sulphate proteoglycan on the assembly of elastic fibre which will be discussed in more detail

in section 1.5.

23



Hyaluronan (HA)

Chondroitin sulfate (CS)

4S 4S 4S

28 28

Dermatan sulfate (DS)
6S

2S NS 28 NS3S
Heparin sulfate (HS)

Core protein

/ Cell Membrane

Yo xy1 M ciea [ ] GanNac
Ooca <@ ua [ cienac

Figure 1.1 Structure of glycosaminoglycans (GAGs) and proteoglycans (PGs). Hyaluronic
acid (HA) is not covalently linked to a PG, but synthesized directly into the extracellular space.
Heparan sulphate (HS), chondroitin sulphate (CS) and dermatan sulphate (DC) GAG side
chains are linked to a protein core via a serine residue. Members of the glycosaminoglycan
family vary in the type of disaccharide unit they contain (e.g. N-acetylgalactosamine (GalNAc),
N-acetylglucosamine (GIcNACc), glucuronic acid (GIcA), iduronic acid (IdoA), galactose (Gal),
and xylose (Xyl). Diagram taken from Taylor and Gallo (2006).

1.3.1 Heparin/Heparan sulphate proteoglycans
There are several reports in the literature suggesting that HSPGs may participate in the

formation of elastic fibres and in particular may play important role in the assembly of the

microfibrillar component (Gheduzzi et al., 2005). The involvement of PGs containing heparan
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sulphate GAGs chains in elastic fibrogenesis has been observed, where heparin sulphates bind
tropoelastin and mediate its coacervation (Wu et al., 1999). Cell surface heparin sulphate
proteoglycans appears to be an essential participant both for the assembly of the fibrillin
microfibrils and for elastin deposition onto the microfibrillar scaffold during elastic fibre
assembly (Tiedemann et al., 2001a; Cain et al., 2005a; Cain et al., 2008a; Cain et al., 2008c).

Heparan sulphate as an anionic polymer composed of a repeated disaccharide structure
which is modified to varying degrees by N-deacetylation and N-sulfation of the glucosamine,
and by additional O-sulfation on both sugars (Sasisekharan et al., 2006). This anionic polymer
is comprised of 50-200 disaccharide units covalently attached to specific protein core to form
proteoglycans at cell surface (e.g. syndecans) or in the ECM (e.g. perlecan) (Kramer and Yost,
2003). Structurally, heparin is distinguished form heparan sulphate by being more heavily
modified, consisting of an abundance of disaccharides modified with N- and O-sulfation along
its entire length, instead of being clustered as is usually found in heparan sulphate (Taylor and
Gallo, 2006). In addition, heparin is less abundant in vivo, compared to heparan sulphate which
is more predominantly found on cell surfaces and in the ECM as part of a PG (Cohlberg et al.,
2002; Rose and Page, 2004).

So far, three broad classes of HSPGs have been identified which are those that are
secreted by the cells and located in the ECM such as perlecan and agrin; those associated with
the cell surface such as glypicans, and the transmembrane HSPGs such as syndecan family
(syndecan-1, -2, -3 & -4) (Bernfield et al., 1992; Kim et al., 1994; Fuki et al., 1997). Fibrillin-
1 is a major extracellular heparin/heparan sulphate binding molecules and four high affinity
heparin-binding regions on fibrillin-1 have been identified (Cain et al., 2005b; Cain et al.,
2008b; Kirn-Safran et al., 2009). It was shown by blocking heparan sulphate attachment to core
proteins with B-D-xylosides (inhibiting the attachment the glycosaminoglycans to core protein)
and blocking glycosaminoglycans sulfation, disruption of microfibril assembly has been
observed indicating the importance of the heparan sulphate proteoglycans during microfibril
assembly (Cain et al., 2005a; Cain et al., 2008b). Recent published data from our lab show that
LTBP-2 binds strongly to syndecan-4 and perlecan, suggesting these molecules act as
candidates for the cell surface interaction during elastic fibres assembly (Parsi et al., 2010) and

will discuss in detail later.
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Figure 1.2 The three main classes of cell-surface heparan sulphate proteoglycans (HSPGSs).
(A) Syndecans are a family of transmembrane core proteins that contain a highly conserved C-
terminal cytoplasmic domain and an extracellular domain capable of carrying HS and CS chain.
(B) The glypican core protein is attached to the cell membrane covalently via a
glycosylphosphatidylinositol (GPI) anchor through the C-terminus of the protein. (C) Perlecan,
a basement membrane-type HSPG that carries HS chains (Lin, 2004).

1.4 Glycoprotein

Glycoproteins are proteins covalently bound to a carbohydrate consisting of amino-
sugars, acidic sugars or neutral sugars all of which are very hydrophilic. In contrast with
proteoglycans, glycoproteins have much shorter truncated carbohydrate chains with greater
diversity of carbohydrate types (Pierce and Parsons, 1981; Dean et al., 1991; Mark, 2002).
Glycoproteins generally have structural and adhesive properties, which are able to mediate
cellular activities both directly through interaction with cell surface and indirectly by
organising a defined 3-dimentional extracellular matrix which is essential for most cells to
express their tissue specific features (Pierce and Parsons, 1981; Dean et al., 1991; Mark, 2002).
Some of the glycoproteins which have adhesive properties are fibronectins, thrombospondin,
and laminins (Pierce and Parsons, 1981; Dean et al., 1991; Mark, 2002).

Fibronectin is an extracellular matrix protein that acts as a substrate for cell migration
and adhesion during development (Dean et al., 1991). Moreover, fibronectin is an important
glycoprotein which is required for normal cell growth (Clark et al., 1982; Pankov and Yamada,
2002; Mao and Schwarzbauer, 2005). Fibronectin consists of a soluble dimer with molecular

weight of 540 kDa in plasma or as fibrillar form on the cell surface in the interstitial space.

26



Fibronectin is one of the first glycoproteins to be produced during the formation of the matrix,
associated with cell surface integrin receptors (Mao and Schwarzbauer, 2005). Wide ranges of
biological activities of fibronectin have been identified through in vitro and in vivo studies such
as binding to integrin, and protecting cells from apoptosis due to stresses caused by the lack of
growth factors (George et al., 1993; Giancotti and Ruoslahti, 1999). Fibronectin has been
shown to play a critical role in early development, since fibronectin knockout mice have an
embryonic lethal phenotype (George et al., 1993; Hines et al., 1994). In addition, extracellular
assembly of fibrillin microfibrils is markedly reduced in a fibronectin mutant mouse strain,
indicating that interactions between fibronectin and fibrillins is important for elastic fibres
formation (Kinsey et al., 2008b; Kinsey et al., 2008a; Sabatier et al., 2009).

Like some proteoglycans, certain glycoproteins also have important roles in elastic
fibres, such as fibulin-5, LTBP-2 and fibrillins (Sakai et al., 1986a; Kielty et al., 2002a;
Nakamura et al., 2002; Yanagisawa et al., 2002; Rock et al., 2004; Hirai et al., 2007), which
have specific implications for the present study. Fibrillins, play an essential role in the ECM,
polymerising to form the major structural element structure of 10nm microfibrils. Fibrillins
polymerize into a characteristic beads-on-a-string structure, which gives rise to the microfibril
lattice by lateral association of the polymers (Kielty and Shuttleworth, 1995; Handford et al.,
2000; Ramirez et al., 2004). They have adhesive properties as well as being a structural
component of the matrix (Pfaff et al., 1996; Bax et al., 2003; Bax et al., 2007). Moreover,
fibrillin-microfibrils play a role in targeting growth factors by acting as storage depots in ECM
(Charbonneau et al., 2004; Sengle et al., 2008; Sengle et al., 2012).
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1.5 Elastic fibres
1.5.1 Elastin

Elastin is a highly insoluble extracellular matrix protein and the core protein of the
elastic fibres. Elastic fibres are major class of extracellular matrix fibres that are abundant in
dynamic connective tissues. Their structural role is to provide resilience to elastic tissues such
as skin, ligaments, lungs, and arterial walls (Montes, 1996; Kielty et al., 2002a; Sherratt,
2009c). This allows the tissues to stretch and recoil without damage (Mecham, 1994; Kielty,
2006; Sherratt, 2009b). Moreover, they also act as an important adhesion template for cells and
are essential in the regulation and activation of growth factors such as TGF-p (Dallas et al.,
1995; Kielty, 2006).

A study using an in vivo model has shown that mice lacking the elastin gene die within
a few days of birth from vascular obstruction due to vascular smooth muscle cell over
proliferation. The vessel wall is thickened and smooth muscle cells are misarranged at the time
of death in these mice indicating elastin plays an important role in vascular (Li et al., 1998a;
Li et al., 1998b). Loss of elasticity is observed in a range of serious diseases or age-related
lesions, such as emphysema, arteriosclerosis, and skin aging (Rosenbloom et al., 1993) (Table
1.2). A major health problem, emphysema, common form of obstructive pulmonary disease
(COPD) is generally characterised slowly progressive airflow obstruction. In emphysema the
elastic fibres in alveolar ducts and sacs are degraded causing loss of elasticity in small airways
causes the development of airflow obstruction (Stone et al., 1995; Santos et al., 2002; Black et
al., 2008). Reduced amounts of elastin also contribute to the development of supravalvular
aortic stenosis (SVAS), a congenital disorder caused by mutation in the elastin genes. SVAS
is characterized by vascular abnormalities that caused systemic hypertension, myocardial
infarction, cerebrovascular accident and obstructive cardiomyopathy with heart failure (Curran
et al., 1993; Ewart et al., 1994, Li et al., 1997a; Arteaga-Solis et al., 2000). Vascular lesions
showed disorganized, irregular and thickened elastic fibres, caused by quantitative deficiency
of elastin. Reduced amounts of elastin may make the elastic fibres more susceptible to
hemodynamic stress and damage (Curran et al., 1993; Ewart et al., 1994; Li et al., 1997b;
Arteaga-Solis et al., 2000).

In addition to the mechanical properties of elasticity, elastic fibres are unique in several

other aspects. Once synthesized in early development, elastic fibres undergo very little turnover
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in normal adult tissues (Urban and Boyd, 2000). For example, the elastic fibres deposited in
one’s aorta as a young child are the same elastic fibres that one usually dies with. However,
new elastin-fibre synthesis in a variety of elastic-tissues diseases results in the aberrant
accumulation of dysfunctional elastic fibres such as hypertension, emphysema, aortic

aneurysms and actinic elastosis (Milewicz et al., 2000; Urban et al., 2000).

While importance of elastin and fibrillin are relatively well established, effective
therapeutic approaches for elastic fibre replacement in these diseases are not been discovered,
because the mechanism of elastic fibre formation and maintenance still remain unclear.
Moreover, little is known about how elastic fibre associated molecules such as fibulin-5,
heparan sulphate proteoglycan, and LTBP-2 contribute to their assembly and function. This
study will investigate in more detail how these molecules involved during the formation of

elastic fibres.

The elastic properties of many tissues such as the lung, dermis, and large blood vessels
are dependent on the correct assembly of elastic fibres. These fibers have been shown by
biochemical and ultrastructural analysis to be composed of two distinct components, a more
abundant amorphous elastin and a 10-12 nm microfibrillar component made of fibrillins, which
is located primarily around the periphery of the amorphous component (Cleary, 1996; Kielty
et al., 2002a; Cain et al., 2008c).

The protein elastin makes up the highly insoluble amorphous component and
approximately 90% of the mature fibre, which form a central core (Cleary, 1996; Mithieux and
Weiss, 2005). Unlike all other families of the ECM macromolecules, there is only one elastin
gene (Cleary, 1996; Debelle and Tamburro, 1999; Mithieux and Weiss, 2005). The 72-kDa
biosynthetic precursor, tropoelastin, is secreted into the extracellular space where it becomes
highly cross-linked into a rubber-like network through the activity of the copper-requiring
enzyme lysyl oxidase (Narayanan et al., 1978; Kozel et al., 2004; Clarke et al., 2006). In each
tropoelastin monomer, approximately 35 of the 40 lysine residues are involved in cross-linking,
which gives elastin a high degree of stability and insolubility (Wagenseil and Mecham, 2007).
Moreover, the highly cross-linked structure of elastin contributes to its ability to stretch and
recoil to its original shape repeatedly (Vrhovski et al., 1997; Mithieux and Weiss, 2005).
Aggregated tropoelastin molecules are deposited onto performed microfibrillar templates made

of fibrillins (Kozel et al., 2004; El-Hallous et al., 2007). However, the exact mechanism of

29



elastin deposition onto microfibrils still unclear. Many other macromolecules are believed to
involved in the formation of elastic fibres such as LTBP-2, fibulin-5 and heparan sulphate

proteoglycans and these will discuss in more detail in section 2.3, 2.4 and 2.5.

1.5.2 Fibrillin-microfibrils

As mentioned previously, TGF-Bs are stored in latent form anchored to ECM
particularly on fibrillin-rich microfibrils. Fibrillin molecules have been identified as the
primary component of the 10-12nm elastin-associated microfibrils found within the connective
tissues, and to date, three members of the fibrillin family, fibrillin-1, -2, -3, have been identified
(Sakai et al., 1986b; Corson et al., 1993; Zhang et al., 2005). Structurally, fibrillins are 350kDa
glycoproteins that show a high degree of sequence homology (Ramirez and Sakai, 2010). All
three fibrillins are expressed during human development, but fibrillin-1 is the most abundant
isoform in adult tissues (Quondamatteo et al., 2002; Corson et al., 2004). Fibrillin-1 and
fibrillin-2 are both extended linear molecules that have been identified within microfibrils as
components of elastic fibres and in elastin-free bundles (Sakai et al., 1991). Fibrillin-1 has
widespread expression patterns within the extracellular matrix including skin, lung, tendon,
kidney, cornea, and muscle (Sakai et al., 1986b). In contrast to fibrillin-1, fibrillin-2 & fibrillin-
3 are mainly expressed in foetal tissues associated with microfibrils close to amorphous elastin.
Interestingly, fibrillin-3 is not present in rodents and this suggests that fibrillin-3 is not
important for normal development (Corson et al., 2004).
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Figure 1.3 Elastic fibre formation (a) Diagram illustrating the deposition of tropoelastin onto
fibrillin microfibrils in potential association with fibulin-5. (b) Transmission electron
micrograph of elastic fibre structure in the subendothelium. The elastin core is surrounded by
microfibrils (MF). (c) Electron micrograph displaying mature elastic fibre lamellae
surrounding a medial smooth muscle cell (SMC) (Kielty et al., 2007).

Generally, fibrillins do not function in tissue as monomers; instead they form into
microfibrillar polymers, acting as a scaffold or template for elastin deposition (Wagenseil and
Mecham, 2007). Microfibrils usually form non-striated fibrils with a uniform diameter and are
found in both elastic and non-elastic tissues (Sakai et al., 1991). Microfibrils mainly consist of
fibrillin-1 and fibrillin-2, together with several kinds of proteins that are associated with them,
such as latent transforming growth factor B-binding proteins (LTBPs) (Gibson et al., 1995;
Taipale et al., 1995) and microfibrils-associated glycoproteins (MAGPs) (Gibson et al., 1986;
Gibson et al., 1996). Recently, a mouse model has been used to demonstrate that the loss of
fibrillin-1 containing microfibrils leads to several phenotypic features that may result from
TGF-p activation (Holm et al., 2011). A deficiency of fibrillin-1 gene expression in mice leads
to TGF-B-mediated failure resulting in apoptosis in developing lung (Neptune et al., 2003).
Overall, the loss of fibrillins indicates the latent form of TGF-p is activated inappropriately and

highlights fibrillins as crucial components of matrix that regulate TGF-p bioavailability. The

31



dysregulation of TGF-f activation and signaling could occur from loss of interaction between
the fibrillins and LTBPs since LTBPs are covalently bound to the latent inactive form of TGF-

[ and have been shown to interact with fibrillins (Isogai et al., 2003; Holm et al., 2011).

1.6 Fibulins

Fibulins are a family of glycoproteins with distinctive structures containing a series of
endothelial growth factor (EGF)-like repeat motifs and a globular C-terminal domain (Argraves
et al., 1990; Timpl et al., 2003). The fibulin family consists of five 50-200kDa proteins which
are widely distributed in tissues and are often associated with vasculature and elastic tissues
(Kobayashi et al., 2007). The five-member family can be further classified into two subgroups
(figure 2.4). The first subgroup, fibulin-1 and fibulin-2 are considerably larger (90-200 kDa)
than other three members of family because of the higher numbers of calcium binding EGF
modules and the presence of an extra N-terminal domain. The members of the second
subgroup, fibulin-3, -4, and -5, are similarly small in size (50-60 kDa) and highly homologous
to one another in modular structure (figure 2.4) (Kobayashi et al., 2007; de Vega et al., 2009).
All members of fibulin family consist of modules grouped into domains 1, 1l, and Il where
domain | represents the N terminus which is variable between the family members, domain 11
represents the central portion consist of variable number of EGF-like modules in a tandem
array, and domain 11l represents the C-terminal portion called the fibulin type module
(Aumailley and Gayraud, 1998a; Chu and Tsuda, 2004; de Vega et al., 2009)

Of the five fibulins, only two have been found to be essential for elastic fibre assembly.
Fibulin-4 has been shown to colocalise with microfibrils (Choudhury et al., 2009; Horiguchi
et al., 2009) and fibulin-5 has been demonstrated to colocalise with elastic fibers (Nakamura
etal., 2002; Freeman et al., 2005; Nonaka et al., 2009). Unlike fibulin-4 and fibulin-5 deficient
mice (see below), the absence of fibulin-1, fibulin-2 or fibulin-3 in mice does not have apparent
effects on elastic fibre homeostasis (Kostka et al., 2001; Timpl et al., 2003; de Vega et al.,
2009). However recently, both fibulin-4 and fibulin-5 have been shown to interact with
fibrillin-1, the major component of the microfibril associated with elastic fibers (Freeman et
al., 2005; El-Hallous et al., 2007) suggesting these two fibulins likely serve as connecting
proteins between elastin and fibrillin microfibrils, by aiding in the transfer of tropoelastin

aggregates to microfibrils.
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Figure 1A. Modular structural elements of fibulins and FBLN-5.
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Figure 1.4 Domain structure of fibulin family proteins. The five members of the family display

similar modular arrangement, consisting of domains I, 11, and 111 (Albig and Schiemann, 2005).

Fibulin-4 is expressed by adult human fibroblasts and is located in vessel walls and
basement membranes, strongly expressed in the heart, moderately in skeletal muscle, and
weakly in the placenta, lungs, kidneys and brain (Giltay et al., 1999; de Vega et al., 2009).
Fibulin-4 knockout mice do not develop intact elastic fibres, and exhibit lung and vascular
defects such as emphysema, aneurysm, and haemorrhages, indicating a key role of fibulin-4 in
vascular homeostasis (McLaughlin et al., 2006a; Hanada et al., 2007). In addition, defects in
fibulin-4, such as the missense mutation G169A causes autosomal recessive cutis laxa
characterised by loose skin and organs enriched in elastic fibers, such as the lung and the
arteries, resulting from paucity and fragmentation of elastic fibers (Hucthagowder et al., 2006;
McLaughlin et al., 2006b). Recent studies have shown that strong binding between fibulin-4
and lysyl oxidase enhanced the interaction of fibulin-4 with tropoelastin, forming ternary

complexes that may direct and contribute to the elastin cross-linking (Choudhury et al., 2009).
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In contrast, fibulin-5 did not bind lysyl oxidase strongly but bound tropoelastin in terminal and
central region (Wachi et al., 2008; Nonaka et al., 2009). The structural and function of fibulin-

5 will discuss in more detail in section 2.3.1.

1.6.1 Fibulin-5

Fibulin-5 (molecular mass 56 kDa) is a calcium-dependent, elastin-binding protein that
localises to the surface of elastic fibres in vivo (Nakamura et al., 2002; Nonaka et al., 2009). It
also known as DANCE (developmental arteries and neural crest epidermal growth factor-like)
which consists of six tandem repeats of cbEGF like domains and a C-terminal fibulin module
(Nakamura et al., 2002; Nonaka et al., 2009). The first cbEGF like repeat of fibulin-5 also
contains a RGD sequence, which mediates interaction with cell surface integrins (Preis et al.,
2006; Yanagisawa et al., 2009). Fibulin-5 is predominantly expressed in developing arteries
and has been found to be prominent in elastic-fibre-rich tissues such as lung and blood vessels
(Tsuruga et al., 2004; Hisanaga et al., 2009). These data suggested that fibulin-5 is an important
regulator of vascular development and elastic fibre assembly.

Studies of fibulin-5-deficient mice have demonstrated that fibulin-5 knockout mouse
showed several vascular defects such as disorganisation of elastic fibres in the lung and aorta
(Zheng et al., 2006; Zheng et al., 2007a; Wachi et al., 2008; Choi et al., 2009a). The fibulin-5
knockout mice also have severe loose skin with a remarkable near absence of dermal elastic
fibres indicating an essential role of fibulin-5 in elastic fibres (Choi et al., 2009b). Moreover,
the importance of fibulin-5 for elastic fibre assembly has also been supported by genetic
mutations found in three cutis laxa patients (Loeys et al., 2002; Markova et al., 2003; Hu et al.,
2006) fibulin-5 mutations also caused age-related macular degeneration in humans (Stone et
al., 2004; Lotery et al., 2006; Mullins et al., 2007).

Previous studies have shown that fibulin-5 interacted with fibrillin-1 microfibrils
indicating it plays a role in the pericellular space during elastic fibre assembly (Freeman et al.,
2005). In addition, binding of fibulin-5 to the integrin receptors in adhesion assays suggests
that fibulin-5 may serve to anchor tropoelastin to surrounding cells during assembly and/or
final organization of functional elastic fibres (Zheng et al., 2007b). Recently, studies have
shown that the molecular interaction of fibulin-5 with tropoelastin was enhanced by increase

in temperature and the whole tropoelastin molecules was required for the interaction with
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fibulin-5 indicating that the conformational structure of tropoelastin (Wachi et al., 2008). In
addition, the molecules interaction of fibulin-5 with tropoelastin is also important for

coacervation of the tropoelastin molecules (Wachi et al., 2008).

Figure 1.5 Fibulin-5 is essential for elastinogenesis. (A) Appearance of wild-type mice and
fibulin-5 knockout mice. Mice deficient in in the fibulin-5 gene exhibit loose and wrinkled
skin, short nose and large cheeks. (B) and (C), aortography of wild-type mice and fibulin-5
knockout mice. Fibulin-5 knockout mice have a tortuous aorta with loss of compliance
(Nakamura et al., 2002).

While fibulin-5 is clearly essential for normal elastic fibre formation, its precise

contribution and exact mechanism of interaction during elastic fibres assembly remains
unclear. Several groups have previously identified some fibulin-5 binding proteins, such as

35



elastin (Wachi et al., 2008), fibrillin-1 (Freeman et al., 2005), lysyl oxidase-like 1 (Liu et al.,
2004), EMILIN (Zanetti et al., 2004), apolipoprotein (Kapetanopoulos et al., 2002), and
extracellular superoxide dismutase (Nguyen et al., 2004). Recently, fibulin-5 has been shown
to interact with LTBP-2 (Hirai et al., 2007), indicating LTBP-2 may influence the interaction
of fibulin-5 with other molecules and/or contribute to the elastic fibres. It has been shown that
the sixth cbEGF-like domain of fibulin-5 specifically interacts with the amino- (N-) terminal
of LTBP-2 (Hirai et al., 2007). It has been proposed by Hirai et al., 2007 that when present,
LTBP-2 binds to fibulin-5/tropoelastin complex and promotes fibulin-5/tropoelastin complex
deposition on fibrillin-1 and inhibits deposition onto fibrillin-2 microfibrils, indicating LTBP-
2 may regulate the differential usage of microfibrils in elastic fibre assembly (Hirai et al., 2007).
However, on fibulin-5, the tropoelastin and LTBP-2 binding sites appear to overlap, suggesting
they compete for binding. If proven then, LTBP-2 may be involved in displacing fibulin-5 from
the elastin (rather that guiding the complex to the fibrillin-1 microfibrils), to enable the
deposition of elastin into the microfibrils. In this study, we want to investigate the role of
LTBP-2 on interaction with fibulin-5/tropoelastin complex, particularly whether LTBP-2
enhances or blocks the binding of fibulin-5 to tropoelastin.
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1.7 Fibrotic diseases

Fibrosis is the formation or development of excess fibrous connective tissues in an organ or
tissues, following injury or repeated insult to a tissue or organ. Fibrosis is an important cause
of morbidity and mortality involving tissues such as lung, kidney, skin, liver and
cardiovasculature (Bottinger and Bitzer, 2002; Kissin and Korn, 2003; Afdhal and Nunes,
2004; Lakos et al., 2004; Kang et al., 2007). Currently there is no effective treatment for these
diseases. In human patients, idiopathic pulmonary fibrosis is characterized by inflammatory
cell infiltrates and increased collagen deposition, resulting in loss of alveolar architecture and
impaired gas exchange with most patient dying within 3-8 years (Broekelmann et al., 1991,
Kang et al., 2007). The prognosis of primary renal fibrotic disease is often dependent on the
degree of tubulointerstital scarring caused by proliferation and excessive matrix production of
renal fibroblasts and possibility other cellular elements (Bottinger and Bitzer, 2002; Strutz and
Neilson, 2003). Scleroderma (or systemic sclerosis) is characterised by skin fibrosis but severe
forms of the disease can involve the lungs, kidneys, gastrointestinal tract, and heart (Lakos et
al., 2004). In 2001, cirrhosis (liver fibrosis) disease was identified as the 10th leading cause of
death for men and the 12th for women in the United States, killing about 27,000 people each
year, while new cases of idiopathic pulmonary fibrosis have been conservatively estimated at
270/million/year (Anderson and Smith, 2003; Raghu et al., 2006).

The mechanism of tissue fibrosis is complex and poorly understood. Generally, during
the inflammatory stage of the healing process, activated fibroblasts are stimulated to produce
collagenous matrix mainly by cytokines, such as TGF-B (Strutz and Neilson, 2003).
Occasionally however, when inflammation subsides, the matrix synthesis in the post-
inflammatory stages of fibrogenesis continues, stimulated by aberrant TGF-B activity which
results in massive progressive deposition of fibrous matrix (Strutz et al., 2001; Strutz and
Neilson, 2003). In idiopathic pulmonary fibrosis, activated TGF- stimulates the expression of
many ECM proteins and down regulates their degradation by matrix metalloproteinase (MMP)
through upregulation of tissue inhibitor of metalloproteinases (TIMP) (Gharaee-Kermani et al.,
2009).

In this study, we will focus on fibrotic skin lesions, namely HTS and keloid samples to

address the regulation of growth factors involved during the fibrosis. Both keloid and HTS

tissues represent fibrotic conditions caused by abnormal wound healing causing excessive
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collagen production by fibroblasts (Aarabi et al., 2007; Verhaegen et al., 2009). HTS usually
occurs within 4-8 weeks after injury and remains confined within the boundaries of the wound
while in keloid, the scars develop several months after an initial trauma with overgrowth of
fibrotic tissue beyond the original wound boundaries (Tuan and Nichter, 1998; Verhaegen et
al., 2009). Both lesions also can be distinguished by histo-pathological characteristic where
HTS is generally identified by the presence of a-SMA-expressing myofibroblasts and fine
collagen fibres running parallel with the epithelial surface while in keloids, myofibroblast are
absent and collagen bundles are randomly orientated (Tuan and Nichter, 1998; Verhaegen et
al., 2009).

Figure 1.6 (A) Keloids on patient’s chest. (B) Hypertrophic scar on a
patient’s back. Hypertrophic scars typically remain confined within the
boundaries of the original wound whereas keloid scars develop beyond the
margins of the original injury. Images adapted from Kelly (2008).
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1.8 Growth factors
1.8.1 Transforming growth factor — beta (TGF-B)

TGF-p superfamily consists of more than 40 members including TGF-Bs, bone morphogenetic
proteins (BMPs), growth and differentiation factors (GDFs), activins and inhibins (Clark and
Coker, 1998; Roberts, 1998). They are multifunctional regulators and exert a variety of effects
on mammalian cells such as, differentiation, growth, migration, adhesion, wound healing,
tissues homeostasis, embryogenesis and promoting ECM production (Roberts, 1998; Massague
and Gomis, 2006; Gordon and Blobe, 2008).

Three different TGF-p isoforms have been described, TGF-1, TGF-B2, and TGF-f3,
which have a wide range of biological responses and play important roles in many normal
cellular functions (Oklu and Hesketh, 2000). The functions of TGF-f varies between tissues
since TGF-B isoforms can act as growth-promoting factors in some cell types, such as
mesodermal cells and smooth muscle cells, but also act as growth inhibitors of many normal
and transformed cells, with keratinocytes and epithelial cells being particularly susceptible
(Massague et al., 1990; Elliott and Blobe, 2005). Moreover, TGF-B can also stimulate ECM
biosynthesis including suppression of lymphocyte function and regulation both bone formation

and angiogenesis (Massague et al., 1990; Oklu and Hesketh, 2000).

TGF-p isoforms are synthesized within cells as an inactive protein, named latent TGF-
B, which consists of an active region and a latency associated peptide (LAP). Each of TGF-p
is usually secreted in large latent complexes (LLCs), and comprises a disulphide-bonded
homodimer of TGF-p associated non-covalently with LAP and covalently attached molecules
of LTBP (LTBP-1,-3,-4) (Kanzaki et al., 1990; Miyazono and Heldin, 1991; Oklu and Hesketh,
2000) (Figure 1). The LLC then subsequently targets TGF-p to fibrillin-rich microfibrils in the
extracellular matrix where it awaits activation by agents such as thrombospondin, integrin
a V6, reactive oxygen species or low pH during tissue remodelling, inflammation and wound
repair (Annes et al., 2003). Therefore, fibrillin-1 has a biologically important role in controlling
the storage and activation of TGF- growth factor (Kanzaki et al., 1990; Gleizes et al., 1996;
Nunes et al., 1997). However, LTBP-2 is the only LTBP that does not bind to TGF-p, and its
function is uncertain. LTBP-2 is the focus of this study and will be discussed in more detail in

section 1.9.1.
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Figure 1.7 Structure of TGF-p latent complexes. The small latent TGF- complex (SLC)
comprises an active TGF-p homodimer associated non-covalently with a LAP homodimer. The
large latent TGF-f complex (LLC) contains an additional protein, LTBP, which is disulphide-
bonded to LAP. Diagram adapted from Oklu and Hesketh (2000).
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Figure 1.8 Schematic representation of the model for TGF-f storage. LTBP-1, a binding
protein for latent form of TGF- is associated with fibrillin-1 and this interaction appears to
influence the activation of TGF-p (Byers, 2004).
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It has been well documented TGF- has a major role in tissue homeostasis and the
disturbance of the TGF-B signalling pathways may contribute to many human diseases,
including fibrotic, cancer, autoimmune, and cardiovascular diseases (Bottinger et al., 1997;
Branton and Kopp, 1999; Gold, 1999; Bottinger and Bitzer, 2002; Ruiz-Ortega et al., 2007;
Akhurst and Hata, 2012; Doyle et al., 2012). TGF-p is a key mediator of fibrosis by inducing
recruitment of inflammatory cells and stimulating the proliferation and myofibroblastic
differentiation of fibroblasts (Branton and Kopp, 1999). Moreover, TGF-B stimulates ECM
synthesis and deposition during the fibrotic process by inducing the production of protease
inhibitors which block matrix degradation (Wynn, 2008). The overexpression of TGF-p alone
is sufficient to induce renal fibrosis and idiopathic pulmonary fibrosis, and the inhibition of
TGF-p or TGF-BR activation can prevent fibrotic progression (Li et al., 2002; Li et al., 2011;
Lepparanta et al., 2012).

TGF-B exerts its biologic effect by activating signalling pathways through a
heteromeric receptor complex consisting of one type | and one type 11 transmembrane receptor
serine-threonine kinase; TGF-f receptor I (TGFBR1) and TGF-B receptor II (TGFBR2),
respectively (Roberts, 1999). Once activated, TGF-p receptors directly activate signals within
the cell through the Smad family of transcriptional activators, Smad2 and Smad3, the receptor-
activated Smads (R-Smads) (Roberts, 1999; Shi and Massague, 2003). Activated R-Smads
resulting in heterodimerization with the common mediator Smad4, and these complexes
regulate translocation and activation of TGF-p target genes. Inhibitory Smads (I-Smads),
including Smad6 and Smad7 have been shown to block the phosphorylation of Smad2 and
Smada, thus inhibiting TGF- signalling (Roberts, 1999; Shi and Massague, 2003).

The exact mechanism leading to TGF-p synthesis still remains unclear at this point. A
study by Otsuka et al. (2007) demonstrated that the PI3K/Akt pathway is involved in the
elevation of TGF- by macrophages treated with liposomes composed of phosphatidylserine.
P13K/Akt and ERK inhibitors suppressed the production of TGF-f by inhibiting the activation
of Akt and ERK signalling pathways suggesting these signalling pathways are intimately
involved in the production of TGF-B. Moreover, statins reduce the mRNA expression of TGF-
B as angiogenic factor in a mouse osteosarcoma cell line by blocking the RassMEK/Erk and
Ras/PI3K/Akt pathways (Tsubaki et al., 2011). Similar studies were reported by Zhou et al.
(2008) where the elevated TGF-B production induced by neuropeptide Y could be blocked by
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PI3K/AKkt inhibitor. Recent studies have shown that MAPKs (p38 MAPK, ERK and JNK)
signalling pathway involved in up-regulation of TGF-B mRNA expression in apoptotic cells
(Xiao et al., 2008). Taken together, the above evidence strongly suggests the involvement of
PI3K/Akt, ERK, p38 MAPK and JNK in TGF-B gene stimulation and in this study, we will
identify major intracellular signalling molecules and pathways triggered by LTBP-2 leading to

stimulation of TGF-f expression.

1.8.2 Fibroblast growth factor -2 (FGF-2)

FGF-2 belongs to the large family of heparin-binding molecules, originally purified from
bovine pituitary extracts (Beenken and Mohammadi, 2009). FGF-2 was initially identified as
an 18 kDa protein. Larger forms of FGF-2 (21.5, 22 and 24kDa) have also been identified
resulting from alternate CUG-translation start sites (Eriksson et al., 1991; Bikfalvi et al., 1997;
Nugent and lozzo, 2000; Okada-Ban et al., 2000). FGF-2 activity is mediated by binding to
heparan sulphate proteoglycans and to high affinity membrane FGF receptors (FGFR1 to
FGFR4) (Yayon et al., 1991; Faham et al., 1996; Chuang et al., 2010).

FGF-2 is secreted from cells by an energy-dependent process that is independent of the
ER-Golgi, and it becomes strongly bound to glycosaminoglycan (GAG) chains of heparan
sulphate proteoglycans (HSPGs) in the matrix and basement membranes. Following tissue
injury, the FGF-2 molecules are released by proteases and heparinases (Kardami et al., 2007;
Schultz and Wysocki, 2009). Multiple FGF-2 molecules remain attached to released HS chains
and their interaction with cell-surface FGF-receptors causes clustering of two such receptors
necessary to activate intracellular signalling pathways (Kardami et al., 2007; Schultz and
Wysocki, 2009).

FGF-2 was first described as a mitogenic factor stimulating proliferation of fibroblasts
(Beenken and Mohammadi, 2009). FGF-2 is also involved in tissue regeneration and
remodelling (Basilico and Moscatelli, 1992; Murakami et al., 1999; Kawai et al., 2000). FGF-
2 has extensive roles involving many cell types and tissues including smooth muscle cells,
endothelial cells and neurons. FGF-2 affects cell proliferation, differentiation, migration as
well as survival. Evidence from various experimental systems has demonstrated that FGF-2

stimulates TGF-3 gene expression and secretion (Phillips et al., 1997; Dhandapani et al., 2007).
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For some years, FGF-2 were considered to have pro-fibrotic role during fibrosis by
upregulating the expression of TGF-f (Phillips et al., 1997; Dhandapani et al., 2007). This
results in increased synthesis of ECM proteins, including collagens, fibronectin, tenascin,
tissue inhibitor of metalloproteinase-1 (TIMP-1) and secretion of fibrogenic connective tissue
growth factor (CTGF) (Plisov et al., 2001; Strutz et al., 2001). The expression of basic FGF-2
and TGF- is robustly up-regulated in human kidneys with tubulointerstitial fibrosis indicating
that FGF-2 plays an essential role as a potent inducer of fibroblast proliferation (Strutz et al.,
2001). However in contrast, multiple recent studies have revealed that FGF-2 may also have
anti-fibrotic functions in wound healing (Xie et al., 2008; Eto et al., 2012; Shi et al., 2013).
Post-operative administration of FGF-2 during wound healing inhibits hypertrophy and
widening of the lesion without any serious side effects (Ono et al., 2007). Similarly, FGF-2
enhanced acute and chronic wound healing in both animal models and clinical use (Bikfalvi et
al., 1997; Fu et al., 2000; Akita et al., 2008). Moreover, FGF-2 inhibits TGF-B activity by
blocking the Smad2/Smad3 signalling in the TGF-B1/SMAD dependent pathway, attenuating
excessive ECM production during fibrosis (Shi et al., 2013). However, the mechanism of
storage and activation of FGF-2 in fibrotic diseases remains unclear and will be a focus of

interest in this study.
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1.9 Latent TGF-B binding proteins (LTBPs)

Fibrillins share a similar domain structure to LTBPs (Hyytiainen et al., 1998). There are four
human LTBP genes that have been identified and characterised (Oklu and Hesketh, 2000).
LTBPs 1-4 are large extracellular glycoproteins that range in molecular mass from 125 to 240-
kDa (Kanzaki et al., 1990), with all members sharing some structural homology with fibrillins
(Figure 2). They consist mainly of two types of repeating cysteine-rich-domains, epidermal
growth factor (EGF)-like repeats and eight-cysteine motifs (8-Cys). The 8-cysteine motif are
found only in LTBPs and fibrillins, and the presence of this domain defines the family
(reviewed by (Hyytiainen et al., 2004). The LTBPs are smaller in size compared to fibrillins
and they are most structurally similar in the central regions and vary considerably around the

terminal regions (Isogai et al., 2003; Charbonneau et al., 2004).

The domain structure of the LTBP family members is similar and it can be divided into
four specific regions; the N-terminal region, the adjacent hinge region, a central cluster of EGF-
like repeats and the C-terminal region (Saharinen et al., 1996). In LTBP-1, the N-terminal
domain is able to attach to unidentified ECM fibres, whereas the C-terminal domain binds to
fibrillin microfibrils (Isogai et al., 2003).
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Figure 1.9 Fibrillins and LTBPs share a high degree of structural similarity since they both

contain unique 8-cysteine motifs.
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The expression patterns of four LTBPs and their isoforms in different tissues are only
partially overlapping (Saharinen et al., 1998) and tissue specific expressions of various types
of LTBP have been observed (Charbonneau et al., 2004). LTBP-1 seems to be expressed
mostly in the dorsal tissues of the developing embryo (Altmann et al., 2002). LTBP-2 is
expressed in the lung, arterial vessels, dermis, pericardium, epicardium and heart valves
(Shipley et al., 2000). LTBP-3 expressed widely in mesenchymal cells, developing bone, and
in the central nervous system (Yin et al., 1995) and LTBP-4 is predominantly expressed in
aorta, heart, small intestine, and ovaries (Giltay et al., 1997). LTBPs were first identified as
carriers for growth factor TGF-f and play an important role in the sequestration and activation
of the growth factor (Charbonneau et al., 2004). The roles of these proteins in matrix have been
demonstrated by mouse models where mutation in LTBP-1, LTBP-2 and LTBP-4 genes cause
abnormalities in the development of the heart, bones and lungs respectively (Dabovic et al.,
2002a; Koli et al., 2004; Oklu et al., 2011). For example, severely reduced expression of LTBP-
1 in mice leads to congenital heart defects caused by decreased in TGF-p activity (Todorovic
etal., 2007). Studies from Dabovic et al., (2002) demonstrated that mice lacking LTBP-3 genes
suffer from osteoarthritis and osteosclerosis caused from impaired TGF-f signaling on bone
physiology (Dabovic et al., 2002a; Dabovic et al., 2002b). In contrast, decreased in TGF-
activity in mice deficient in LTBP-4 caused severe pulmonary emphysema and colorectal
cancer (Sterner-Kock et al., 2002; Dabovic et al., 2009; Urban et al., 2009).

1.9.1LTBP-2

LTBP-2 is a 195-240kDa protein consisting of 20 cbEGF repeats, 16 of which have been shown
to be calcium binding domains and 4 8-cysteine motifs. LTBP-2 is known to have 80%
structural similarity to LTBP-1 (Gibson et al., 1995) and 25% similarity to fibrillin-1 (Moren
et al., 1994) which is the greatest sequence homology between a LTBP and fibrillin-1. In situ
hybridisation and immunohistochemical studies show that LTBP-2 is found in a variety of adult
tissues; such as lung, heart, testes, maternal deciduas, liver, spleen & skeletal muscles (Moren
et al., 1994). In addition, LTBP-2 has been shown to associate in abundance with fibrillin
microfibrils in developing tissue such as the developing human foetal aorta (Gibson et al.,
1995; Hirani et al., 2007). Furthermore, the expression of LTBP-2 was revealed to be largely
parallel to tropoelastin expression by in situ hybridisation (Giltay et al., 1997). LTBP-2 and
tropoelastin are co-expressed in rat lung, epicardium, pericardium and heart valves, while in

the young adult mouse, both proteins are expressed in the capsule of the spleen and the
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mesenchyme of the lung (Shipley et al., 2000). Interestingly, LTBP-2 is present in the tissues
within the body that are subjected to tightly regulated amounts of growth factor and cytokines
such as testes and maternal deciduas, suggesting LTBP-2 may play roles other than as a

structural molecule.

As mentioned previously, LTBP-2 function is largely unknown and different from other
members of the LTBP family since it does not bind latent forms of TGF-p (Saharinen and
Keski-Oja, 2000). A study by Lack et al. (2003) demonstrated that the third 8-Cys domains of
LTBP-2 and fibrillins lack the required latent TGF- binding consensus sequence. Previously
in our laboratory, LTBP-2 was investigated for interaction with other elastic fibre associated
proteins and we found no direct in vitro interaction with tropoelastin, MAGPs 1 and 2, or
dermatan sulphate proteoglycans, biglycan and decorin (Hirani et al., 2007). Since LTBP-2
have most structurally similar to the fibrillins compare to other members in the family, it has
been suggested that LTBP-2 may functionally associate with fibrillin protein and form a
structural component of elastic fibres. In recent years, LTBP-2 has been reported to bind
specifically with C-terminal domain of fibulin-5, and the interactions have an essential
influence on the assembly of microfibril and elastic fibres (Hirai et al., 2007). Studied by Hirai
et al. (2007) demonstrated that LTBP-2 might interact with fibulin-5/tropoelastin complexes
and direct them to fibrillin-1 rather than fibrillin-2 microfibrils during elastinogenesis.
Interestingly, Zheng et al. (2007b) reported that elastin binding sites on fibulin-5 located in
both N-terminal region and C-terminal region of fibulin-5. This observation have led to our
suggestion that one major binding site for tropoelastin on fibulin-5 is overlapping with that of
LTBP-2 since both LTBP-2 and tropoelastin attachment sites are contained in the C-terminal
EGF repeat of fibulin-5. This suggesting LTBP-2 may be involved in release of elastin globules
from fibulin-5 complexes during the deposition process and it seems unlikely LTBP-2 directly
bind to the complexes as suggested by Hirai et al. (2007) since its binding site on fibulin-5 will
be blocked by tropoelastin. This hypothesis will be tested in the present study. LTBP-2 also
has been shown to modulate the coalescence of oxytalan fibres, which consist of elastin-free
fibrillin microfibril bundles, by negatively controling the function of fibulin-5 (Tsuruga et al.,
2012). Recently published data from our laboratory (Parsi et al., 2010) have shown that LTBP-
2 binds strongly to heparin and HSPGs, syndecan-4 and perlecan. The study identified at least
four distinct heparin binding regions on LTBP-2 and defined three major interaction sites in
the N-terminal region. These heparan sulphate binding activities of LTBP-2 may influence

microfibril interaction with proteoglycans during elastic fibre assembly and/or at microfibril-
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basement membrane interfaces, since LTBP-2 has extensive localization to microfibrils in

many developing tissues.

To investigate the importance of LTBP-2 during development and function in the ECM,
a gene knockout mice study was conducted (Shipley et al., 2000). LTBP-2 knockout mice were
reported to die around the implantation period indicating some essential role of LTBP-2 in
early embryogenesis (Shipley et al., 2000). This early lethality prevented this knockout mice
model from providing any information about the function of LTBP-2 in later stages of tissues
development. However recent contradictory evidence demonstrated a very viable LTBP-2 mull
mouse strain with a mild ocular phenotype including lens luxation caused by compromised
ciliary zonule formation (Inoue et al., 2014). The authors also demonstrated that the addition
of recombinant LTBP-2 to cultured cells and organ cultured eyeballs from the mice promoted
the assembly of mature microfibrils in ciliary zonules suggesting the important role of LTBP-

2 in eye development.

Ltbp2~/—

Figure 1.10 LTBP-2 knockout mice develop ciliary zonule fragmentation. (A) Eyes of wild-
type and LTBP-2 null mice at 12 months. The irises of LTBP-2 null mice appeared flat
compared to wild-type where eyes were convex as they were pushed by lenses. (B) HE-
stained histological sections of mouse eyes. The LTBP-2 null mice developed lens

dislocation into the posterior chamber of the eyes. Images adapted from Inoue et al. (2014).
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Although LTBP-2 does not directly bind latent TGF-f, multiple studies have shown
that LTBP-2 may be involved in the regulation of TGF-p storage and activation. LTBP-2
expression was found to significantly increased in tumour tissues when compared to normal
tissues (Yoshihara et al., 2009; Turtoi et al., 2011; Ren et al., 2015). Moreover, LTBP-2
expression positively correlated significantly with the survival of esophageal carcinoma
(ESCC) patients. Increased levels of TGF- correlated with tumor progression and prognosis
in a wide variety of cancers including esophageal squamous cell carcinoma (ESCC) (Chan et
al., 2011). These findings indicated that LTBP-2 could have a TGF- regulatory role
independent of TGF-B storage and activation. Studies within our laboratory have shown that
LTBP-2 competes with LTBP-1 for attachment to fibrillin-1 in vitro suggesting LTBP-2 may
have the ability to displace the LTBP-1/latent TGF- complex from binding to fibrillin-1
microfibrils and thus LTBP-2 may have an indirect role in the modulation of TGF-p storage
and activation in tissues (Hirani et al., 2007). We have not subsequently found evidence for
this. However recently we showed LTBP-2 can directly elevate TGF- expression in a variety
of cell types. Thus, one of the aims of this present study is to determine how LTBP-2 elevates
TGF-B expression. Interaction between the cell surface and ECM components is important for
events during development of many tissues and cells types (Gumbiner, 1996). Such interactions
may provide cells with biological information and act as a scaffold for adhesion and migration.
Integrins are the most common cell surface receptors for extracellular matrix proteins.
Generally LTBP-2 acts as an antiadhesive matrix component that decreases fibroblast adhesion
and linked to the modulation of fibroblast migration in the lung (Hyytiainen and Keski-Oja,
2003). However recent studies showed that LTBP-2 can mediate melanoma cell adhesion
through the a3B1 integrin receptor, implicating a role for LTBP-2 in the modulation of cell
adhesion (Hyytiainen and Keski-Oja, 2003; Vehvilainen et al., 2003). However, the full
spectrum of the LTBP-2 cell interactions and how LTBP-2 modulates cell behaviour is still

unclear.

Recent evidence indicates that LTBP-2 null humans have relatively mild phenotypes
(Alietal., 2009). The principal phenotype is primary congenital glaucoma apparently resulting
from changes in the structure of the elastic fibre-rich ocular trabecular meshwork and ciliary
processes (Ali et al., 2009). However, some patients had varied Marfan-like characteristics
including Marfanoid habitus, overlong limbs, joint hypermobility, osteopenia and aortic valve

problems (Ali et al., 2009). These findings point to altered TGF-f signalling in these patients.
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Interestingly, mutation of the LTBP-2 gene is also linked to Weill-Marchesani syndrome
(WMS) (Haji-Seyed-Javadi et al., 2012). WMS is characterised by fibrotic skin, ocular and
skeletal deformities which appears to be caused by altered TGF-B levels and signalling
suggesting connections between LTBP-2 and fibrosis and TGF-p disregulation. Since fibrillin-
1 mutations also cause Marfan syndrome and WMS, this finding clearly confirmed the
functional link between LTBP-2 and fibrillin-1 biology, probably involving abnormal TGF-3
signalling. Moreover, preliminary data from our lab showed that LTBP-2 has also a strong
interaction with FGF-2, suggesting LTBP-2 may play a role as a matrix store for latent FGF-2

and thus may be involved in fibrotic diseases.

Figure 1.11 (A) Proband of WMS family showing short stature. (B) Eye of proband showing
extreme shallow anterior chamber with forward subluxation of the lens. (C) Hand of patients
showing short fingers (brachydactyly) (Haji-Seyed-Javadi et al., 2012)
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1.10 Aims of the present study

This project will define the function of the poorly understood matrix protein LTBP-2. In
particular, the aim is to define the roles of LTBP-2 in a) elastic fibre assembly, b) modulating
FGF-2 activity and storage, and c) stimulating TGF-p expression. A particular aim is to
determine the mechanism of TGF- elevation by investigating precise intracellular signalling
systems. Furthermore, this study aims to characterize the surface receptors mediating the
LTBP-2 cell interaction resulting in TGF-f elevation. Preliminary data from our lab showed
that a LTBP-2 fragment, LTBP-2 C(H) F2 binds strongly to FGF-2. Therefore, the influences
of LTBP-2 on FGF-2 bioactivity will be determined by using cell culture models. This project
also aims to determine if LTBP-2 and growth factor levels, especially FGF-2 and TGF-f are
modulated in fibrotic tissues by analysing a range of fibrosis tissues samples. Overall, the
project will increase the knowledge about fibrotic disorders with a goal of identification of

novel therapeutic targets for attenuation of fibrotic diseases.

1.10.1 Specific aims

1. To determine the influence of LTBP-2 on the interaction of fibulin-5 with
tropoelastin during elastic fibre assembly

2. To further define and characterize molecular interaction of LTBP-2 with FGF-2 and
determine LTBP-2 effects on FGF-2 activity.

3. To determine the function of LTBP-2 in TGF-f activation and signaling.

4. To investigate the role of LTBP-2 in fibrotic diseases.

1.10.2 Hypotheses

1. LTBP-2 acts as negative modulator during elastic fibre assembly.

2. LTBP-2 acts as matrix store for latent FGF-2 and modulates bioactivity of FGF-2.

3. LTBP-2 upregulates TGF-3 expression via direct interaction with unidentified cell
receptors activating specific intracellular signaling systems.

4. Elevated LTBP-2 correlates with increased expression of TGF-f and FGF-2 in

fibrotic tissues.
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2.1 Abstract

Latent transforming growth factor-beta-1 binding protein-2 (LTBP-2) is a protein of ill-defined
function associated with elastic fibers during elastinogenesis. Although LTBP-2 binds fibrillin-
1, fibulin-5, and heparin/heparan sulfate, molecules critical for normal elastic fiber assembly,
it does not interact directly with elastin or its precursor, tropoelastin. We investigated the
modulating effect of LTBP-2 on two key interactions of tropoelastin during elastinogenesis a)
with fibulin-5 and b) with heparan sulfate (using heparin). Firstly, using solid phase assays we
showed that LTBP-2 bound fibulin-5 (Kd = 26.47 + 5.68 nM) with an affinity similar to that
of the tropoelastin-fibulin-5 interaction (Kd= 24.66 + 5.64 nM). Then using a competitive
binding assay we showed that LTBP-2 inhibited the tropoelastin-fibulin-5 interaction in a dose
dependent manner with almost complete inhibition obtained with 5-fold molar excess of LTBP-
2. Interestingly, a fragment of LTBP-2 containing the fibulin-5 binding sequence only partially
inhibited the tropoelasin-fibulin-5 interaction suggesting that LTBP-2 was directly blocking
only the C-terminal tropoelastin binding site on fibulin-5 and indirectly blocking tropoelastin
binding to the N-terminal region. In parallel experiments heparin was shown to have minor
inhibitory effects on fibulin-5 interactions with tropoelastin and LTBP-2. However, LTBP-2
was shown to significantly inhibit the binding of heparin to tropoelastin with 50% inhibition
achieved with 10 fold molar excess of LTBP-2. Confocal microscopy of fibroblast matrix
showed strong co-distribution of LTBP-2 with fibulin-5 and fibrillin-1 and partial co-
distribution with heparan sulfate proteoglycans, perlecan and syndecan-4. Also addition of
exogenous LTBP-2 to ear cartilage chondrocyte cultures blocked elastinogenesis in a
concentration-dependent manner. Overall the results indicate that LTBP-2 may have a negative
regulatory role during elastic fiber assembly, perhaps in displacing elastin microassemblies

from complexes with fibulin-5 and/or cell surface heparan sulfate proteoglycans.

80



2.2 Introduction

LTBP-2 is a member of the fibrillin / LTBP super family of extracellular matrix
proteins. Fibrillins 1-3 form microfibrils which, together with a core of elastin, are the main
structural components of elastic fibers (Kielty et al., 2005; Ramirez and Sakai, 2010). LTBPs
-1, 3, and 4, covalently bind latent growth factor TGF-beta and direct the growth factor to
storage depots within the extracellular matrix (Hyytiainen et al., 2004; Rifkin, 2005). Fibrillin
microfibrils are considered to be a principal storage location for these latent complexes
(Ramirez and Rifkin, 2009). LTBP-2 is structurally similar to the other LTBPs, but like
fibrillins, it does not directly bind TGF-beta and LTBP-2 function remains largely unknown
(Gibson et al., 1995; Saharinen and Keski-Oja, 2000). Progress has been hampered by the
report that LTBP-2 null mice have early lethality (Shipley et al., 2000), although more recently
LTBP-2 null humans are recorded to present with mild ocular phenotypes including glaucoma,
megalocornea, ectopis lentis and microspherophakia (Ali et al., 2009; Desir et al., 2010; Kumar
etal., 2010; Narooie-Nejad et al., 2009). It has long been documented that LTBP-2 is associated
with elastic fibers in developing elastic tissues (Gibson et al., 1995) and it appears that fibrillin-
1 microfibrils are required for its incorporation into the extracellular matrix (Vehvilainen et al.,
2009). In vitro studies have shown that LTBP-2 specifically binds to fibrillin-1 rather than
fibrillin-2 and that LTBP-2 can compete with LTBP-1 for binding to the fibrillin-1 molecule,
suggesting that LTBP-2 may indirectly affect TGF- beta bioavailability (Hirani et al., 2007).
This idea is supported by a recent study linking LTBP-2 gene mutations to a recessive form of
Weill-Marchesani syndrome (Haji-Seyed-Javadi et al., 2012) which is characterized by short
stature, brachydactyly, thick skin and ectopia lentis (WMS, OMIM # 608328). Previously,
mutations in the fibrillin-1 gene have been shown to cause some presentations of WMS (Faivre
et al., 2003) as well as the more common, related disorder, Marfan Syndrome (MFS, OMIM
3154700) (Ramirez and Dietz, 2007). Many of the characteristics of these diseases have been
attributed to aberrant TGF-beta signaling (Doyle et al., 2012). Interestingly, Cain et al (Cain et
al., 2012) have recently shown that fibrillin-1 interactions with heparan sulfate may be
disrupted in WMS. LTBP-2 also has multiple high affinity binding sites for heparin/heparan
sulfate (Parsi et al., 2010) and it is possible that LTBP-2 / heparan sulfate interactions are
affected in WMS cases linked to LTBP-2 gene mutations. The LTBP-2 gene has been linked
to other conditions including tumor suppression in squamous cell carcinoma and meningioma
(Chan et al., 2011; Perez-Magan et al., 2012) and a marker for pulmonary deaths following
acute dyspnoea (Breidthardt et al., 2012).
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In this paper we focus on the potential role of LTBP-2 in elastic fiber assembly. Elastic
fiber formation is a complex process which involves deposition of the elastin precursor
tropoelastin onto a framework of microfibrils principally composed of fibrillin polymers,
usually fibrillin-1 and / or fibrillin-2 (Kielty, 2006; Wagenseil and Mecham, 2007).
Tropoelastin initially forms spherical microassemblies in association with cell surface heparan
sulfate proteoglycans (Cain et al., 2005; Tiedemann et al., 2001; Wagenseil and Mecham,
2007). The tropoelastin molecules are crosslinked to form elastin in association with lysyl
oxidase and fibulin-4 (Horiguchi et al., 2009). The elastin microassemblies are transferred from
the cell surface onto the fibrillin scaffold by an unclear mechanism involving fibulin-5 (Hirai
et al., 2007; Nakamura et al., 2002; Schiemann et al., 2002). Recently LTBP-2 has been found
to bind to fibulin-5 and evidence suggests that LTBP-2 may selectively direct elastin-fibulin-5
complexes onto microfibrils containing fibrillin-1, rather than fibrillin-2, during elastic fiber
formation (Hirai et al., 2007). However, examination of the published binding sequences
indicates that there is a major overlap between the binding sites for LTBP-2 and tropoelastin
within the C-terminal region of fibulin-5 (Hirai et al., 2007; Zheng et al., 2007). Since LTBP-
2 does not bind tropoelastin (Hirani et al., 2007), we investigated whether LTBP-2 enhanced
or inhibited the interaction of tropoelastin with fibulin-5. LTBP-2 also has three high affinity
heparin/ heparan sulfate binding sites located in the N-terminal region of the molecule (Parsi
et al., 2010). Thus we also investigated whether LTBP-2 could compete with tropoelastin for
binding to heparin/heparan sulfate which is a key early stage of elastinogenesis. The results
indicate that LTBP-2 inhibits rather than enhances the critical interactions of tropoelastin with
fibulin-5 and heparin/heparan sulfate and that excess LTBP-2 can block elastinogenesis in
chondrocyte cultures.
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2.3 Experimental procedures

2.3.1 Materials

Recombinant human LTBP-2 and fragments were produced using the pCEP4
expression vector in 293EBNA cells as described previously (Hirani et al., 2007; Parsi et al.,
2010). Recombinant human tropoelastin was a kind gift from Prof. A Weiss, University of
Sydney. Recombinant human fibulin-5 and anti-[DDK tag] antibody for recombinant fibulin-
5 detection were purchased from Origene, Rockville, MD, USA. Heparin-albumin conjugate
(HAC) was prepared and characterized as described previously (Parsi et al., 2010) following
the method of Hennink et al. (Hennink et al., 1983). Sodium heparin from porcine intestinal
mucosa and BSA were purchased from Sigma-Aldrich, St. Louis, MO. Chondroitin-6-sulfate
from shark cartilage was obtained from Seikagaku Corp. Tokyo, Japan. Rabbit anti-[human
LTBP-2 peptide] antibody 3504 has been described previously (Hirani et al., 2007). Anti-His4
antibodies were obtained from Qiagen (Valencia, CA). Anti-fibulin-5 (DANCE) antibody
MAB3095 was purchased from R and D systems Inc., Minneapolis, MN, USA. Anti-fibrillin-
1 antibody MAB1919 was purchased from Millipore Australia Ltd., Klisyth, Victoria. Anti-
[human perlecan domain 1] monoclonal antibody CSI-071 and anti-[cellular fibronectin]
antibody ab6328 were purchased from Abcam Plc, Cambridge, UK. Mouse anti [human
syndecan-4] monoclonal antibody 5G9 was obtained from Santa Cruz inc., Santa Cruz, Ca,
USA. Rabbit anti- BSA antibody A11133 was supplied by Invitrogen, Carlsbad, CA, USA.
Mouse anti-human elastin monoclonal antibody BA4 was purchased from Sigma, St. Louis,
MO.

2.3.2 Molecular binding assays

Solid phase binding was detected using a peroxide-ELISA system as described
previously (Finnis and Gibson, 1997). Briefly, plastic flat-bottomed multiwell microtiter plates
(Immuno-Maxisorp, Nalge-Nunc International, Denmark) were coated with triplicate samples
of up to 400 ng of the test molecule, (tropoelastin or LTBP-2) in 100 pl of TBS, 2 mM CaCl>
at 4 °C overnight. Control wells were coated with BSA instead of the test protein. The wells
were rinsed with TBS and blocked with 5% low-fat dried milk in TBS. A second test molecule
was then added (full-length rLTBP-2 or fragment, rfibulin-5 or heparin-BSA conjugate (up to
1 ng /100 pl of TBS, 2 mM CaCly) and lincubated for 3 h at 37 °C. The wells were rinsed
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three times with TBS, CaCl2 buffer and an appropriate dilution of appropriate primary antibody
(anti-His4 or anti-LTBP-2 antibody for LTBP-2, anti-DDK for fibulin-5 or anti-BSA for
heparin-albumin conjugate) in TBS/ 2mM CaCl, / 0.05% low fat milk was added and incubated
for 2.5 hours at 37 °C. Wells were then washed three times with TBS / 0.05% (v/v) tween-20
before incubation with the appropriate anti-mouse or anti-rabbit IgG antibody conjugated to
horseradish peroxidase (Bio-Rad Laboratories, Hercules, CA) in TBS/ 2mM CaCl, for 1.5
hours at 37 °C in humidity chamber. After washing four times with TBS/tween-20, binding
was detected using 100ul of 3',3',5',5' -tetramethylbenzidine (TMB) substrate (Sigma-Aldrich,
St. Louis, MO) following 20 min incubation. Absorbance was measured at 450 nm, using a
Titertek Multiskan plate reader (Flow Laboratories, North Ryde, NSW, Australia).

To determine the strength of interactions, increasing concentrations of rfibulin-5 (0-40
nM) was incubated with a constant amount of tropoelastin (35 ng) or LTBP-2 (200 ng) coated
on the wells and binding was detected with anti-DDK antibody as described above.
Background binding, calculated from BSA-coated control wells, was then subtracted. The
amount of bound protein was measured from a standard ELISA curve, produced concurrently
with each experiment, for fibulin-5 coated directly onto microtiter wells. Dissociation constants
were calculated from the resulting quantitative binding curves, using non-linear regression
analysis (Prism 4.0 program, Graphpad software, San Diego, CA). For inhibition of fibulin-
5/tropoelastin interactions, rfibulin-5 (100 ng [2 pmol]/well) was pre-treated with up to 10-fold
molar excess of rLTBP-2 or fragment LTBP-2 NT(H) for 15 min with gentle shaking, prior to
incubation with tropoelastin (400 ng) coated on the wells. Similarly, for inhibition of
heparin/tropoelastin interactions, HAC [50 ng (1.4 pmol heparin equivalent)/well)] was pre-
treated with up to 10 fold molar excess of rLTBP-2 prior to incubation with tropoelastin-coated

wells. HAC binding was detected using anti-BSA antibody.

2.3.3 Confocal microscopy

Human skin fibroblasts (from biopsy of deltoid region of healthy adult, subject 239/05)
were plated onto microscope chamber slides (Lab-Tek [Nunc]) at an initial density of 4 x 105
/ml and grown for 3 weeks post-confluency in DMEM plus 10% fetal calf serum. The cell layer
was fixed by incubation with 3% para-formaldehyde in PBS for 10 min followed by cold
acetone/methanol mixture for 1 min, then rehydrated in PBS for 5 min. To expose reactive

epitopes, the slides were incubated with 2m GuHCI/50 mM Tris pH 8.0 containing 50 mM
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dithiothreitol for 5 min then with iodoacetamide (110 mM) for 5 min in the dark. The slides
were blocked with ovalbumin (1% in TBS) for 15 min then incubated overnight at 4 °C with
appropriate pairs of primary antibodies. Control sections were incubated with matching
concentrations of rabbit and mouse 1gG. After washing with PBS, the slides were incubated
with appropriate secondary antibodies conjugated to fluorophore Alexa 488 (Invitrogen) or
Cy3 (Jackson Immunoresearch, West Grove, PA, USA) for 90 min in the dark. After washing
the slides were mounted in 90% glycerol/10% TBS containing anti-fade reagent p-
phenylenediamine prior to scanning on a Leica SP5 spectral confocal microscope. Images were
obtained sequentially, firstly for alexa488 with excitation at 488 nm and emission filtering
between 498 and 551 nm then for cy3 with excitation at 561 nm and emission filtering between
571 and 650 nm. Confocal images were processed using Confocal Assistant software version
4.02 and all images were assimilated into figures using Adobe Photoshop version 6.0 (Adobe
Ltd., San Jose, CA, USA).

Chrondrocytes were grown from explants of dissected ear cartilage from a 220-day-old
fetal bovine. After passage, the cells were cultured on microscope chamber slides to 7 days
post-confluence in DMEM plus 10% fetal calf serum (0.4 ml/well). The cells were then
cultured in DMEM plus 3% fetal calf serum for a further 7 days with the daily addition of
recombinant human LTBP-2 (0-10 pug/ ml). The cell layer was lightly fixed in acetone /
methanol, rinsed 3x with tris-buffered saline and incubated for 18h at 4 °C with 1 pg/ml of
anti-elastin monoclonal antibody BA4 (Sigma). Following washing in TBS, antibody binding
was detected using FITC conjugated to goat anti-mouse IgG antibody and confocal

microscopy.

85



2.4 Results and discussion

2.4.1 LTBP-2 and tropoelastin have similar binding affinities for fibulin-5.

Both LTBP-2 and tropoelastin have been reported to bind to fibulin-5 (Hirai et al., 2007;
Zheng et al., 2007) but their relative binding affinities have not previously been measured. We
therefore use solid phase binding assays to determine the Kds for fibulin-5 interactions with
LTBP-2 and tropoelastin. Firstly we confirmed that rfibulin-5 in the liquid phase strongly
bound to both rLTBP-2 (Fig 2.1A) and rtropoelastin (Fig 2.1B) coated on microtiter wells, and
that rLTBP-2 did not bind to rtropoelastin (Fig 2.1C). We then produced binding curves for
rfibulin-5 interactions with LTBP-2 and tropoelastin by adding increasing amounts of fibulin-
5 in the liquid phase to a constant amount of the other protein coated on the wells. The amount
of fibulin-5 bound was quantitated from standard ELISA curves, constructed concurrently, of
fibulin-5 coated directly on the wells (data not shown). Finally, graphs were plotted of fibulin-
5 bound versus fibulin-5 added for LTBP-2 (Fig 2.1D) and tropoelastin (Fig 2.1E). Using the
Prism program, the Kds for fibulin-5 binding to LTBP-2 (26.47 + 5.68 nM) and tropoelastin
(24.66 = 5.64 nM) were calculated from non-linear regression analysis of the curves. The

results show that fibulin-5 binds LTBP-2 and tropoelastin with similar affinities.

2.4.2 LTBP-2 can completely block the interaction of tropoelastin with fibulin-5.

Since LTBP-2 and tropoelastin bind to the same C-terminal domain of fibulin-5 (Hirai
et al., 2007; Zheng et al., 2007) we determined if LTBP-2 could modulate the fibulin-
5/tropoelastin interaction. Initially LTBP-2 was found to substantially inhibit, rather than
enhance, this interaction when added in 5-fold molar excess, presumably by competing with
tropoelastin for binding to fibulin-5 (Fig 2.2A). The experiment was repeated using the N-
terminal LTBP-2 fragment, LTBP-2 NT(H) which contained the fibulin-5 binding activity (Fig
2.2B). Fragment LTBP-2 NT(H) also inhibited the tropoelastin-fibulin-5 interaction but
apparently to a lesser extent than the full-length molecule (Fig 2.2C). This finding was
confirmed following the production of inhibition curves for LTBP-2 and fragment LTBP-2
NT(H) (Fig 2.2D). LTBP-2 showed concentration dependent inhibition of the tropoelastin-
fibulin-5 interaction with complete inhibition being achieved at 10 fold molar excess of LTBP-
2 (Fig 2.2D). In contrast, fragment LTBP-2 NT(H) was only able to reduce the interaction by

approx. 50% at the same molar concentration even though this fragment contains all of the
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fibulin-5 binding activity. The reason for this difference is unclear but it may be due to indirect
blockade by bound full-length LTBP-2 of the second tropoelastin binding site at the N-terminal
end of the fibulin-5 molecule (Zheng et al., 2007). The shorter fragment LTBP-2 NT(H) may
not obstruct this site when bound to fibulin-5.

2.4.3 Heparin shows only minor inhibition of fibulin-5 interaction with tropoelastin and
LTBP-2.

HSPGs appear to play a critical if ill-defined role in elastic fiber assembly (Cain et al.,
2005; Tiedemann et al., 2001; Wagenseil and Mecham, 2007). LTBP-2 has a strong affinity
for heparin/heparan sulfate and has several binding sites in its N-terminal region (Parsi et al.,
2010), one of which is adjacent to the documented fibulin-5 binding site (Hirai et al., 2007).
We therefore determined if heparin could modulate the binding of fibulin-5 to LTBP-2. Ten-
fold molar excess of heparin was found to have a minor but significantly negative effect on
LTBP-2 binding to fibulin-5 (Fig 2.3B). The result was similar to the effect of heparin on the
interaction between tropoelastin and fibulin-5 (Fig 2.3A). Incubation with chondroitin sulfate
instead of heparin had no effect on the LTBP-2-fibulin-5 interaction, indicating that the

inhibitory effect of heparin was specific to that class of glycosaminoglycan (Fig 2.3C).

2.4.4 LTBP-2 substantially inhibits the interaction of tropoelastin with heparin.

The interaction of tropoelastin with cell surface heparan sulfate proteoglycans appears
to be essential for the early stages of elastin assembly (Wagenseil and Mecham, 2007). It is
unclear how the nascent elastin microassemblies are detached from the cell surface to be
deposited on to the fibrillin microfibril scaffold. Since LTBP-2 is associated with elastic fibers
during elastinogenesis and has a very high affinity for heparin/heparan sulfate it is likely LTBP-
2 interacts with cell surface HSPGs during elastic fiber assembly. We therefore determined if
LTBP-2 enhanced or inhibited the interaction of tropoelastin with heparin. Fivefold molar
excess of LTBP-2 over heparin showed substantial but incomplete inhibition of the
tropoelastin-heparin interaction (Fig 2.4A). In a subsequent experiment the inhibition by
LTBP-2 was found to be concentration dependent with maximum inhibition of around 65%
attained with 10 fold molar excess of LTBP-2 (Fig 2.4B). The finding indicates that LTBP-2

can compete with some but not all tropoelastin binding motifs on the heparin molecule. Thus,
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LTBP-2 may be able to compete with tropoelastin for binding to certain cell surface heparan

sulfate proteoglycans, depending on the microstructure of their heparan sulfate chains.

2.45 Co-localization of LTBP-2 with fibrillin-1, fibulin-5 and heparan sulfate

proteoglycans in fibroblast matrix.

Using confocal microscopy, the distribution of LTBP-2 in the matrix elaborated by
fibroblasts in culture was compared to those of fibrillin-1, fibulin-5, fibronectin and heparan
sulfate proteoglycans perlecan and syndecan-4. (Fig 2.5). Extensive co-distribution of LTBP-
2 was observed with fibrillin-1 (Fig 2.5A-C), fibulin-5 (Fig 2.5D-E), and fibronectin (Fig 2.5G-
I) indicating that both LTBP-2 and fibulin-5 have the opportunity to interact with fibrillin and
fibronectin microfibrils. This is consistent with reports that fibrillin-1 requires fibronectin to
form microfibrils (Sabatier et al., 2009) and that LTBP-2 requires fibrillin-1 for its
incorporation into the matrix (Vehvilainen et al., 2009). Clearly fibulin-5 is also in close
association with fibrillin-1 indicating that molecular interaction between LTBP-2 and fibulin-
5 on the surface of the microfibrils is a strong possibility. Although the fibroblasts make
tropoelastin it showed poor incorporation into the matrix (data not shown). LTBP-2 localization
showed partial overlap with those of perlecan (Fig 2.5J-L) and syndecan-4 (Fig 2.5M-0).
Perlecan appeared to be mainly matrix associated whereas syndecan-4 showed mainly a cell
surface distribution. Thus it is apparent that LTBP-2 also has opportunity for molecular

interactions with HSPGs at the cell surface and within the extracellular matrix.

2.4.6 Exogenous LTBP-2 blocks elastinogenesis by cultured chondrocytes.

Initial experiments using skin fibroblasts were hampered by poor and inconsistent
elastinogenesis evident in culture even after 3 weeks post- confluency. We therefore used
chondrocytes cultured from fetal bovine elastic ear cartilage which consistently produced
extensive elastin-rich networks two weeks after confluency in the presence of reduced levels
of FCS (3%) (Fig 2.6A). In the experiment cultures were grown to 7 days post confluency to
establish an extensive network of fibrillin microfibrils within the matrix. No elastin was evident
at this stage (data not shown). Some cultures were then supplemented with exogenous LTBP-
2 daily for a further 7 days. LTBP-2 was found to inhibit elastinogenesis in a dose dependent
manner. At 1ug/ml LTBP-2 caused evident reduction in elastin staining (Fig 2.6B), at 2.5 pg/mi

LTBP-2 almost completely blocked elastinogenesis (Fig 2.6C) and no elastin deposition was
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evident with LTBP-2 at 10 pg/ ml (Fig 2.6D). The results indicated that exogenous LTBP-2
caused critical disruption of elastin deposition into the chondrocyte matrix and thus that LTBP-
2 can act as a negative modulator of elastinogenesis in a cell culture model. It is also apparent
that spaciotemporal production and organization of LTBP-2 must be tightly controlled by cells

during normal elastinogenesis.

The mechanism(s) whereby exogenous LTBP-2 inhibits elastinogenesis are unclear but
the experiments above point to two key interactions inhibited by LTBP-2 in vitro which are
important in the elastinogenic process, the binding of tropoelastin to heparin, mimicking the
interaction of the elastin precursor with cell surface HSPGs, and the binding of tropoelastin to
fibulin-5, evidently important for deposition of elastin microassemblies onto the fibrillin
microfibril scaffold (Wagenseil and Mecham, 2007). Thus at face value LTBP-2 appears to be
a negative modulator of elastic fiber assembly by interacting with fibulin-5 and inhibiting the
binding of elastin to fibulin-5. LTBP-2 may be involved in specifying spaciotemporal release
of elastin globules from fibulin-5 complexes for deposition onto the fibrillin microfibrils. It has
been suggested by Hirai et al (Hirai et al., 2007) that LTBP-2 may attach to nascent elastin-
fibulin-5 complexes and direct these microassemblies specifically to fibrillin-1 microfibrils.
However since we have shown that LTBP-2 is inhibitory to TE-fibulin-5 interactions it seems
unlikely that LTBP-2 can directly participate in these aggregates since its binding site on
fibulin-5 will be blocked by (tropo)elastin. An alternative possibility is that LTBP-2 is attached
to the surface of fibrillin-1 microfibrils, rather than the elastin complex, where it facilitates the
release of the nascent elastin globules from the complex with fibulin-5 for deposition onto the
microfibril by binding to and displacing the fibulin-5. Similarly, LTBP-2 may also contribute
to controlling the rate of release of elastin-microassemblies from the cell surface HSPGs
(candidates include syndecan-4 and perlecan) by a similar competitive displacement
mechanism. These concepts are represented schematically in Fig 2.8.

Conversely, the complete lack of LTBP-2 does not grossly affect elastic fiber assembly
in all tissues, as evidenced by LTBP-2 null humans which have elastic fiber and microfibril
defects largely confined to ocular tissues (Ali et al., 2009; Desir et al., 2010; Kumar et al.,
2010; Narooie-Nejad et al., 2009). Moreover the documented LTBP-2 gene mutations linked
to WMS result in tissue specific disruption of the elastic fiber and microfibril organization
within the skin and the eyes of the affected patients (Haji-Seyed-Javadi et al., 2012). Thus it
seems likely that LTBP-2 plays a subtle role during elastinogenesis perhaps influencing the

fine organization of the nascent elastic fibers in particular tissues. Without LTBP-2, the fine
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control may be lost but the assembled fiber may be functionally viable except where fine,
specialized elastic fiber architecture is required, such as in the ocular trabecular network and
the skin. In these tissues, elastic fiber distribution is complex with elastin-rich and elastin-free
microfibrillar bundles often in close proximity to each other (Cotta-Pereira et al., 1976; Kielty,
2006; Schlotzer-Schrehardt et al., 1997). Recent studies using stretched periodontal ligament
fibroblasts in culture have indicated that LTBP-2, in coordination with fibulin-5, controls the
diameter and organization of fibrillin microfibrils during aggregation into thick bundles
(termed oxytalan fibers) (Hisanaga et al., 2009; Nakashima et al., 2009; Tsuruga et al., 2009).
Interestingly stretching the cells induced aggregation and this was accompanied by up-
regulation of fibulin-5 expression by the cells and a loss of LTBP-2 from the microfibrils which
suggested an exchange of the two proteins on the surface of these structures (Hisanaga et al.,
2009; Tsuruga et al., 2012). These observations are consistent with LTBP-2 fulfilling its
functions as part of an interactive complex of molecules on the surface of microfibrils,
involving fibulin-5, fibrillin-1, heparan sulfate and perhaps members of the ADAMTS protease
family, genetic mutations of which have also been linked to WMS (Hubmacher and Apte, 2011,
Sengle et al., 2012).
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2.7 Figures

Figure 2.1 LTBP-2 and tropoelastin bind fibulin-5 with similar affinities.

A-C. Fibulin-5 binds tropoelastin and LTBP-2 but LTBP-2 does not bind tropoelastin.
Microtiter wells were coated with rLTBP-2 [100 ng (0.5 pmol) /well] (A), or tropoelastin [200
ng (3 pmol)/well] (B and C). Control wells were coated with a molar equivalent of BSA. After
blocking, each well was incubated at 37 °C for 3h with rfibulin-5 [200 ng (4 pmol)/ well,
concentration = 40 nM] (A and B) or rLTBP-2 [100 ng (0.5 pmol) /well, concentration =5 nM]
(C). In A and B, specific binding of rfibulin-5 was detected using anti-[DDK tag] antibody and
in C specific binding of rLTBP-2 was detected using affinity-purified anti-[LTBP-2 peptide]
antibody 3504 (1:2000 dilution), followed by a peroxidase detection method (see Materials
section). Means + S.D. of triplicate determinations are shown. D-E. Kinetic Analysis of the
interactions of fibulin-5 with LTBP-2 and tropoelastin. Saturation curves were established for
rfibulin-5 [0-40 nM] binding to LTBP-2 and tropoelastin and the A450 values (minus average
BSA background, A450 = 0.26) were converted to fmol of fibulin-5 using a standard ELISA
curve (not shown). Additional graphs of bound versus added rfibulin-5 were plotted for D)
LTBP-2 and E) tropoelastin. The Kd for each interaction was calculated by non-linear

regression analysis of the curve using the Prism 4.0 program.
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Figure 2.1. LTBP-2 and tropoelastin bind fibulin-5 with similar affinities.
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Figure 2.2 Inhibition of the fibulin-5- tropoelastin interaction by LTBP-2 and its N-
terminal fragment (LTBP-2 NT(H))

A. LTBP-2 substantially inhibits, rather than enhances, binding of tropoelastin to fibulin-5.
Tropoelastin or BSA control [400 ng (6 pmol)/well] was coated onto microtiter plates. After
blocking, the wells were incubated at 37 °C for 3h with fibulin-5 [100 ng (2 pmol) /well,
concentration =20 nM] which had been pre-incubated for 30 min at 37 °C with control TBS
(black columns) or with the same buffer containing 5-fold molar equivalent of rLTBP-2 (100
nM). B. Fragment LTBP-2 NT(H) contains the major fibulin-5 binding activity. Full-length
LTBP-2 [200 ng (1 pmol) / well] and non-overlapping fragments spanning the LTBP-2
molecule, LTBP-2 NT(H) [85 ng (1 pmol) /well], LTBP-2 C(H) [85 ng (1 pmol/well, and
LTBP-2 CT(H) [32 ng (1 pmol / well,] were coated onto microtiter wells. Control wells were
coated with a molar equivalent of BSA. After blocking, each well was incubated at 37 °C for 3
h with fibulin-5 [200 ng (4 pmol)/ well, concentration = 40 nM]. Specific binding of fibulin-5
was detected as described in Fig.1. C. Fragment LTBP-2 NT(H) only partially inhibits
tropoelastin binding to fibulin-5. Microtiter wells were coated with tropoelastin or BSA as
described in A. After blocking, the wells were incubated at 37 °C for 3h with fibulin-5 [100 ng
(2 pmol) /well, concentration = 20 nM] which had been pre-incubated for 30 min at 37 °C with
control TBS (black columns) or with 10-fold molar excess of fragment LTBP-2 NT(H) (200
nM). D. Full-length LTBP-2 blocks the fibulin-5-tropoelastin interaction more effectively than
fragment LTBP-2 NT(H), in a dose-dependent manner. Microtiter wells were coated with
tropoelastin or BSA as described in A. After blocking, each well was incubated with fibulin-5
[50 ng (1 pmol/well, concentration = 10 nM] which had been pre-incubated for 30 min with
0.25 to 10 fold-molar equivalent of LTBP-2 (squares) or fragment LTBP-2NT(H) (triangles).
After removal of the average background BSA signal [A450 = 0.21], binding was expressed as
percentage fibulin-5 binding in the absence of LTBP-2. In all experiments the means + S.D. of

triplicate determinations are shown.
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Figure 2.3 Heparin shows minor but specific inhibition of LTBP-2 interaction with
fibulin-5

A. R-LTBP-2 or BSA control [200 ng/well] was coated onto microtiter plates. After blocking,
the wells were incubated at 37 °C for 3h with fibulin-5 [100 ng (2 pmol) /well, concentration =
20 nM] which had been pre-incubated for 30 min at 37 °C with control TBS (black columns)
or with the same buffer containing 10-fold molar equivalent of heparin (white columns) (200
nM). Specific binding of fibulin-5 was detected as described in the experimental section. B.
Heparin also partially inhibits the interaction of tropoelastin with fibulin-5. Experimental as in
A except wells were coated with tropoelastin (in place of LTBP-2) or BSA control [400
ng/well]. C. Chondroitin-6- sulfate does not inhibit the interaction of fibulin-5 with LTBP-2.
Experimental as in A except heparin was replaced with a molar equivalent of chondroitin
sulfate. Means + S.D. of triplicate determinations are shown. * indicates statistical significance
of P <0.05.
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Figure 2.4 LTBP-2 inhibits the interaction of tropoelastin with heparin in a dose-

dependent manner.

A. LTBP-2 partially inhibits interaction of tropoelastin with heparin. Tropoelastin [400 ng (6
pmol) /well] was coated onto microtiter plates. After blocking, the wells were incubated at 37
°C for 3h with heparin-conjugated to albumin (HAC) [50 ng/well (1.4 pmol [14 nM] heparin)]
which had been pre-incubated for 30 min at 37 °C with 5-fold molar equivalent of rLTBP-2
[70 nM] (white columns) or with control buffer, TBS (black columns). Further control wells
were incubated without HAC as indicated. Specific binding of HAC was detected using anti-

BSA antibody followed by a peroxidase detection method.

Means + S.D. of triplicate determinations are shown. * indicates statistical significance of P <
0.05. B. The inhibition is dose -dependent. Microtiter wells were coated with tropoelastin as
described in A. Control wells were coated with ovalbumin. After blocking, the wells were
incubated as above with HAC [25 ng / well (0.7 pmol [7 nM] heparin)], which had been pre-
incubated for 30 min at 37 °C with 0.25 to 10 fold-molar equivalents of LTBP-2 (0.175 pmol
to 7 pmol) Following subtraction of the average ovalbumin background signal [A450= 0.40],

an inhibition curve was plotted.
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Figure 2.5 Confocal co-localisation of LTBP-2 with fibulin-5, fibrillin-1, fibronectin and

heparan sulfate proteoglycans in fibroblast matrix.

Human skin fibroblast cultures were cultured for 21 days and then stained for confocal
microscopy with antibodies to LTBP-2 in combination with antibodies to fibulin-5, fibrillin-1,
fibronectin, perlecan or syndecan-4. Primary antibody was detected using an appropriate
secondary antibody conjugated to fluorophore Alexa488 (red) or Cy3 (green). (see
experimental section). A,D,G,J, and M, rabbit anti-[LTBP-2 peptide] antibody 3504 [16
pg/ml]; B, mouse anti-fibrillin-1 antibody MAB1919 [5 pg/ ml]; C = A and B merged; E,
mouse anti-fibulin-5 antibody MAB3095 [25 pg/ml]; F = D and E merged; H, mouse anti-
[cellular fibronectin] antibody ab6328 [10 pug / ml]; | = G and H merged; K, mouse anti-
perlecan antibody [2.5 mg / ml]; L = J and K merged; N, mouse syndecan-4 antibody [4 ug /
ml]; O = M and N merged; P, rabbit 1gG [15.6 pug / ml] control for A,D,G,J and M; Q, mouse
19G (25 pg / ml) control for B,E,H,K and N; R = P and Q merged. Bar = 200 pM.
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Figure 2.5 Confocal co-localisation of LTBP-2 with fibulin-5, fibrillin-1, fibronectin and
heparan sulfate proteoglycans in fibroblast matrix.
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Figure 2.6 Exogenous LTBP-2 inhibits elastinogenesis by ear cartilage chondrocytes in
culture.

Ear cartilage chondrocytes were cultured to 7 days post-confluency to allow a fibrillin-
microfibril rich matrix to be established. The cells were then cultured for a further 7 days with
daily supplementation of exogenous recombinant LTBP-2, (final concentrations 0 to 10 pg/ml).
The cell layer was then stained for elastin with anti-tropoelastin monoclonal antibody BA4 and
immunofluorecence detection as described in section 3.3. Fig 6A, no LTBP-2 added; Fig 6B,
1 pg/ml LTBP-2; Fig 6C, 2.5 pg/ml LTBP-2; Fig 6D 10 pg/ml LTBP-2. Note the dose-
dependent reduction of elastin staining by addition of exogenous LTBP-2, with little elastin
evident at 2.5 pg/ml LTBP-2. Bar = 25 um
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Figure 2.7 LTBP-2 and elastinogenesis

The complex process of elastinogenesis involves several steps and a number of proteins
(Wagenseil and Mecham, 2007). For clarity we will focus on those proteins relevant to this
study. An early stage involves the formation of small elastin globules from precursor
tropoelastin close to the cell surface possibly in association with heparan sulfate proteoglycans.
These elastin globules become complexed with fibulin-5 and are transferred onto a pre-
established template of fibrillin-microfibrils where they coalesce to form the highly cross-
linked elastin core of the elastic fibre. We have shown in this study that LTBP-2 can compete
with tropoelastin for binding to fibulin-5 and heparin (similar to heparan sulfate). Thus the
blocking by exogenous LTBP-2 of elastinogenesis observed in cell culture may involve
displacement of tropoelastin from cell surface heparan sulfate preventing microglobule
formation (A) and/or blocking elastin-fibulin-5 interactions preventing transfer of the
microglobules onto the fibrillin template (B). For elastinogenesis to occur LTBP-2 production
and location must be highly regulated by the fibre producing cell. LTBP-2 is abundant during
the elastinogenic process in many tissues but is located specifically on the surface of the
fibrillin-microfibrils (Gibson et al., 1995). In this highly controlled situation LTBP-2 may be
involved in regulating the rate of docking of the elastin-fibulin-5 complexes onto the
microfibrils and the subsequent release of fibulin-5 from the elastin. The binding sites for
LTBP-2 and fibulin-5 on fibrillin-1 are in close proximity (Hirani et al., 2007; Ono et al., 2009)

and thus competition for binding to the microfibrils may also occur (C).
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2.8.1 Introduction

Latent transforming growth factor-beta-1 binding protein-2 (LTBP-2) is a protein of ill-defined
function which is abundant in developing elastic tissues such as aorta and nuchal ligament
where it is specifically localised on fibrillin-containing microfibrils (Moren et al., 1994).
Recent discoveries have shown that LTBP-2 binds strongly in vitro to heparin/heparan sulphate
proteoglycans (Parsi et al., 2010) and to fibulin-5 (Hirai et al., 2007), an elastin-binding protein
essential for elastin deposition onto microfibrils. It has been proposed that during
elastinogenesis LTBP-2 may complex with fibulin-5/elastin-microassemblies and direct these
specifically to fibrillin-1 microfibrils for elastin deposition (Hirai et al., 2007). However, our
recent study has shown that LTBP-2 inhibits rather than enhances tropoelastin-fibulin-5
complexing. LTBP-2 was also found to compete with tropoelastin for binding the heparan/
heparan sulphate. Additional experiments using ear cartilage chondrocyte cultures showed that
addition of exogenous LTBP-2 to the culture blocked elastinogenesis in a concentration-
dependent manner suggesting LTBP-2 acts as negative modulator during elastic fibre assembly
(Sideek et al., 2014). This has lead to our suggestion that LTBP-2 may modulate two key
aspects of elastic fibre assembly which are; a) displacement of elastin-microassemblies from
cell surface heparan sulphate proteoglycans and b) inhibition of tropoelastin/fibulin-5
complexing during elastin deposition into fibrillin-containing microfibrils. Although the above
studies have proved informative, the influences of LTBP-2 on the different stages of elastic
fibre assembly remained unclear. In this study we have extended the above study to investigate
the effect of LTBP-2 on elastin, fibrillin and fibronectin assembly in the choncrocyte cell
culture model. The results indicate that LTBP-2 inhibits the elastinogenesis stage at lower
concentrations than its inhibition of fibrillin microfibril assembly. LTBP-2 had no effect on

fibronectin network formation.

2.8.2 Method

Cells were cultured and stained as described previously (Sideek et al., 2014). Briefly, ear
cartilage chondrocytes from a 220-day-old fetal bovine (P4) were plated onto microscope
chamber slides at an initial density of 4 x 10%ml and grown for 7 days post-confluence in
DMEM plus 10% fetal calf serum. The cells were then cultured in DMEM plus 3% fetal calf
serum for a further 7 days with daily addition of recombinant human LTBP-2 (2.5 or 10 pg/ml).

The cell layers were fixed with cold acetone and methanol and incubated overnight at 4 °C with

111



monoclonal antibody specific for elastin (BA4), fibrillin (MAB1919) or fibronectin (IST-9).
Control sections were incubated with a matched concentration of mouse 1gG. Sections were
washed with TBS/methiolate and incubated with the goat anti-mouse 1gG antibody conjugated
to FITC. Sections were washed and mounted in 90% glycerol/ 10% TBS/methiolate containing
anti-fade reagent p-phenylenediamine prior to viewing on a Leica TCS SP5 confocal

microscope using a 488nm laser with emission settings at 496-533nm.

2.8.3 Results and Discussion

The elastin deposition stage of elastic fibre assembly is most sensitive to exogenous L TBP-
2.

Assembly of elastic fibres appears to involve 3 distinct stages, fibronectin fibril assembly,
fibrillin microfibril assembly and elastin deposition onto the fibrillin scaffold. (R. Kinsey et
al., 2008a. Previously we have shown exogenous LTBP-2 blocks elastinogenesis by cultured
chondrocytes (Sideek et al., 2014). However, it was unclear which stage(s) in the assembly of
the elastic fibre was affected by LTBP-2. In the present study we tested the effect of exogenous
LTBP-2 at 2.5 pg/ml and 10 pg/ml on the assembly of these three proteins into the chondrocyte
extracellular matrix. In the absence of LTBP-2 the chondrocytes established a matrix rich in
elastin, fibrillin-1 and fibronectin after 2 weeks of culture (Fig 1E-G). Addition of exogenous
LTBP-2 has a different affect on the assembly of each protein into the matrix. Firstly LTBP-2
did not inhibit fibronectin assembly at either concentration used (Fig 1 K and O). In contrast at
both concentrations tested, LTBP-2 completely blocked elastin assembly (Fig 1 | and M).
Fibrillin assembly appeared to be unaffected by LTBP-2 at 2.5 pug/ml (Fig 1 J) but was partially
inhibited at 10 pg/ml LTBP-2 (Fig 1 N).

Thus the elastin deposition stage was most sensitive to inhibition by LTBP-2 as predicted from
the in vitro binding studies. It is well documented that fibulin-5 interaction with tropoelastin is
essential for the formation of elastic fibre assembly (Nakamura et al., 2002; Nonaka et al.,
2009; Yanagisawa et al., 2009a). In addition, fibulin-5 gene knockout mice exhibit severe
disorganized elastic fibre system throughout the body (Nakamura et al., 2002). Although the
present study did not directly examine the interaction of LTBP-2 and fibulin-5 during elastic
fibre assembly, the results together with in vitro studies provide evidence that LTBP-2 may act

as a negative modulator of elastic fibre assembly by binding with fibulin-5 and inhibiting the
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interaction of elastin to fibulin-5. Interestingly, elastinogenesis occurs through a series of
highly regulated steps where fibulin-5 is important for the formation and maturation of
tropoelastin microassemblies by controlling the efficiency of coacervation (Hirai et al., 2007;
Cirulis et al., 2008; Wachi et al., 2008). Fibulin-5 is also essential for the tropoelastin cross-
linking stage of elastic fiber assembly by regulating the size of self-aggregates to achieve
optimal cross-linking (Choi et al., 2009). Since LTBP-2 binds fibulin-5 and negatively
regulates the function of fibulin-5, it is possible that LTBP-2 could involve in the coacervation
and cross-linking of tropoelastin. Moreover, LTBP-2 may also regulate the function of fibulin-
5 in other biological process and diseases including angiogenesis, tumorigenesis and fibrosis
(Xie et al., 2008; Yanagisawa et al., 2009b; Nakasaki et al., 2015). LTBP-2 also inhibits the
interaction of tropoelastin with heparan in vitro suggesting that it may influence another
interaction important in elastinogensis, the interaction of tropoelastin with cell surface heparan
sulphate proteoglycans (HSPGs) (Tiedemann et al., 2001; Cain et al., 2005; Wagenseil and
Mecham, 2007; Sideek et al., 2014). Multiple studies have shown that the addition of heparan
sulphate to cultured cells alter the coacervation properties of tropoelastin and deposition of
tropoelastin into the extracellular matrix (McGowan et al., 1993; Wu et al., 1999; Kozel et al.,
2004). More recently, a study by Baughman et al. (2011) demonstrated that heparin treatment
increases elastin mMRNA levels and stimulates elastinogenesis in adult human smooth muscle
cells. Since LTBP-2 binds strongly to heparin, it is likely LTBP-2 could inhibit elastin
assembly by modulating HSPGs function at multiple levels during the elastinogenic process.

The inhibitory effect of LTBP-2 on fibrillin microfibril assembly required much greater
concentrations of LTBP-2 suggesting that LTBP-2 has less influence in controlling
microfibrillogenesis compared to elastinogenesis. Fibrillin-1 is a major heparin/HS binding
protein containing at least 7 heparin binding sites (Cain et al., 2005; Sabatier et al., 2014a). It
is possible that LTBP-2 may disrupt the fibrillin deposition by interfering with fibrillin-heparan
sulphate interactions essential for early stages of microfibril assembly. Heparin has been
suggested to influence microfibril and elastic fibre assembly by regulating the interaction
between MAGP-1 and tropoelastin with fibrillin-1. Moreover, cell surface HS may be involved
in multimerisation and alignment of fibrillin-1 during microfibril deposition (Cain et al., 2005).
Addition of heparin/HS to skin fibroblast cultures inhibited fibrillin-1 microfibril network
formation (Tiedemann et al., 2001; Ritty et al., 2003). It has been demonstrated that the N
terminus of fibrillin-1 strongly binds to itself and to the fibrillin-1 C terminus, and these

interactions can effectively be inhibited by heparin indicating the importance of HSPGs to
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regulate linear fibrillin-1 assembly into supramolecular microfibril assemblies (Sabatier et al.,
2014b). The potential binding of LTBP-2, at high concentration, to matrix and cell surface
HSPGs may inhibit their crucial interactions with fibrillin-1 during microfibril assembly.

In addition a study by Hisanaga et al. (2009) found that fibulin-5 colocalized with
fibrillin microfibrils and controls the biogenesis of microfibril bundles suggesting that fibulin-
5 plays important roles in two steps of elastic fibres assembly, fibrillogenesis in addition to
elastinogenesis. Very high concentrations of LTBP-2 may also interfere with this process via
negatively modulation of fibulin-5 function of during fibrillin assembly. It is noteworthy that
a recent study has shown LTBP-2, in coordination with fibulin-5, may control the diameter and
organization of fibrillin microfibrills (Tsuruga et al., 2012) suggesting exogenous LTBP-2 may
negatively controlled the function of fibulin-5 during coalescence of microfibrils and oxytalan
fibres which is consistent with our findings. A study by Kissin et al. (2002) showed that TGF-
B stimulates fibrillin microfibrils assembly without affecting fibrillin gene expression or
protein synthesis suggesting high level of LTBP-2 could directly modulate TGF-p
bioavailability which may lead to inhibition and disruption of fibrillin-1 formation as found in

our studies.

Exogenous LTBP-2 had no effect on fibronectin assembly showing the effects were
specific to elastic fibre assembly and not to matrix production in general. Assembly of
fibronectin is important for deposition of fibrillin microfibrillar arrays since knockdown of
fibronectin in human dermal fibroblast cultures resulted in severe reduction in fibrillin-
microfibril deposition (Kinsey et al., 2008; Sabatier et al., 2009). Since the fibronectin
assembly is unaffected by the LTBP-2, we can confirm that the disruption of fibrillin assembly
in ear chondrocytes cultures was directly caused by LTBP-2 and not by disruption of
fibronectin assembly. We propose next to investigate effects of individual domains of LTBP-
2 on the elastinogenesis to delineate the importance of LTBP-2—heparin and LTBP-2-fibulin-
5 interactions in the inhibition of this process. The discovery of the negative impact of LTBP-
2 on two stages of elastic fibre assembly may eventually lead to development of novel
therapeutic agents, for the prevention of elastic fibre-degenerative conditions and regeneration

of damaged elastic fibres.
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Elastin Fibrillin Fibronectin

1 week
post confluence

2 weeks post confluence
+ LTBP-2 2.5 yg/ml no LTBP-2

+ LTBP-2 10 pg/ml

Fig. 1. LTBP-2 blocks elastinogenesis and inhibits fibrillogenesis by cultured
chondrocytes.

Ear cartilage chondrocytes were cultured to 7 or 14 days post-confluency and stained for elastin
(Fig 7A, 7E, 71, 7M), fibrillin (Fig 7B, 7F, 7J, 7N), or fibronectin (Fig 7C, 7G, 7K, 70) and
DAPI nuclear stain (Fig 7D, 7H, 7L, 7P). Fig 7A-7H, no LTBP-2 added; Fig 7I-7L, 2.5ug/ml
LTBP-2; Fig 7M-7P, 10 pg/ml LTBP-2. Bar = 25 pum.
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3.1 Abstract

Latent transforming growth factor-beta-1 binding protein-2 (LTBP-2) belongs to the fibrillin-
LTBP superfamily of extracellular matrix proteins. LTBPs and fibrillins are involved in the
sequestration and storage of latent growth factors, particularly transforming growth factor 8
(TGF-B), in tissues. Unlike other LTBPs, LTBP-2 does not covalently bind TGF- and its
molecular functions remain unclear. We are screening LTBP-2 for binding to other growth
factors and have found very strong saturable binding to fibroblast growth factor-2 (FGF-2) (Kd
= 1.1 nM). Using a series of recombinant LTBP-2 fragments a single binding site for FGF-2
was identified in a central region of LTBP-2 consisting of six tandem epidermal growth factor-
like (EGF-like) motifs (EGFs 9-14). This region was also shown to contain a heparin/heparan
sulphate-binding site. FGF-2 stimulation of fibroblast proliferation was completely negated by
the addition of 5-fold molar excess of LTBP-2 to the assay. Confocal microscopy showed
strong co-localisation of LTBP-2 and FGF-2 in fibrotic keloid tissue suggesting that the two
proteins may interact in vivo. Overall the study indicates that LTBP-2 is a potent inhibitor of
FGF-2 that may influence FGF-2 bioactivity during wound repair particularly in fibrotic

tissues.
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3.2 Introduction

Latent transforming growth factor-beta-1 binding protein-2 (LTBP-2) is a member of
the fibrillin-LTBP superfamily of extracellular matrix proteins. These proteins are all
structurally similar, consisting of a rod-like molecule of tandem EGF-like 6-cys repeats
interspersed with characteristic 8-cys motifs [1-5]. Fibrillins 1-3 form microfibrils which,
together with a core of elastin, are the main structural components of elastic fibers [2, 5].
LTBPs -1, 3, and 4, covalently bind latent growth factor TGF-f and direct the growth factor to
storage depots within the extracellular matrix [1, 6]. Fibrillin microfibrils are considered to be
a principal storage location for these latent complexes and they act as critical regulators of
TGF-B activation [7].

Structurally, LTBP-2 is more similar to the other LTBPs than fibrillins, but like
fibrillins, it does not directly bind TGF-p [8, 9] and LTBP-2 function remains largely unclear.
An early study reporting that LTBP-2 null mice have embryonic lethality [10], has recently
been contradicted by Inoue et al. who presented a LTBP-2 null mouse with only a mild ocular
phenotype [11]. This result agrees more closely with LTBP-2 null humans who also have mild
ocular phenotypes including glaucoma, megalocornea, ectopis lentis and microspherophakia
[12-15]. It has long been documented that LTBP-2 is associated with elastic fibers in
developing elastic tissues [8] and there is evidence that LTBP-2 may play a negative regulatory
role in elastinogenesis, inhibiting tropoelastin interactions with fibulin-5 and heparan sulphate
proteoglycans [16]. In vitro studies have shown that LTBP-2 specifically binds to fibrillin-1
rather than fibrillin-2 and that LTBP-2 can compete with LTBP-1 for binding to the fibrillin-1
molecule, suggesting that LTBP-2 may indirectly affect TGF-f bioavailability [17]. This idea
is supported by a recent study linking LTBP-2 gene mutations to a recessive form of Weill-
Marchesani syndrome (WMS) [18] which is characterized by short stature, brachydactyly,
thick fibrotic skin and ectopia lentis (WMS, Online Mendelian Inheritance in Man # 608328).
This finding clearly links LTBP-2 to fibrillin biology as mutations in the fibrillin-1 gene also
cause some presentations of WMS [19]. Fibrillin-1 gene mutations also cause Marfan
Syndrome (MFS) (OMIM number 154700) and many of the characteristics of WMS and MFS
have been attributed to aberrant TGF-p signaling [20]. However fibrillins and associated
MAGP proteins have been documented to bind many other growth factors in latent and/or
active forms, including bone morphogenic proteins (BMPs) 2, 4, 5, 7 and 10, and connective

tissue growth factor [21-24]. Thus sequestration or release of these molecules may also
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influence microfibril modulation of growth factor signaling and contribute to aberrant

microfibril function in these genetic disorders and other diseases.

Given the above evidence it seems clear that LTBP-2 also has some as yet unidentified
role in modulation of growth factor storage and activity. To investigate we have commenced
screening LTBP-2 with candidate growth factor binding partners. In this paper we report a very
strong interaction of LTBP-2 with fibroblast growth factor-2 (FGF-2). FGF-2 or basic FGF is
an important member of a family of cytokines now numbering over 20, that modulate cellular
behaviour through activation of FGF receptors (FGFRs)[25]. FGF-2 promotes proliferation,
differentiation and migration in fibroblasts and a variety of other cell types [26] and has
influence on a range of processes including angiogenesis, tissue remodeling, wound healing
and tumour growth [27-29]. FGF-2 has prominent roles in the repair and regeneration stages
of wound repair. In acute wound healing, FGF-2 promotes tissue repair by stimulating
fibroblast motility and collagenase production for extracellular matrix remodeling, promoting
granulation tissue formation, and increasing keratinocyte motility during re-epithelialization
[30]. In chronic wounds such as hypertrophic scars and keloids, the growth factor can attenuate
fibrosis and promote healing by down-regulating TGF- induced collagen production,
increasing matrix degrading enzymes such as matrix metalloprotein-1 and inducing
myofibroblast apoptosis [31]. A role for FGF-2 in microfibril biology has yet to be

documented.

We have found that FGF-2 has a single high-affinity binding site in a central region of
LTBP-2. In addition LTBP-2 inhibited FGF-2 induced fibroblast proliferation in a bioassay
and confocal microscopy showed strong co-localisation of LTBP-2 and FGF-2 in fibrotic
keloid skin.
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3.3 Materials and Methods

Rabbit anti-[human LTBP-2 peptide ] antibody 3504 has been described previously [17]. Anti-
Hiss antibodies were purchased from Qiagen (Valencia, CA). FGF-2 antibody (#610871) for
immunohistochemistry was supplied by BD labs. Recombinant human FGF-2, VEGF, BMP-
4, and BMP-7 and corresponding antibody detection systems (duo-set kits) were obtained from
R and D systems. Mouse anti-fibrillin-1 monoclonal antibody MAB1919 and rabbit anti-
phospho-FGFR1(Tyr653/Tyr654) antibody were obtained from Merck Millipore, Germany.
Rabbit monoclonal anti-total FGFR1 antibody (D8E4) was purchased from Cell Signalling
Technology (Danvers, MA).

3.3.1 Recombinant protein production and purification

CDNAs encoding recombinant human LTBP-2 and contiguous fragments NT(H), C(H) and
CT(H) were cloned into episomal expression vector pCEP4 as described previously [32]. In
addition, three contiguous sub-fragments of LTBP-2C(H), entitled F1, F2 and F3, were
generated for the current study (Fig 3.1). Briefly, cDNAs encoding these sub-fragments were
amplified by PCR from the LTBP-2C (H) cDNA [32] and ligated into a modified episomal
expression vector BM40:hisg:pCEP-4, such that each recombinant fragment was flanked by a
BM-40 secretion-signal peptide and a C-terminal Hiss tag. PCR amplification with Pfu turbo
Cx DNA polymerase (Stratagene) used 25 cycles of 95 °C for 30 sec, annealing for 30 sec and
extension for 1 min at 72 °C. For LTBP-2 C(H) F1, cDNA bases 775 to 1581 were amplified
using sense primer 5'-CTGAAAGCTTGGACTCTCAGGCTGGCCAGG-3" and antisense
primer 5’CACAAAGCTTCACATCTTGGCAGCCCTTCTCAT- 3’, with an annealing
temperature of 54°C, giving a product of 807 bp. For LTBP-2 C(H) F2, cDNA bases 1553 to
2343 were amplified using sense primer 5’-
GAAGGGCTGCCAAAGCTTGGATGAGTGTGCCAG- 3’ and antisense primer 5’-
CGTTAAGCTTCTCGTCTATGTCAATGCAG- 3’, with an annealing temperature of 62°C,
giving a product of 791bp. For LTBP-2 C(H) F3, cDNA bases 2315 to 3180 were amplified
using sense primer 5’-CTCCATTGAAAGCTTCGAGTGCGCCAACGACAC- 3° and
antisense primer 5-TTTTAAGCTTGATGTCCATGTGGATGTCGT-3’, with an annealing
temperature of 54°C, giving a product of 866 bp. The PCR products were purified by excision
from agarose gels, A-tailed and ligated into the pGEM-T easy plasmid, as described previously
[17]. The ligated constructs were transformed into JM109 competent cells, and individual
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clones were propagated and sequenced. Error-free cDNAs were then excised by digestion with
Hindlll, and ligated into the HindlIlI site of the modified pCEP4 vector [17]. These expression
constructs were transfected into 293-EBNA cells, and cells were grown with selection
antibiotic hygromycin B. The cell culture medium was harvested and recombinant protein was
purified using chelating Ni-Sepharose as previously described [33]. Samples of the
recombinant proteins were dialyzed into TBS-0.5M NaCl, and analyzed by SDS-PAGE on a
12% gel under both reducing and non-reducing conditions to confirm size and purity.

3.3.2 Solid Phase Binding Assays

Solid phase binding assays were conducted as described previously [34] using an adaptation of
the method provided with the growth factor DuoSet ELISA Development kits (R&D Systems).
Briefly recombinant LTBP-2 or fragments was coated overnight onto microtitre wells, with
BSA-coated wells as negative controls. After washing, growth factor, usually FGF-2, was
added to the wells, at either a constant concentration, or in increasing amounts for the saturation
curve, and incubation was continued for 2 h. After thorough washing, bound growth factor was
detected by incubation for 2 h with biotinylated detection antibody (2.5 pg/ml) followed by 20
min with streptavidin conjugated with horseradish peroxidase. Colour development
(absorbance at 450 nm) was detected using TMB substrate and quenched using 1M H>SO4. For
the FGF-2 saturation binding curves, the amount of FGF-2 bound was calculated from a
concurrent standard ELISA for FGF-2, following the protocol provided in the DuoSet ELISA
Development kit. The Kd for each interaction was calculated by non-linear regression analysis

of this saturation curve using GraphPad Prism (Version 4).

For heparin binding studies, binding assays were conducted with heparin-albumin conjugate
[HACT] as described previously [32]. Briefly wells were coated overnight with HAC (or BSA
control) in TBS, followed by blocking with 5% milk-TBS for 1 hour. LTBP-2C (H) or
fragments F1, F2 and F3 were added to wells in TBS+2mM CaCly, and incubated at 37 °C for
3 hours. Following washing, primary antibody (usually anti-pentaHis) in TBS+2mM CaCl;
was added to wells, and incubated at 37 °C for 2.5 h. Binding was detected using goat
antifmouse IgG] antibody-HRP conjugate followed by substrate development as described

above.
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3.3.3 Cell proliferation assay

Human foreskin fibroblasts (passage 4) were suspended in DMEM plus 10% fetal calf serum,
non-essential amino acids, and penicillin/streptomycin. The cells were plated at a density of 4
x 10* cells per well into a 96-well culture plate (Costar #3596, Corning) and incubated
overnight at 37 °C in a cell culture incubator (5% CO>). The wells were rinsed with serum-free
DMEM and further incubated at 37 °C for 48 h in 100 pl of serum-free DMEM containing
FGF-2 (10 ng/ ml, 0.625 nM). For some wells, the FGF-2 was pre-incubated for 15 min with
five or ten fold molar excess of LTBP-2 or fragment LTBP-2C F2 prior to addition of the
mixture to the wells. Follistatin (30 ng/well) was included in some incubations to ensure that
observed effects were not due to undetectable quantities of TGF-p in the recombinant LTBP-2
preparations [35]. Cell proliferation was measured using metabolic substrate WST-1 (Roche)
following the manufacturer's instructions. Briefly 10 pl of WST-1 was added to each well. The
plate was rocked gently for 1 min to mix then returned to the cell culture incubator for 30 mins.
A microplate spectophotometer (Shimadzu UV-1601) was then used to read absorbances at
450 nm, and 595 nm and the reading at 595 nm was subtracted from the 450 nm reading to give

final colour values.

3.3.4 Detection and quantitation of FGFR1 activation

Human foreskin fibroblasts were plated at a density of 4 x 10° cells per well into a 6-well plate
(Nunclon Surface, Nalge Nunc International, Denmark) and incubated overnight at 37°C in a
cell culture incubator (5% COz) in DMEM plus 10% fetal calf serum. The wells were rinsed
with PBS and further incubated at 37°C for 2 hours with 1 ml of serum-free DMEM containing
FGF-2 (10ng/ml, 0.625 nM). For some wells, the FGF-2 was preincubated for 15 min with 10-
fold molar excess of LTBP-2 or fragment LTBP-2C F2 prior to addition to the wells. The cells
were then lysed using extraction buffer (containing 50 mM Tris (pH 6.8), 0.5% SDS, 2 mM
EDTA and cocktails of phosphatase and protease inhibitors [#04906837001 and
#11836153001, Roche, Germany]) and analysed by SDS-PAGE on 12 % gels (100 ug cell
protein per well). The proteins were immunoblotted onto nitrocellulose membranes (0.2 um,
Pall Corporation, Pensacola, FL) as described previously [34]. The membranes were blocked
in a 5% skim milk in TBS-Tween20 for 1 hr at RT with gentle shaking. The blots were
horizontally cut into 2 halves and incubated at 4 °C overnight with 0.2ug/ml of anti-phospho-
FGFR-1(Tyr653/Tyr654) antibody (#06-1433, Millipore, CA) or anti-total FGFR1 antibody
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(#9740, CST, MA) (upper half) or 1ug/ml of anti-p actin antibody (#SANTSC-47778, Santa
Cruz Biotechnology, Inc, USA) (lower half). After washing the blot halves with TBS-Tween,
bands were visualised with the appropriate anti-rabbit 1gG or anti-mouse IgG antibodies
conjugated with IR800 fluorescence dye (#SA5-35571 or #SA5-35521, Thermo Scientific,
U.S.A). Membranes were imaged with the LI-COR Odyssey Infrared Imaging System. Bands
were quantitated using ImageJ 1.48 software [National Institutes of Health (NIH), Bethesda,
MD] and normalised to the internal B-actin signal. For comparison of the phospho-FGFR1
signal between samples, the ratio of the normalised phospho-FGFR1 signal to the total FGR1
signal was expressed as a percentage relative to the average value from cells treated with FGF-

2 only (equaling 100%).

3.3.5 Immunohistochemistry

Paraffin-embedded tissue blocks of tissue from normal skin and keloid were prepared from
biopsy or discarded surgery material from adult human subjects with informed written consent
which is archived and human ethics clearances from the University of Adelaide (#H-16-2001)
and the Calvery Hospital Research Ethics Committee (11-CHREC-F007). Sections (4 pm
thickness) were cut via a microtome and dewaxed in xylene for 30 min and rehydrated
gradually for 2 min each through a series of ethanol solutions (100 % to 30%) followed by
water and finally PBS. The slides were then placed in 15% target retrieval solution [36] for 60
mins, starting at 90 °C and dropping to 65 °C. The sections were washed in PBS, incubated
with trypsin (0.025% w/v) for 3 min at 37 °C then blocked with 3% normal goat serum for 30
min. After washing with PBS, the sections were incubated overnight at 4°C with primary
antibodies (2 or 2.5 pg/ml) or matched concentrations of appropriate rabbit or mouse IgG as
negative controls. After thorough washing in PBS, the sections were incubated for 1 h with a
1:200 dilution of appropriate secondary antibody (anti-rabbit IgG antibody conjugated to fluor
Alexa 488 or anti-mouse IgG antibody conjugated to Alexa 594, Life Technologies). After
further washing with PBS the sections were treated with 0.1pug / ml of 4',6-Diamidino-2-
phenylindole dihydrochloride (DAPI) [Sigma; D9542] and sealed under a coverslip in Dako
fluorescence mounting medium. The slides were examined using a Leica TCS SP5 confocal
microscope, sequentially excited at 488 nm for Alexa 488 (emission window 496-533 nm), 561

nm for Alexa 594 (emission window 569-753 nm) and 405 nm for DAPI (emission window
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413 - 460 nm). For quantitation, 3 random areas (each 0.038 mm?) per section were analysed

using the AnalySIS software package (Soft-Imaging System, Munster, Germany).

3.4 Results and Discussion

3.4.1 FGF-2 has a strong affinity for LTBP-2

Expression constructs in a modified pCEP4 vector for full-length human LTBP-2 and
three contiguous fragments spanning the molecule have been described previously [32]. In
addition similar constructs encoding three smaller recombinant fragments spanning the central
region of the LTBP-2 molecule were made, each encoding an N-terminal BM40 signal peptide
and a C-terminal His6 tag (Fig 3.1A). Each encoded fragment was produced in 293-EBNA
cells and purified from the culture medium as previously described [32]. Each protein fragment
gave a single band on SDS-PAGE (Fig 3.1B) indicating a high degree of purity. Fragments
LTBP-2C F1, F2 and F3 (predicted molecule weights of 29 kDa, 28 kDa and 31 kDa
respectively) migrated under non-reducing conditions with apparent molecular weights of 40
kDa, 30 kDa and 37 kDa respectively.

Full-length recombinant LTBP-2 was tested for binding to a range of growth factors
including vascular endothelial growth factor, BMP-4, BMP-7 and FGF-2 in an established solid
phase binding assay (Fig 3.2A) [34]. Initial screening identified FGF-2 and BMP-4 as candidate
binding partners for LTBP-2. However a further experiment identified BMP-4 as a false
positive, as the BMP-4 antibody showed binding to the LTBP-2 coated wells in the absence of
BMP-4 protein (Fig 3.2B). Of the growth factors tested only FGF-2 showed strong saturable
binding to LTBP-2 (Fig 3.3A). The binding curve was quantitated from a standard ELISA
curve for FGF-2 coated onto microtitre wells. This enabled the Kd for the LTBP-2 / FGF-2
interaction to be calculated by non-linear regression analysis of the curve produced by plotting
amount FGF-2 bound versus concentration of FGF-2 added (Fig 3.3B). The prism program
calculated the Kd as 1.11 + 0.17 nM for a single binding site. This finding indicated that the
LTBP-2 / FGF-2 interaction is of high affinity.
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3.4.2 FGF-2 binding is confined to a small central region of the LTBP-2 molecule

To identify the FGF-2 binding region(s) on LTBP-2, a range of recombinant LTBP-2
fragments were tested in the FGF-2 binding assay (Fig 3.4). Initially the three large fragments
spanning the LTBP-2 molecule were tested with central fragment LTBP-2C(H) alone showing
strong FGF-2 binding (Fig 3.4A). Subsequently three sub-fragments F1, F2, and F3 spanning
LTBP-2C(H) were produced and tested with only the F2 showing strong FGF-2 binding (Fig
3.4C). This indicated that FGF-2 binding activity was confined to a small central region of
LTBP-2 consisting of 6 calcium binding EGF-like repeat motifs (motifs 9-14) (see Fig 3.1A).
Binding curves for fragment LTBP-2C(H) (not shown) and sub-fragment F2 (Fig 3.4D) were
produced and the Kds for FGF-2 binding were calculated as previously for full length LTBP-
2. The Kds for FGF-2 interaction with LTBP-2C(H) and F2 were calculated as 1.02 £ 0.19 nM
(Fig 3.4B) and 1.03 £ 0.10 nM (Fig 3.4E) respectively indicating similar affinities for FGF-2
as the full-length LTBP-2 molecule. The binding affinity of LTBP-2 for FGF-2 was similar to
that we reported for heparin [32] but was significantly higher than LTBP-2 interactions with
fibrillin-1 (9 nM) and fibulin-5 (26 nM) using the same methodology [16, 17]. In an attempt
to identify the precise binding site for FGF-2 on LTBP-2 we produced 6 peptides corresponding
to each EGF-like motif of the FGF-2 binding region. However no direct FGF-2 binding or
inhibition of the LTBP-2 -FGF-2 interaction was identified for any of the peptides (data not
shown). This indicates that the binding site may span two or more EGF-like repeats.

3.4.3 The FGF-2 binding site is close to a heparin-binding region of LTBP-2

We have previously identified several heparin-binding regions on LTBP-2 including a
central site of moderate affinity contained in fragment LTBP-2C(H) [32]. Since FGF-2 also
has affinity for heparin/heparan sulphate we determined if the FGF-2 and heparin binding sites
were contained in the same or distinct sub-fragments of LTBP-2C(H). Using the solid phase
binding assay, fragments LTBP-2C(H) and sub-fragment F2 showed strong binding to heparin-
albumin conjugate coated wells, whereas sub-fragments showed no binding above the control
wells coated with BSA (Fig 3.5). Thus both the central heparin binding region and the FGF-2

binding site on LTBP-2 are present within six EGF-like repeats of each other. This site was
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reported to have moderate affinity for heparin with a Kd estimated at 80 nM compared to a

cluster of higher affinity sites identified in the N-terminal region of LTBP-2 [32].

3.4.4 LTBP-2 blocks FGF-2-induced cell proliferation

To determine if LTBP-2 enhanced or inhibited FGF-2 bioactivity a cell proliferation
assay was conducted (Fig 3.6A). Addition of exogenous FGF-2 was found to significantly
increase the rate of proliferation of fibroblasts in serum-free culture over 48 h, to a similar
extent in the presence or absence of activin/TGF-f inhibitor follistatin. However pre-incubation
of the FGF-2 with full-length LTBP-2 in 5-fold or 10-fold molar excess prevented any FGF-2-
induced cell proliferation. Pre-incubation with fragment LTBP-2C-F2, which contains the
FGF-2 binding site, also significantly inhibited, but did not completely block, FGF-2 induced
cell proliferation. Controls conducted in the absence of FGF-2 showed that follistatin, LTBP-
2 or fragment LTBP-2C F2 had no significant effect on cell proliferation. To determine if
LTBP-2 blocked the activation of the FGF receptor, the experiment was repeated and cellular
proteins were extracted after 2 hours and analysed by SDS-PAGE and immunoblotting (Fig
3.6B and 3.6C). The results clearly showed that the control cells had no detectable activated
FGFR1 but the addition of FGF-2 resulted in a strong FGFR1 signal. Additional of excess full
length LTBP-2 completely blocked the activation of the receptor but the same molarity of
fragment LTBP-2CF2 greatly reduced but did not completely prevent FGFR1 activation.
Overall the experiment indicated that LTBP-2 inhibits rather than enhances FGF-2 activity. It
is noteworthy that the 6-EGF-like repeat fragment containing the FGF-2 binding sequence
(LTBP-2C F2) only partially inhibited the mitogenic effect of FGF-2. Thus additional
sequences adjacent to fragment F2 may be important for the full influence of LTBP-2 on FGF-
2 bioactivity.

3.4.5 LTBP-2 and FGF-2 show similar distributions in fibrotic skin

To determine if the interaction of LTBP-2 and FGF-2 could have biological relevance
we searched for overlapping of immunofluorescence localization patterns in normal and

fibrotic skin. Neither protein showed discernible localization within the extracellular matrix of
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normal adult skin (data not shown). LTBP-2 gene mutations have been linked to WMS which
demonstrates thickened fibrotic skin suggesting a connection between LTBP-2 and fibrosis
[18]. We therefore examined LTBP-2 expression in fibrotic keloid tissue that has elevated
production of new elastic fibres [37, 38]. Keloids are fibrotic scars that are raised above skin
level and project beyond the original wound margins [39]. The keloid tissue stained very
strongly for LTBP-2 with a widespread, fibrous distribution (Fig 3.7A) which closely matched
the distribution of fibrillin-1 (Fig 3.7B) as confirmed by the merged images (Fig 3.7C). Control
sections incubated with rabbit or mouse IgG in place of antibody showed no discernible
staining (Fig 3.7D and 3.7E). At high power, fine irregular fibres staining for both LTBP-2
(Fig 3.7F) and fibrillin-1 (Fig 3.7G) were evident in the intercellular matrix, visualized as
yellow staining in the merged image (Fig 3.7H). The results indicate that LTBP-2 is
predominantly associated with fibrillin-containing microfibrils, which are components of
elastic fibres. These findings are consistent with previous studies showing strong co-
localization of LTBP-2 and developing elastin fibres in fetal tissues and in tissue remodelling
[8, 10, 40]. The elastic fibres generally ran parallel to the epithelium although some areas
showed a more random distribution consistent with previous reports [37, 38]. Interestingly a
similar intense immuno-staining pattern was found for FGF-2 in sections of fibrotic keloid skin
from several patients. An example from one patient is shown in Fig 3.7. Low power images
show intense discrete staining for LTBP-2 (Fig 3.8A-green) and FGF-2 (Fig 3.8B-red) to the
same structures throughout the keloid as confirmed from the merged image (Fig 3.8C) where
co-localization is visualized as yellow-orange. At higher power, LTBP-2 (Fig 3.8F- green) and
FGF-2 (Fig 3.8G-red) antibodies stained the same fibres within the extracellular matrix as well
as cellular elements (identified using the blue nuclear DAPI stain). The extensive overlap of
staining for the two proteins is confirmed by the merged image (Fig 3.8H) where the co-
localization is visualized as yellow staining. The appropriate immunoglobulin controls showed
little background staining (Fig 3.8D and 3.8E). As an additional control a section was stained
for LTBP-2 and VEGF which has no known affinity for fibrillin microfibrils (Fig 3.81). No
overlap in the distributions were observed, with VEGF detected only in association with some
but not all of the stromal cells and showing no localization within the extracellular matrix. The
close proximity of FGF-2 to LTBP-2 within the keloid indicates that the two proteins may
directly interact in the matrix of fibrotic skin on the surface of newly generated elastic fibres
where they may influence, in vivo, the biological activity of each other. The significance of the
strong intracellular staining for both proteins is less clear. It seems likely that this simply

reflects high synthesis rates for both proteins in fibrotic tissues although a direct intracellular
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interaction cannot be ruled out. Quantitation of the relative immunofluorescence signals
between normal skin and keloid showed around 9-fold increases in signals for both LTBP-2
and FGF-2 in the keloid tissue suggesting that production of both proteins was greatly increased
in the fibrotic condition (Fig 3.9).

Our results have shown that LTBP-2 strongly binds and inactivates FGF-2 in vitro and
that both proteins appear to co-localize with fibrillin-microfibrils in fibrotic tissues. However
the importance of these observations in microfibril and elastic fibre biology, and
pathophysiology of relevant congenital and fibrotic diseases, remains to be established. The
paradigm of the congenital disease MFS and related disorders has demonstrated that fibrillin
microfibrils are important for growth factor regulation. Mutations in fibrillin genes cause a
reduction in the number of normal microfibrils in tissues, resulting in inappropriate or
excessive activation of latent TGF-p during tissue development and growth [7, 20]. This
aberrant TGF-f signaling is considered to be a major contributor to the malformation and
dysfunction of the cardiovascular, skeletal, pulmonary and ocular systems characteristic of
MFS. The mechanism of this TGF-p activation appears to be more complex than originally
envisaged. Isogai et al showed that LTBP-1, 3 and 4 share a single binding site on fibrillin-1
and suggested that disruption of this binding activity would reduce matrix storage of the LTBP-
TGF-f latent complexes resulting in excessive growth factor activation [41]. However
subsequent research with mutant mice showed that total deletion of this binding site on fibrillin-
1 caused no obvious disease phenotype [42]. More recently Zilberberg et al demonstrated that
LTBP-1, the major contributor to latent TGF-f sequestration, required only fibronectin and not
fibrillin 1 or 2 for matrix attachment [43]. The findings suggest that other mechanisms in
addition to direct liberation of latent TGF-f from the fibrillin microfibrils may contribute to
elevation of the TGF-f signalling. Since fibrillin and associated proteins also bind a range of
other potent cytokines, it seems likely that disruption of normal microfibrils will activate other
signalling pathways perhaps leading to indirect TGF-f elevation. It appears that LTBP-2
requires fibrillin-1 microfibrils for incorporation into the extracellular matrix [44] and thus loss
of these structures is likely to disrupt matrix sequestration of LTBP-2 and any attached proteins
such as FGF-2. Depending on context FGF-2 can stimulate TGF-[3 gene expression [45] and
secretion [46] or can inhibit TGF-B induced fibrosis [31]. Thus it is difficult to predict possible
effects of disrupting LTBP-2/FGF-2 interactions in WMS and other relevant diseases. The
LTBP-2 gene has also been linked to tumor suppression in squamous cell carcinoma and

meningioma, [47, 48] and as a marker for pulmonary deaths following acute dyspnea [49].
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It also remains to be established how LTBP-2 relates to FGF-2 functional biology. FGF-
2 lacks a secretion signal [50] and is secreted from cells by an unknown mechanism and
becomes strongly bound to the GAG side-chains of HSPGs in the matrix and basement
membranes [51, 52] Following tissue injury, the FGF- 2 molecules are released by protease
and heparinase activity. Multiple FGF-2 molecules remain attached to released HS chains and
subsequent interaction with cell surface FGF-receptors causes clustering of the FGFR
molecules necessary to activate intracellular signaling pathways [51, 52]. FGF-2 achieves its
diverse effects by stimulating several major cell signaling pathways including RAS/MAPK,
PIBK/AKT and PLC-Y [53] and in complex with cell surface heparan sulphate proteoglycans,
the ERK1/2 pathway [54].

We have shown here that the FGF-2 binding site of LTBP-2 is adjacent to a heparin
binding site of moderate affinity. LTBP-2 also has multiple high affinity binding sites for
heparin/heparan sulfate in its N-terminal region, binds HSPGs perlecan in vitro [32] and
partially co-localizes with the proteoglycan in some tissues [55, 56]. The findings suggest that
LTBP-2, in addition to free FGF-2, may also target and inhibit heparan sulphate-bound growth
factor. Interestingly, Cain et al. have recently shown that fibrillin-1 interactions with heparan
sulfate may be disrupted in WMS [57] and it is possible that LTBP-2 interactions with FGF-2

and heparan sulfate are affected in WMS cases linked to LTBP-2 gene mutations.

The association of LTBP-2 with elastic fibres is well documented during periods of
active elastinogenesis [8, 40] but the protein is not ubiquitously associated with all elastic fibres
[17]. This restriction may explain why FGF-2 localization to elastic fibres has not previously
been reported since its association may be dependent on the presence of LTBP-2. The high
levels of LTBP-2 in keloid tissue suggests a potential role for the protein in fibrosis. FGF-2 has
an anti-fibrotic role in the later stages of wound healing and exogenous FGF-2 has been used
to effect in treatment of hypertrophic scar and keloid tissues [31, 58]. An intriguing possibility
is that in keloid and perhaps other fibrotic disorders elevated LTBP-2 may bind and inactivate
FGF-2, inhibiting its contribution to resolution and healing of the condition and perpetuating

the fibrotic process. This suggestion warrants further investigation.
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3.6 Figures
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Figure 3.1 Recombinant LTBP-2 fragments

A. Schematic diagram of recombinant LTBP-2 fragments. Protein fragments generated
specifically for this study (LTBP-2C(H) F1, F2 and F3) are highlighted within the blue box.
FGF-2 binding was confined to a single central region of the LTBP-2 molecule consisting of 6
EGF-like repeats (fragment LTBP-2C(H) F2). B. SDS-PAGE of purified recombinant LTBP-
2 fragments. Samples of purified fragments LTBP-2 C(H), LTBP-2 C(H) F1, LTBP-2 C(H) F2
and LTBP-2 C(H) F3 were analyzed on a 12% gel under non-reducing conditions and stained

with Coomassie blue. The relative mobilities of protein standards are indicated by arrows.
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Figure 3.2 LTBP-2 specifically binds FGF-2 but not VEGF, BMP-4, BMP-7 or TGF-beta

A. Microtitre wells were coated with rLTBP-2 (black columns) or BSA (shaded columns) (100
ng/ well). After blocking, triplicate wells were incubated at 37°C for 2h with TGF-beta (13 ng
[ well), VEGF (21 ng / well), BMP-7 (4 ng/well), BMP-4 (4 ng / well) or FGF-2 (10 ng / well).
Growth factor binding was detected using specific biotinylated antibodies from Duoset Kits as

described in material and methods. Mean values + S.D. from triplicate wells are shown.

B. Microtitre wells were coated with rLTBP-2 (100ng/well) was coated onto microtitre plates.
After blocking, triplicate wells were incubated at 37°C for 2h with (black columns) or without
(cross-hatched) growth factor, (BMP-4 (4ng/well) or FGF-2 (10ng/well). Binding of growth
factor to LTBP-2 was detected using biotinylated anti-BMP-4 detection antibody (0.5ug/ml) or
anti-FGF-2 detection antibody (0.25ug/ml), followed by a peroxidase detection method (see
material and methods). Mean values + S.D. from triplicate wells are shown. Note the anti-
BMP-4 antibody bound to the wells equally strongly in the presence or absence of added BMP-

4, indicating the interaction was non-specific.

143



A

A 450 nm

2.0

0.8 B 1.2+
e LTBP-2 1.0-
0.6 m BSA
0 o~
a  0.84
0~
O [e]
0.4- < E 0.6
: —
3
m 0.4+
0.2+ Kd=1.11+ 017
0.2-
0.0 T T 1 0.0 T T T 1
0 10 20 30 0.0 0.5 1.0 1.5
bFGF added ng/ml bFGF added (nM)

Figure 3.3 LTBP-2 interacts strongly with FGF-2.

A). Microtitre wells were coated with 200 ng rLTBP-2 or BSA control. After blocking,
triplicate wells were incubated with 0- 1.8 nM concentrations of FGF-2 (0- 30 ng/ml) for 3 h
at 37°C. FGF-2 binding was detected following sequential incubation of the wells with
biotinylated mouse anti-[human FGF-2] antibody and streptavidin-HRP conjugate following
the duoset protocol. Circles, LTBP-2; squares, BSA. Mean values + S.D. of triplicate

determinations are shown

B). Kd calculation. Following subtraction of the average BSA signal, the A450nm values were
converted to fmol of FGF-2 using a standard ELISA curve (not shown). An additional graph
was plotted of bound versus added FGF-2 and the Kd for interaction with LTBP-2 was
calculated by non-linear regression analysis of the curve using the prism 4.0 program. Mean

values + S.D. from triplicate determinations are shown.
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Figure 3.4 FGF-2 has a single binding domain in the central region of LTBP-2.

A). Three recombinant fragments spanning the LTBP-2 molecule were tested for binding to
FGF-2 in a solid phase assay. Full length LTBP-2(H), fragments LTBP-2 NT (H), LTBP-2C
(H), LTBP-2 CT (H) or BSA control were coated onto wells at 100 ng/ml, followed by
incubation with FGF-2 (100ng/ml) for 3h at 37 °C. Strong specific binding to central fragment
LTBP-2C(H) was detected as described in Fig 3.2A. Mean values + S.D. from triplicate wells

are shown.

B). A binding curve was produced for the FGF-2 interaction with fragment LTBP-2C(H)
following the protocol described under figure 3.2, with 400 ng/well (4.8 pmol) of LTBP-2C
(H) or BSA control coated on the wells incubated with increasing concentrations FGF-2 (0- 1.5
nM). The Kd for binding of FGF-2 to fragment LTBP-2C (H) was calculated as 1.02 + 0.19

nM. Mean values + S.D. from triplicate determinations are shown.

C). Three sub-fragments F1, F2 and F3 spanning fragment LTBP-2 C(H) were produced and
tested for FGF-2 binding as described under figure 3.2. LTBP-2C (H) (200 ng/well, 2.4 pmol)
or sub-fragment (F1, F2 or F3) (66ng/well, 2.4 pmol) or BSA control was coated on the wells
and incubated with FGF-2 (100 ng/ml). Strong specific binding of FGF-2 to sub-fragment

LTBP-2C F2 was detected. Mean values + S.D. from triplicate wells are shown.

D). Subsequently binding curves were obtained for sub-fragments F1 (solid squares), F2 (open
circles), F3 (solid circles) (35 ng/well, 1.2 pmol) coated on the wells and incubated with
increasing concentrations of FGF-2 (0-30 ng / ml). Note specific FGF-2 binding to sub-
fragment LTBP-2C F2 but no binding of fragments F1 and F3 above the BSA control

(triangles). Mean values + S.D. from triplicate determinations are shown.

E). The Kd for the FGF-2 interaction with sub-fragment LTBP-2C F2 was calculated as 1.03
+ 0.10 nM which is similar to the Kds calculated for the interactions of FGF-2 with full-length

LTBP-2 and fragment LTBP2C. Mean values + S.D. from triplicate determinations are shown.
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Figure 3.4 FGF-2 has a single binding domain in the central region of LTBP-2.
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A 450 nm

Figure 3.5 The FGF-2 binding site is close to the central heparin binding site on LTBP-2

In a previous study [32] we identified LTBP-2 C(H) as a heparin-binding fragment of LTBP-
2. To further define the location of this heparin binding activity, the three sub-fragments F1,
F2, F3 spanning LTBP-2 C(H), were assayed for heparin binding using a heparin-albumin
conjugate (HAC). HAC or BSA control (400 ng) was coated on wells followed by incubation
with equimolar concentrations (23.5 nM) of LTBP-2C(H) or sub-fragment F1, F2 or F3.
Specific binding was detected using anti-Hiss antibody targeting the poly-His tag on each
recombinant fragment. Fragment F2 showed strong specific binding to the heparin conjugate
in contrast to F1 and F3 which showed no binding above background. Mean values + S.D. from

triplicate wells are shown.
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Figure 3.6 LTBP-2 blocks FGF-2-induced cell proliferation

A. The effect of LTBP-2 on the bio-activity of FGF-2 was tested in a cell proliferation assay
(see experimental). Human foreskin fibroblasts were treated with FGF-2 with and without
follistatin (white columns), or FGF-2 and follistatin pre-incubated with 5 or 10 fold molar
excess of full length LTBP-2 or fragment LTBP-2C F2 (cross-hatched). Negative controls
(black columns), included cells only and cells incubated with follistatin, LTBP-2 or fragment
LTBP-2C F2. Mean values + S.D. from triplicate determinations. Note 5 fold molar excess of
full-length LTBP-2 completely blocked FGF-2 induced cell proliferation (p= 0.0001) and 5-
fold molar excess of fragment LTBP-2C F2 partially blocked the activity (p= 0.0001).

B. Immunoblot analysis FGF receptor (FGFR1) phosphorylation. Human foreskin fibroblasts
were treated for 2 hours with FGF-2 (10 ng/ ml) only or with FGF-2 plus 10-fold molar excess
of full length LTBP-2 (LTBP-2 FL) or fragment F2 (LTBP-2C F2). Control cells had no FGF-
2 or LTBP-2 added. Cellular proteins were extracted and duplicate samples were analysed by
SDS-PAGE and immunoblotting with anti-phospho-FGFR1 antibody, and anti-total FGFR1
antibody. Bands were visualised using the LI-COR Odyssey Infrared Imaging System.

C. The band intensity was measured using ImageJ 1.48 software [National Institutes of Health
(NIH), Bethesda, MD] and normalised to the internal 3 actin signal. The ratio of the phospho-
FGFRL1 to total FGFRL1 value for each sample is expressed relative to the average FGF-2 only
control value (= 100%). Note the strong FGFR1 activation by FGF-2 was substantially blocked
by both LTBP-2 C and LTBP-2C F2 fragments. Mean values + S.D. of duplicate lanes.
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Figure 3.6 LTBP-2 blocks FGF-2-induced cell proliferation
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Figure 3.7 LTBP-2 and fibrillin-1 colocalize in fibrotic skin

Keloid tissue was prepared and analyzed by confocal microscopy as described in the methods section. A and F, polyclonal anti-[human
LTBP-2 peptide] antibody 3504 (2 g/ ml) detected with anti-rabbit 1gG antibody conjugated to fluor Alexa 488; B and G, monoclonal
anti-[fibrillin-1] antibody MAB1919 (Merck millipore) (2.5 pg/ml) detected with anti-mouse 1gG antibody conjugated to Alexa 594; C,
A and B merged; D, rabbit IgG control (2 pg/ ml); E, mouse IgG control (2.5 ug / ml); H, F, G and | merged; I, DAPI nuclear stain.

Magpnification: top row, Bar = 100 um; bottom row, Bar= 10 um.
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Figure 3.8 LTBP-2 and FGF-2 co-localize in keloid tissue

Keloid tissue was also analyzed for LTBP-2 and FGF-2 by confocal microscopy. A and F, polyclonal anti-[human LTBP-2 peptide]
antibody 3504 (2 ug/ ml) detected with anti-rabbit 1gG antibody conjugated to fluor Alexa 488; B and G, monoclonal anti-[human FGF-
2] antibody #61087 (BD Biosciences) (2.5 pg/ml) detected with anti-mouse 1gG antibody conjugated to Alexa 594; C, A and B merged,;
D, rabbit 1gG control (2 pg/ ml); E, mouse 1gG control (2.5 ug / ml); H, F, and G merged; I, Control confocal image showing distinct
immunostaining patterns for VEGF (red) and LTBP-2 (green). Magnification: top row, Bar =100 um; bottom row, Bar= 50 pm.
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Figure 3.9 Quantitation of LTBP-2 and FGF-2 in normal skin and keloid.

The relative fluorescence intensities of LTBP-2 and FGF-2 staining (and appropriate 19G
controls) in sections of normal human skin (black columns) and keloid (shaded columns) was
quantitated from 3 random areas (each 0.038 mm?) per section using the AnalySIS software
package (Soft-Imaging System, Munster, Germany). Values expressed relative to the

background control signal (= 1 unit). Mean values £ S.D. of triplicate determination are shown.
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4.1 Abstract

We have recently shown that Latent transforming growth factor-beta 1 binding protein-2
(LTBP-2) has a single high-affinity binding site for fibroblast growth factor-2 (FGF-2) and that
LTBP-2 blocks FGF-2 induced cell proliferation. Both proteins showed strong co-localisation
within keloid skin from a single patient. In the current study, using confocal microscopy, we
have investigated the distribution of the two proteins in normal and fibrotic skin samples
including normal scar tissue, hypertrophic scars and keloids from multiple patients.
Consistently, little staining for either protein was detected in normal adult skin and normal scar
samples but extensive co-localisation of the two proteins was observed in multiple examples
of hypertrophic scars and keloids. LTBP-2 and FGF-2 were co-localised to fine fibrous
elements within the extracellular matrix identified as elastic fibres by immunostaining with
anti-fibrillin-1 and anti-elastin antibodies. Furthermore, gPCR analysis of RNA samples from
multiple patients confirmed dramatically increased expression of LTBP-2 and FGF-2, similar
TGF-beta 1, in hypertrophic scar compared to normal skin and scar tissue. Overall the results
suggest that elevated LTBP-2 may bind and sequester FGF-2 on elastic fibres in fibrotic tissues

and modulate FGF-2’s influence on the repair and healing processes.
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4.2 Introduction

Fibrotic disorders are a major cause of morbidity and mortality worldwide since fibrosis is
central to a range of severe life-threatening human diseases across multiple organ systems
including kidney, liver, lung, skin and cardiovascular systems (Wynn 2004). In the United
States, fibrotic disorders have been estimated to contribute to 45% of all-cause mortalities
(Wynn 2004) and annual incidences of new cases of pulmonary fibrosis and fibrotic kidney
disease have been estimated as 270/million/year (Raghu et al. 2006) and 63/million/year
respectively (Rastegar and Kashgarian 1998). Despite advances in our understanding of the
pathogenesis of fibrotic processes and the development of therapeutic agents that target known
pro-fibrotic factors (Akhurst and Hata 2012), effective anti-scarring therapies and potential
therapeutic targets are limited, and the vast majority of studies and clinical trials have failed
(Brown and Wells 2008).

A persistent finding among all the fibrotic diseases in humans is the disruption of tissue
architecture and progressive loss of organ function (Thannickal et al. 2014). Fibrosis is
characterized by excessive, abnormal accumulation of extracellular matrix (ECM), particularly
collagen fibres, following injury or repeated insult to a tissues or organ (Kissin and Korn 2003;
de Vega et al. 2009). The mechanism of fibrosis is complex and poorly understood. Generally,
following injury, damaged tissues undergo regeneration and repair whereby insulted epithelial
or endothelial cells are replaced by activated fibroblasts that produce excess ECM components
including collagen type | and type Ill, fibronectin and hyaluronic acid, resulting in matrix
overgrowth and scarring (Wynn 2007). Persistently elevated TGF-f levels are a key element
for progressive and idiopathic forms of pulmonary fibrosis; renal interstitial fibrosis; liver
fibrosis; cardiac fibrosis in hypertrophy and heart failure; development of aberrant scars and
scleroderma (Wynn 2008; Goodwin and Jenkins 2009; Pohlers et al. 2009). When
inflammation subsides during the healing process, matrix synthesis in the post-inflammatory
stages of fibro-genesis continues, stimulated by overexpression and aberrant TGF-B activity
which results in massive progressive deposition of fibrous matrix (Strutz and Neilson 2003).
In cultured human keloid fibroblasts, TGF- up-regulates the expression of collagen type 1 and
fibronectin with an approximately 25-fold increase compared to normal fibroblasts (Daian et
al. 2003). Another important growth factor involved in fibrotic disorders is fibroblast growth

factor-2 (FGF-2), a mesenchyme-derived growth factor that displays migratory, mitogenic, and
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morphogenic properties and has functions in organ development, angiogenesis, organ

regeneration, tissues remodelling and wound healing (Ono et al. 2007).

FGF-2 appears to have anti-fibrotic functions (Ortega et al. 1998; Ono et al. 2007; Xie
et al. 2008; Eto et al. 2012; Shi et al. 2013). FGF-2 knockout mice exhibit a significant delay
in the rate of healing of full-thickness excisional skin wounds (Ortega et al. 1998). In chronic
wounds including hypertrophic scars (HTS) and keloids, post-operative administration of FGF-
2 inhibits widening of the lesions without any serious side effects (Ono et al. 2007). In the
rabbit ear model of wound healing, scars treated with FGF-2 show down-regulation of TGF-§
induced collagen production and increased levels of collagen specific matrix
metalloproteinase-1, compared with control scars (Xie et al. 2008; Eto et al. 2012; Shi et al.
2013).

Recently, we have identified a very strong interaction of FGF-2 with the matrix protein,
latent TGF-B binding protein-2 (LTBP-2) with the binding site in a central cluster of six tandem
epidermal growth factor (EGF)-like repeats (Menz et al. 2015). The function of LTBP-2 is
unclear and it differs from other members of the LTBP family since it does not bind to TGF-
(Saharinen and Keski-Oja 2000). Previous in situ hybridisation and immunohistochemical
studies showed that LTBP-2 was tightly associated with fibrillin microfibrils and elastic fibres
in a variety of adult tissues; such as lung, heart maternal decidua, liver, spleen and skeletal
muscles (Moren et al. 1994; Gibson et al. 1995). We have also demonstrated that exogenous
LTBP-2 inhibits elastinogenesis in cultured ear cartilage chondrocyte indicating LTBP-2 may

have a negative regulatory role during elastinogenesis (Sideek et al. 2014).

In vitro studies found that LTBP-2 competes with LTBP-1 for binding to fibrillin-1,
suggesting that LTBP-2 may indirectly modulate storage and activation of TGF-B/LTBP-1
complex (LLC) (Hirani et al. 2007). An early study revealed that LTBP-2 mRNA and protein
levels increased following tissues damage but the exact mechanism of how this occurs is
unknown (Shi and Massague 2003). In addition, patients with LTBP-2 mutations develop a
recessive form of Weill-Marchesani syndrome (WMS) which is characterized by
brachydactyly, short stature, ectopia lentis and thick fibrotic skin suggestive of aberrant TGF-
B signalling (Haji-Seyed-Javadi et al. 2012). LTBP-2 null humans develop primary congenital
glaucoma from changes in the elastic fibre-rich ocular trabecular meshwork and ciliary
processes (Ali et al. 2009). However some patients also have varied Marfan Syndrome-like
phenotypes including abnormal bone over-growth, arachnodactyly, osteopenia, aortic stenosis,
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and aortic valve problems (Ali et al. 2009). Our recent studies have shown that exogenous
LTBP-2 was able to inhibit FGF-2-induced cell proliferation and that both proteins co-localised
in keloid tissue from one patient (Menz et al. 2015). These findings suggest that LTBP-2 could
act as a tissue store for FGF-2 released in fibrotic conditions and thus modulate FGF-2’s
influence in the repair process. The current study has investigated the expression and
distribution of LTBP-2 and FGF-2 in fibrotic tissues from a range of patients and has found
that both proteins consistently showed strong co-localisation in a range of fibrotic HTS and

keloid skin samples.
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4.3 Materials and Methods

4.3.1 Human tissue samples

Samples of normal human skin, normal scar tissue, HTS and keloid were obtained from the
Calvary Hospital and Royal Adelaide Hospital with ethics approval from the Human Research
Ethics Committee (11-CHREC-F007) and University of Adelaide (#H-16-2001) in accordance
with the Declaration of Helsinski principles. Written consent was obtained from patients
undergoing surgery to obtain excised tissue. Following ethics approval protocols de-identified
samples were collected from male and female patients, ranging in age from 18-39 from various
body sites including: arm, leg, back and ear. Skin and scar samples were bisected and fixed in
10% (v/v) neutral buffered formalin for histology/immunofluorescence or frozen in liquid

nitrogen for biochemical analysis.

4.3.2 Antibodies

Rabbit anti-[human LTBP-2 peptide] antibody 3504 has been described previously (Hirani et
al. 2007). Human monoclonal FGF-2 antibody (#610871) for immunohistochemistry was
supplied by BD labs. Anti-fibrillin-1 antibody MAB1919 was purchased from Millipore
Australia Ltd, Klisyth, Victoria. Mouse anti-human elastin monoclonal antibody BA4 was
purchased from Sigma-Aldrich, St. Louis, MO. Immunoblotting to check for antibody cross-

reactivity was performed as described previously (Menz et al. 2015).

4.3.3 Immunohistochemistry

a) Cell culture

Human foreskin fibroblasts (HFF) cells were cultured in DMEM for 21 days at an initial density
of 4 x 10°/ml on microscope chamber slides (Lab-Tek NALGE NUNC). The cell layers were
incubated with 3% para-formaldehyde in PBS for 10 min and fixed with cold acetone and
methanol for 1 min and rehydrated in PBS for 5 min. The rehydrated sections were then
incubated with 50mM of dithiothreitol (DTT) made up in 2M GuHCI/50mM Tris (100 pl /
chamber) for 5 min followed by addition of 1 M iodoacetamide (100 pl / chamber) and

incubation in the dark for 5 min. The cell layer was washed with TBS and blocked with 0.2 ml
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1% ovalbumin in TBS for 15 min. After blocking, the cells were incubated overnight at 4 °C
with affinity purified rabbit anti-LTBP-2 antibody 3504 and mouse monoclonal anti-FGF-2
antibody. Control sections were incubated with a matched concentration of rabbit IgG and
mouse 1gG. Sections were washed with TBS and incubated with the appropriate secondary
antibody conjugated to fluorescein isothiocyanate (FITC) for 60 min at room temperature in
the dark. Sections were washed and mounted in 90% glycerol / 10% TBS / methiolate
containing anti-fade reagent p-phenylenediamine (Sigma-Aldrich, St. Louis, MO) prior to laser
confocal microscopy. Labelled sections were viewed on a Leicia SP5 spectral scanning

confocal microscope using a 488nm laser with emission settings at 496-533nm.
b) Tissue sections

Paraffin-embedded tissue sections from normal skin, normal scar, HTS and keloid were
dewaxed in xylene for 30 minutes and dehydrated through a series of ethanol solutions (100%
to 30%) followed by water and finally PBS. The sections were then placed in 15% target
retrieval solution [Dako; S1700] in a decloaking chamber (Biocare Medical) for 60 minutes
with initial temperature 90°C, dropping to 65°C (Kopecki et al. 2013). After washing with PBS,
the sections were incubated with trypsin (0.025% wi/v in PBS) at 37°C for 3 minutes and then
blocked with 3% normal goat serum for 30 minutes. After washing in PBS, the tissues were
incubated overnight at 4°C with primary antibodies or matched concentrations of rabbit and
mouse IgG as negative controls. For verification of specific staining patterns, non-specific
binding was determined by omitting primary or secondary antibodies Sections were washed
with PBS and incubated for 1 hour with a 1:200 dilution of appropriate secondary antibody
(goat anti-rabbit IgG antibody conjugated to fluor Alexa 488 or goat anti-mouse IgG antibody
conjugated to Alexa 594 [Life Technologies]. DAPI, (4',6-diamidino-2-phenylindole
dihydrochloride) [Sigma;D9542] (1ng/ul) was added 20 seconds prior to mounting the sections
with Dako fluorescence mounting medium and sealing under coverslip. The slides were
examined sequentially using the Leica TCS SP5 microscope with the 488nm laser for Alexa
488 (emission window 496-533nm) and the 561nm laser (emission window 596-763nm) for
Alexa 594. For quantitation, 3 random areas (each 0.038 mm?) per section (total of 16 sections)
were analysed for fluorescence intensity using the AnalySIS software package (Soft Imaging

System GmbH, Munster Germany).
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4.3.4 Quantitative Polymerase Chain Reaction

Total RNA was extracted from frozen normal and fibrotic tissues with an UltraClear Tissue &
Cells RNA Isolation Kit according to the manufacturer’s instruction (Mo Bio Laboratories,
Inc., Carlsbad; CA, USA). RNA concentration was determined at 260nm using the NanoDrop
2000C spectrophotometer (Thermo Fisher Scientific, USA). cDNA was prepared from reverse
transcribed mRNA using the SuperScript 11l Reverse Transcriptase Synthesis System
according to the manufacturer’s instruction (Invitrogen, Mount Waverley, Vic., Australia).
Briefly, to each 50pl RNA sample, 12.5ul of random hexamers (100pg/ml) and 12.5ul of
10mM dNTP mix (10mM each of dATP, dGTP, dCTP, dTTP) was added. The samples were
incubated at 65°C for 5 minutes prior placing on ice for at least 60 seconds. The sample was
made up to a volume of 100ul in 1x First-strand buffer, 0.01M DTT, and 100U of Superscript
I1l. The samples were incubated at room temperature for 5 minutes, then at 50°C for 2 hours.
The Superscript was inactivated by heating to 70°C for 15 minutes, and the resultant cDNA
was stored at -80°C. Real-time PCR was then performed using the fluorescent dye SYBR green.
Each 25l reaction contained 400nM of each primer and template DNA (up to 1pg) in SYBR
Green Master Mix (#11733-038, Invitrogen, Mount Waverley, Vic., Australia). Real-time PCR
was performed on a Corbett Rotorgene 6000 (Qiagen) to measure the mMRNA expression of
LTBP-2, FGF-2, TGF-B and RNAPolII control. Primer sequences used were as follows: LTBP-
2 forward primer 5-GGGCACCGCACCACCTACACG-3’, and reverse primer 5’-

TCATCACACTCATTCACATCTACG-3; FGF-2 forward primer 5-
GCGGGAGGCTGGTGGGTGTG-3°, and reverse primer 5’-
CAAGGCGGGCAGCGTGGTG-3%; TGF-B forward primer 5-
CTCCGAGAAGCGGTACCTGAAC-3’, and reverse primer 5’-
CACTTGCAGTGTGTTATCCCT; RNAPolII forward primer 5’-
AGGGGCTAACAATGGACACC-3’, and reverse primer 5°-

CCGAAGATAAGGGGAACTACT-3’. The primers were all obtained from GeneWorks,
Adelaide, Australia. The PCR protocol was as follows, a hot start at 95°C for 10 minutes,
followed by 40 cycles of 95 °C for 20 seconds, 60°C for 20 seconds, and 72 °C for 45 seconds,
with fluorescence measurement at the end of each 72 °C amplification step. A melt curve was
performed after 40 cycles to confirm the correct number of PCR products and screen for any
contamination. Results were analysed using the 2(-AAC(T)) method as described by Livak et.

al., 2001 (Livak and Schmittgen 2001). Briefly, the mMRNA expression in each sample was
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determined by comparing the cycle threshold (Ct) for the gene of the interest and the Ct for
RNAPollI.

4.3.5 Statistical analysis

All data are expressed as means + S.D. The quantitative immunostaining and gPCR were
statistically analysed by 'Student’s' t-test using GraphPad Prism 6 software. A p value < 0.05

was regarded as statistically significant.
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4.4 Results

4.4.1 LTBP-2 and FGF-2 do not co-localize in fibroblast cell culture

Our previous in vitro studies found that LTBP-2 has a single binding site for FGF-2 and is able
to inhibit FGF-2 induced proliferation (Menz et al. 2015). To determine if the interaction of
LTBP-2 and FGF-2 could have biological importance in vivo, we first compared
immunolocalisation patterns in human skin fibroblast cell lines. Human foreskin fibroblast
(HFF) cells were cultured for 21 days and stained with LTBP-2 and FGF-2 antibodies. LTBP-
2 was strongly detected in the fibrous meshwork of the extracellular matrix (Fig. 4.1A and
4.1B) while the rabbit 1gG controls showed minimal background staining (Fig. 4.1C). FGF-2
revealed a different staining pattern to LTBP-2 and was mainly localised intracellularly (Fig.
4.1D and 4.1E) while mouse 1gG controls showed minimal non-specific staining (Fig. 4.1F).
These findings are consistent with previous studies that suggest FGF-2 is stored intracellularly
and only secreted from cells following tissue insult to become strongly bound to the GAG side-
chains of HSPGs in the interstitial matrix and basement membranes (Kardami et al. 2007;
Schultz and Wysocki 2009). Since the staining patterns of the two antibodies did not overlap,

no co-localisation between LTBP-2 and FGF-2 was evident in the fibroblast cultures.

4.4.2 LTBP-2 and FGF-2 show extensive co-localizations in fibrotic skin lesions

Since the fibroblast cultures proved not to be a suitable model for studying the potential
interaction of LTBP-2 and FGF-2, immunohistochemical analysis was undertaken in human
fibrotic skin samples. To determine the distribution patterns of LTBP-2 and FGF-2, sections
were prepared and immunostained with dual combinations of anti-(LTBP-2) antibody (Fig.
4.2A, 4.2F, 4.2K and 4.2P) and anti-(FGF-2) antibody (Fig. 4.2B, 4.2G, 4.2L and 4.2Q).

The staining patterns for both LTBP-2 and FGF-2 were dull and weak in normal skin tissues
indicating only low levels of the two proteins were present (Fig. 4.2A and 4.2B). In normal
scar (Fig. 4.2F and 4.2G), stronger staining intensity for both proteins was observed compared
to normal skin. Interestingly, similar staining patterns for LTBP-2 and FGF-2 were found on
irregular fibrous networks within the tissue matrix. The regions of co-localisation were
confirmed from the merged images (Fig. 4.2C and 4.2H), visualized as yellow-orange.

Examination of control sections showed negligible non-specific mouse and rabbit 1gG staining
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(Fig. 4.2D, 4.2E, 4.21 and 4.2J), thus confirming that the staining patterns for LTBP-2 and
FGF-2 are specific. In HTS and keloid samples there was extensive staining for LTBP-2 (green)
(Fig. 4.2K and 4.2Q) and FGF-2 (red) (Fig. 4.2L and 4.2R) with similar widespread, fibrous
distributions. The merged images showed strong co-localisation visualised as yellow staining
(Fig. 4.2M and 4.2S). There was also some intracellular staining adjacent to nuclei visualised
by the DAPI staining (Fig. 4.2 N and 4.2T). Again, control sections treated with mouse or
rabbit 1gG showed negligible background signals (Fig. 4.2N, 4.20, 4.2S and 4.2T). Additional
controls were performed to ensure that the two primary antibodies were showing specific
staining patterns. Firstly immunoblotting of purified LTBP-2 and FGF-2 with anti-LTBP-2 and
anti-FGF-2 antibodies showed no cross-staining of the proteins. Moreover additional confocal
controls included incubation of sections with one primary antibody together with both
secondary antibodies. For each primary antibody, signal was only detected in the correct
channel. This eliminated any possibility of the secondary antibodies cross-reacting with the
reciprocal primary or secondary antibody, or of signal bleed through between the two detection

channels. (supplementary data in Online Resource 1).

Quantitation of the relative immunofluorescence signals in normal and fibrotic sections was
performed. For each category, a section from four different patients was stained, imaged and
quantified (Fig. 4.3). All image processing and analyses were performed using the AnalySIS
software package (Soft Imaging System GmbH, Munster Germany) which was kept consistent
between images. Three random areas (each 0.038 mm?) were analysed per section, therefore
for each category at least 12 areas were analysed. Representative confocal immunofluorescence
images in Figure 4.3 showed approximately 4-fold increases in signal for both LTBP-2 and
FGF-2 in HTS and keloid samples compared to normal skin. Signals in normal scar were only
slightly higher than in normal skin. Overall, the overlay analysis of dual-labelled sections with
LTBP-2 and FGF-2 indicated there is an extensive co-distribution of both proteins in HTS and
keloid sections.

4.4.3 LTBP-2 shows similar distribution with elastin and fibrillin-1 in fibrotic skin

Since LTBP-2 has been documented to be associated with elastic fibres, HTS and keloid tissues
were also dual stained for LTBP-2 and fibrillin-1 or elastin (Fig. 4.4). LTBP-2 showed
extensive co-localization with fibrillin-1 and elastin in both tissue types (Fig. 4.4D, 4.4H, 4.4L
and 4.4P). All three proteins showed staining of irregular fibres in the matrix between cells in
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both HTS and keloid samples. Control sections showed a negligible signal (data not shown).
These findings are consistent with previous studies showing LTBP-2 abundant association with
fibrillin microfibrils in developing human foetal aorta and other tissues (Gibson et al. 1995).
Since LTBP-2 showed almost complete co-localisation with elastin the results point to LTBP-
2 being predominantly associated with elastic fibres rather than elastin-free fibrillin-microfibril
bundles abundant in normal skin. Thus it is apparent that both LTBP-2 and FGF-2 have
association with fibrillin-1-microfibrils of elastic fibres in fibrotic skin lesions.

444 Both LTBP-2 and FGF-2 mRNA expression levels are greatly elevated in
hypertrophic scar

The relative expression of LTBP-2 and FGF-2 was compared to that of TGF-$ in normal and
fibrotic skin samples using real-time quantitative PCR (Fig. 4.5). The mRNA was harvested
from the tissues and reverse transcribed into cONA. Quantitative PCR was performed using
primers specific to LTBP-2, FGF-2 and TGF-p, as well as primers for the housekeeping gene
RNAPolll. The mRNA levels for LTBP-2 and FGF-2 were elevated drastically in HTS (12-
fold and 7-fold increases respectively) (black columns) compared to normal skin (cross-
hatched). The mRNA levels of LTBP-2 and FGF-2 significantly increased in normal scars
(white columns), however the increase is much less than that for HTS. In addition, mMRNA
levels of TGF- were also elevated in HTS samples.
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4.5 Discussion

The key mediator of tissue fibrosis is considered to be the activated fibroblast which produces
an accumulation of ECM, mainly collagen, resulting in functional impairment and structural
distortion of affected organs and tissues (Krenning et al. 2010). This process is regulated by a
number of cytokines and growth factors but primarily by TGF-f (Meng et al. 2015). Another
growth factor that contributes to fibrosis is FGF-2, which paradoxically appears to have an
anti-fibrotic role in fibrotic skin conditions. The present study investigated the expression and
localisation of the FGF-2 binding protein, LTBP-2, in a variety of fibrotic skin conditions. To
the best of our knowledge, this is the first study showing consistent upregulation and co-
localisation of LTBP-2 with FGF-2 in keloid and HTS, suggesting both proteins may play

important interactive roles during tissue repair, fibrosis and scarring.

Our results showed that LTBP-2 and FGF-2 had no overlap in distribution in cultures
of normal skin fibroblasts, LTBP-2 showing a fibrous staining pattern in the extracellular
matrix and FGF-2 being largely intracellular. The result is consistent with studies showing
FGF-2, which lacks a secretion signal (Yu et al. 2007), is stored intracellularly (Chua et al.
2004) and is only released at the time of injury or tissue remodelling (Suga et al. 2009). In
normal skin, staining intensity was low for both LTBP-2 and FGF-2 whereas in normal scars
slightly more intense signals were detected to dermal fibres suggesting possible direct
interaction between LTBP-2 and FGF-2. To pursue this idea further, we investigated fibrotic
skin lesions, namely HTS and keloid samples, where expression and extracellular localisation
of FGF-2 were anticipated to be greater. Both HTS and keloid tissues represent abnormal
wound healing resulting in increased fibrosis, including excessive collagen production by
fibroblasts (Aarabi et al. 2007; Verhaegen et al. 2009). Both lesions can be firm, itchy, raised
and painful, causing patient physical and psychological distress (Bayat et al. 2003; Bock et al.
2006). The main clinical differences between the two types of lesion are that HTS occur within
4-8 weeks after surgery or injury and remains confined within the boundaries of the original
wound (Aarabi et al. 2007). In contrast, keloid scars develop several months after an initial
trauma and the overgrowth of fibrosis extends beyond the boundaries of the original injury
(Verhaegen et al. 2009). Aside from clinical features, HTS and keloids also can be
distinguished by established histo-pathological criteria. HTS are generally characterized by the
presence of nodular structures up-regulated by alpha-smooth muscle actin (a-SMA)-expressing

myofibroblasts and fine collagen fibres that run parallel the epithelial surface. However in

169



keloids, (a-SMA)-expressing myofibroblasts are absent and collagen bundles are randomly
orientated to the epithelial surface (Bayat et al. 2003; Bock et al. 2006; Aarabi et al. 2007;
Verhaegen et al. 2009). In addition, keloids tend to indicate a greater genetic predisposition
than HTS (Marneros et al. 2004; Nakashima et al. 2010; Shih and Bayat 2010). Interestingly,
we found extensive expression and co-localization of both LTBP-2 and FGF-2 within HTS and
keloid skin samples indicating high synthesis rates for both proteins during fibrosis. The close
proximity of FGF-2 to LTBP-2 within the fibrotic tissues suggest the two proteins may directly

interact during fibrosis and may be involved in mediating wound healing outcomes.

Our data in this study were in agreement with the reports that FGF-2 production is up-
regulated during fibrosis and wound healing (Kurita et al. 1992; Floege et al. 1999; Strutz et
al. 2000). FGF-2 is a potent mitogen of endothelial cells and fibroblasts, and has the ability to
induce angiogenesis following tissue damage (Kardami et al. 2007). Moreover, FGF-2 acts as
a survival factor in many models of cell and tissue injury (Bikfalvi et al. 1997). Suga et al.
found that FGF-2 is released at the time of injury and reduces post-injury fibrogenesis (Suga
et al. 2009). Administration of recombinant FGF-2 to skin wounds inhibits hypertrophy and
widening of scars (Ono et al. 2007). Moreover, FGF-2 has been found to accelerate acute and
chronic wound healing in both animal models and clinical use (Bikfalvi et al. 1997; Fu et al.
2000; Akita et al. 2008; Tan et al. 2008). In addition, healing of excisional skin wounds is
delayed in FGF-2-knockout mice suggesting that FGF-2 is an essential component of wound
healing and scar reduction (Ortega et al. 1998). Shi et al. demonstrated that FGF-2 promoted
down-regulation of TGF-B1 activity by inhibiting the SMAD2/SMAD3 signalling system of
the TGF-B1/SMAD-dependent pathway (Shi et al. 2013). Moreover, FGF-2 significantly
reduced the expression of a-smooth muscle actin and increased apoptosis in granulation tissue
cells (Eto et al. 2012; Shi et al. 2013). More recently, Kashpur et al demonstrated that FGF-2
activates signalling pathways that lead to upregulation of MMP1, the metalloproteinase
responsible for cleaving collagen, and improving the healing process by reducing scar tissue
formation (Kashpur et al. 2013). FGF-2 treatment also significantly reduces IL-6 levels, a
cytokine that is known to increase production of collagen and excessive ECM production

during fibrosis (Duncan and Berman 1991; Ray et al. 2013).

We have recently reported that LTBP-2 has a single binding site for FGF-2 and that it
inhibits FGF-2 induced fibroblast proliferation in vitro. Moreover preliminary investigation of
keloid tissue from a single patient showed strong co-localisation of the two proteins in the

fibrotic matrix suggesting the two proteins may interact in tissues. The proteins gave a fibrous
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distribution pattern which also co-stained for fibrillin-1 (Menz et al. 2015). We have previously
shown that LTBP-2 has widespread association with fibrillin-1 and co-localizes with elastin-
associated microfibrils during development in tissues such as aorta and elastic ligaments
(Hirani et al. 2007). We have also demonstrated that exogenous LTBP-2 inhibits
elastinogenesis in cultured ear cartilage chondrocyte indicating LTBP-2 may have a negative
regulatory role during elastinogenesis (Sideek et al. 2014). The present study showed that in
normal skin little LTBP-2 and FGF-2 were evident in the extracellular matrix. However both
proteins were greatly upregulated in keloid tissue and consistently stained elastic fibres rather
than elastin-free fibrillin-microfibrils in HTS and keloid (Amadeu et al. 2004; Sidgwick and
Bayat 2012; Jumper et al. 2015). The results suggest that both LTBP-2 and FGF-2 are
associated with the microfibril component of elastic fibres in these lesions. The findings are
consistent with studies indicating that elastin is increased in fibrotic lesions whereas total
fibrillin-1 (elastin-free plus elastin-associated) is reduced compared to normal skin. Fibrillin-1
gene mutations resulting in disrupted microfibril synthesis cause both Marfan syndrome and
WMS and both phenotypes are believed to involve aberrant TGF-§ signalling (Faivre et al.
2003; Haji-Seyed-Javadi et al. 2012). Interestingly, LTBP-2 mutations also cause WMS and
Marfan-like traits have been observed in LTBP-2 null humans. Since LTBP-2 is the only
component of elastic fibres known to bind FGF-2, upregulation of LTBP-2 in fibrotic disorders
may influence the activity of FGF-2 in repair and disease processes (lkeda et al. 2009). FGF-2
can influence TGF-B activity and depending on context, FGF-2 may activate signalling
pathways leading to TGF- elevation or it can inhibit TGF-p induced fibrosis (Phillips et al.
1997; Dhandapani et al. 2007; Shi et al. 2013). The LTBP-2 has also been reported as a
pleiotropic tumour suppressor in nasopharyngeal carcinoma and as a marker for pulmonary
deaths following acute dyspnea (Chan et al. 2011). A role for LTBP-2 -FGF-2 interactions in

WMS and other diseases remains to be investigated.

In our previous study we found LTBP-2 blocked FGF-2-induced cell proliferation
indicating LTBP-2 is a negative modulator of FGF-2 activity (Menz et al. 2015). Sinha et al.
reported that LTBP-2 synthesis increased following injury in the arteries of porcine model
suggesting role of LTBP-2 in tissue repair process (Sinha et al. 2002). Moreover, significant
elevation of LTBP-2 has been observed in failing heart accompanied by obvious ECM
remodelling and fibrosis, suggesting LTBP-2 may directly contribute to the regulation of
cardiac ECM and be involved in fibrosis causing heart failure (Bai et al. 2012). The finding

was consistent with our present studies where LTBP-2 is highly elevated in the matrix of HTS
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and keloid tissues. Since FGF-2 exhibits repair/regenerative and anti-fibrotic effects, it is
possible that elevated LTBP-2 exacerbates the fibrotic process by binding active FGF-2 in the
repairing tissues, modulating FGF-2's contribution to wound repair. Following tissue injury,
multiple FGF-2 molecules are released, by proteases and heparanases, complexed to individual
heparan sulfate chains and these complexes bind with cell-surface FGF-receptors causing
clustering of the FGFR molecules. This enhances intracellular signalling involving
RAS/MAPK, PI3k/Akt, PLC-y, and ERK1/2 pathways (Kardami et al. 2007; Yu et al. 2007,
Schultz and Wysocki 2009). Interestingly, we have identified multiple high-affinity binding
sites for heparin and HSPGs, syndecan-4 and perlecan on LTBP-2 (Parsi et al. 2010), including
a site adjacent to the FGF-2 binding site (Menz et al. 2015). Thus it is possible that LTBP-2
may also attract and bind the heparin sulphate-bound FGF-2, affecting the anti-fibrotic effects
of FGF-2-heparan sulphate complexes.

Recently a combined study using immunofluorescence and siRNA knockdown
technology in cellular and animal models has identified multidrug resistance-associated protein
1 (MRP1) as a novel contributor to the fibrotic process in hypertrophic scar (Li et al 2015). A
similar approach could be useful to define the mechanism of LTBP-2 and FGF-2 interactions
in tissues and to determine the extent of their influence on wound healing and fibrosis.

In conclusion, this present study highlights consistent upregulation and co-localization
of LTBP-2 and FGF-2 in fibrotic skin lesions from multiple patients. Since LTBP-2 strongly
binds and inhibits FGF-2 activity in vitro, the present study suggests that LTBP-2 may bind

and modulate FGF-2 effects in wound repair and contribute to fibrotic diseases.
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4.7 Figures

Mouse IgG

Figure 4.1 Immunofluorescence staining for LTBP-2 and FGF-2 in human foreskin
fibroblast (HFF) cultures

HFFs were cultured for 21 days and the cell layer was fixed then incubated with antibodies to
LTBP-2 or FGF-2 or with control 1gG. Primary antibody was detected using an appropriate
secondary antibody conjugated to fluorescein isothiocyanate (FITC) prior to analysis on the
Leicia SP5 spectral scanning confocal microscope (see methods section). A and B, anti-
[human LTBP-2 peptide] antibody 3504 (2.08 pg/ml) D and E, anti-[human FGF-2] antibody
(2.5 pg/ml) C, rabbit IgG control (2.08 pg/ml); F, mouse IgG control (2.5 pg/ml).
Magnification: A and D, Bar = 200 uM; B, C, E and F, Bar = 100 puM.
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Figure 4.2 LTBP-2 and FGF-2 co-localize in fibrotic skin lesions

Tissue sections from normal adult skin (A-E), mature scar (F-J), HTS (K-P) and keloid (Q-
V), were incubated with antibodies to LTBP-2 and FGF-2 and analysed by confocal
microscopy as described in Methods. Tissue from 4 patients in each group was examined and
a representative example from each group is shown. Normal skin; cranial skin, male 6 y.o.;
Normal scar, abdominal skin (surgery) male 1 y.o.: HTS; hand (burn injury) female 27 y.o.:

keloid; ear lobe (ear piercing), male 18 y.o.

A, F, K, and Q, polyclonal anti-[human LTBP-2 peptide] antibody 3504 (2.08 ug/ml) detected
with anti-rabbit 1gG antibody conjugated to fluor Alexa 488; B, G, L and R, monoclonal anti-
[human FGF-2] antibody (2.5 pg/ml) detected with anti-mouse 1gG antibody conjugated to
Alexa 594; C, A and B merged; H, F and G merged; M, K, L and N merged; S, Q,Rand T
merged; D, I, O and U, rabbit I1gG control (2.08 pug/ml); E, J, P and V, mouse 1gG control
(2.5 pg/ml). N and T, DAPI (1 ng/ul). Magnification: Bar = 25 uM.
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Figure 4.2 LTBP-2 and FGF-2 co-localize in fibrotic skin lesions
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Figure 4.3 Quantitative immunofluorescence analysis of LTBP-2 and FGF-2 in normal skin,

mature scar, hypertrophic scar and keloid tissue.

The relative fluorescence intensities were quantitated using the Analysis Software package (Soft-
Imaging System, Munster, Germany) sampled from 3 random areas (each 0.038 mm?) per section
from each of 4 patients per group. LTBP-2 (white columns), FGF-2 (black columns), rabbit 19G
control (cross-hatched) and mouse IgG controls (grid) in sections of normal skin, normal scar,
HTS and keloids. VValues expressed relative to the background signal (=1 unit). Mean values = S.D

of 12 determinations are shown.
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Hypertrophic Scar

Elastin

Keloid

Figure 4.4 LTBP-2 co-localizes with fibrillin-1 and elastin in fibrotic skin

To identify the fibrous material immunostaining for LTBP-2 and FGF-2 in Fig 4.2, HTS (A-H)
and keloid (I-P) tissues were also co-stained with LTBP-2 for fibrillin-1 and elastin by confocal
microscopy. A, E, | and M; Anti-LTBP-2 antibody 3504 (2.08 pg/ml) detected with anti-rabbit
IgG antibody conjugated to fluor Alexa 488; B and J, monoclonal anti-elastin antibody BA4 (0.96
pg/ml) detected with anti-mouse 1gG antibody conjugated to Alexa 594; F and N, monoclonal
anti-[fibrillin-1] antibody detected with anti-mouse 1gG antibody conjugated to Alexa 594; C, G
,Kand O, DAPI nuclear stain. D, A, B and C merged; H, E, F and G merged; L, I, J and K merged,
P, M, N and O merged. Magnification: Bar = 10 pM.
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Figure 4.5 The expression levels of mMRNA for LTBP-2, FGF-2 and TGF-p in fibrotic skin

tissues

Total RNA was extracted from snap-frozen normal skin (cross-hatched), mature scars (white
columns) and HTS (black columns) from 4 patients in each category, then reverse transcribed into
cDNA for quantitation by gPCR as described in Methods. The LTBP-2, FGF-2 and TGF- signals
were normalised to the RNAPolll control signal = 1. Mean values + S.D. of 12 determinations are

shown.
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4.8 Supplementary figures
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Figure 4.6 Specificity of LTBP-2 and FGF-2 antibodies.

Full length rLTBP-2 protein (1 pg/well) and rFGF-2 protein (1 pg/well) were analysed by 12 %
SDS-PAGE and immunoblotting with rabbit anti-[LTBP-2 peptide] antibody 3504 (panel A) or
mouse anti-[FGF-2] antibody (panel B). Bands were visualised with the anti-rabbit 1gG or anti-
mouse IgG antibodies conjugated with IR800 fluorescence dye using the LI-COR Odyssey

Infrared Imaging System.
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Figure 4.7 Specificity of secondary antibodies and laser channels.

Keloid tissues (A — D, I — L) and HTS tissues (E — H, M — P) was prepared and analysed by
confocal microscopy as described in the methods section. The sections were treated with rabbit
anti-[human LTBP-2 peptide] antibody 3504 (2 pg/ml) (A — H) or mouse anti-[human FGF-2]
antibody (2.5 pg/ml) (I — P). All sections were then treated with a mixture of anti-rabbit 1gG
antibody conjugated to fluor Alexa 488 and anti-mouse 1gG antibody conjugate to Alexa 594.
After washing, the specificity of each secondary antibody was demonstrated by excitation in
sequence with the 488nm and 561nm lasers and fluorescence measurement in both the 488 and
594 channels at each stage. Note that for both primary antibodies only specific fluorescence was

detected with no bleed through between channels. Magnification, Bar = 50 pm.
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5.1 Abstract

Latent transforming growth factor- 3 -1 binding protein-2 (LTBP-2) belongs to the LTBP-fibrillin
superfamily of extracellular proteins. Unlike other LTBPs, LTBP-2 does not covalently bind TGF-
B but LTBP-2 appears to be implicated in the regulation of TGF-p expression, secretion and
activation, although the mechanisms are largely unknown. By using cell culture models, we found
that addition of exogenous LTBP-2 to the medium of cultured human MSU 1.1 fibroblasts led to
an increase in TGF-p levels in the conditioned medium and the secreted TGF-p was mainly in
inactive form. The TGF-p increase was found to be via newly synthesised proteins produced by
the cells rather than displacement of matrix-stored TGF-B. Time-course experiment showed the
TGF-p concentration peaked at around 15 h. Using a series of recombinant LTBP-2 fragments, we
have identified a central region of LTBP-2 consisting of an 8-cys motif flanked by pairs of EGF-
like repeats (fragment LTBP-2C F3) responsible for the TGF-B stimulating activity. LTBP-2
stimulated the phosphorylation of Akt and p38 signalling proteins and specific inhibitors of
activation of each protein blocked the expression of TGF-B. The search for the cell surface receptor
for this LTBP-2 activity proved inconclusive. Inhibitory antibodies to f1 integrin had no effect on
LTBP-2 stimulation of TGF-B, but TGF-p upregulation was partially inhibited by anti-aV[3
integrin antibodies suggestive of some role for this integrin in this process. Overall the study
indicates that LTBP-2 can regulate TGF-f cellular expression and secretion and thus LTBP-2 may

represent a novel therapeutic target for attenuation of TGF-p-induced pathologies.
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5.2 Introduction

Transforming growth factor-p (TGF-B) is a multifunctional cytokine that exists as three
mammalian isoforms (TGF-B1, TGF-B2 and TGF-B3) and regulates numerous developmental and
physiological processes, including cell growth, differentiation, adhesion, apoptosis, and formation
and proteolytic degradation of the extracellular matrix (Annes et al., 2003; Clark and Coker, 1998;
Roberts, 1998). The effect of TGF-f varies between tissues since TGF-f can act as a growth
inhibitor in some cells, for example keratinocytes and lung epithelial cells, but can also act as a
growth promoting factor in other cells, such as smooth muscle cells, mesodermal cells and
fibroblasts (Branton and Kopp, 1999; Clark et al., 1997; Guo and Chen, 2012; Tatler and Jenkins,
2012). However, when this cytokine is over expressed it enhances pro-fibrotic characteristics
including excess ECM component production, transdifferentiation of fibroblast into
myofibroblast, and inhibition of apoptosis contributing to fibrotic diseases such as pulmonary
fibrosis, liver cirrhosis, and keloid skin (Goodwin and Jenkins, 2009; Pohlers et al., 2009; Ruiz-
Ortega et al., 2007). Moreover, disturbance of TGF-3 pathways are also associated with numerous
other pathological states, including tumor cell growth, cancer, and autoimmune diseases, indicative
of a critical role for TGF-B in normal cellular function (Derynck et al., 2001; Gold, 1999).
Knockout mice for all three TGFP isoforms die shortly after birth due to developmental
abnormalities and excessive inflammatory response in the heart and lungs (Bottinger et al., 1997).

TGF-B is synthesized within cells as a latent form, noncovalently bound to its propeptide
called latency-associated peptide (LAP). Dimers of the mature TGF-p and LAP form the small
latent complex (SLC), which can bind covalently to LTBPs, forming the large latent complex
(LLC) (Miyazono and Heldin, 1991). The LLC subsequently targets TGF-p to fibrillin-rich
microfibrils in the extracellular matrix, thereby controlling the storage and activation of the growth
factor (Rifkin, 2005). The LTBP/fibrillin superfamily consists of LTBPs 1-4 and fibrillins 1 and
2. The LTBPs share similar structural features with fibrllins since both proteins consist
predominantly of tandem cbhEGF-like 6-cysteine repeats interspersed with characteristic 8-cysteine
(8-Cys) motifs which occur only within the LTBP/fibrillin superfamily (Rifkin, 2005; Sinha et al.,
2002). In contrast to other LTBPs, LTBP-2 is unable to associate and bind covalently to latent
TGF-B (Gibson et al., 1995; Saharinen and Keski-Oja, 2000). Similar to the 8-cys motifs of

193



fibrillins, the third 8-Cys domain of LTBP-2 lacks the required latent TGF-p binding consensus
sequence (Gibson et al., 1995; Saharinen and Keski-Oja, 2000). Currently, the function of LTBP-
2 is poorly understood although in situ hybridisation and immunohistochemical studies have
shown LTBP-2 is expressed abundantly in tissues such as lung, heart, aorta, placenta, liver and
skeletal muscle (Hirani et al., 2007; Moren et al., 1994). For some years, LTBP-2 null mice were
reported to die during embryo implantation and this hampered progress in our understanding of
LTBP-2 biology (Shipley et al., 2000). However, a LTBP-2 null mouse strain has recently been
reported that survives to adulthood with lens luxation caused by ciliary zonule defects from
abnormal formation of fibrillin microfibril bundles which are a major component this tissue (Inoue
et al., 2014). The phenotype is consistent with LTBP-2 gene mutations in humans which cause
mild phenotypes mainly involving the ocular system (Ali et al., 2009; Desir et al., 2010). Studies
from our laboratory have demonstrated that LTBP-2 can negatively regulate elastinogenesis in cell
culture by inhibiting tropoelastin interaction with fibulin-5 and heparan sulfate proteoglycan
(Sideek et al., 2014). In addition we have identified several binding sites for heparin/heparan
sulfate in LTBP-2, and have shown that LTBP-2 partially co-localizes with HSPGs perlecan and
syndecan-4 in some tissues (Parsi et al., 2010). LTBP-2 also strongly binds FGF-2 and blocks its
activity in vitro (Menz et al., 2015). Both proteins are upregulated and co-localise to fibrillin
microfibrils in fibrotic skin lesions hypertrophic scar and keloid suggesting LTBP-2 may modulate
FGF-2 activity in fibrosis (Menz et al., 2015; Sideek et al., 2015).

Although LTBP-2 does not bind latent TGF-3, multiple recent studies indicate that LTBP-
2 may be involved in regulation of latent TGF-f storage and activation in the ECM. In a rat model,
treatment of astrocytes with antisense LTBP-2 oligonucleotides resulted in downregulation of both
LTBP-2 mRNA expression and TGF-p activity, strongly suggesting LTBP-2 may regulate TGF-p
activation (Krohn, 1999). Hirani et al. reported that LTBP-2 specifically binds to fibrillin-1 rather
than fibrillin-2 and that a C-terminal fragment of LTBP-2 blocks the interaction of LTBP-1 with
fibrillin-1 in vitro (Hirani et al., 2007). These findings lead to the hypothesis that LTBP-2 might
indirectly regulate TGF-B bioavailability by releasing LTBP-1 from microfibrils through
competitive binding for fibrillin-1. More recently, LTBP-2 gene mutations have been linked to
Weill-Marchesani syndrome (WMS) which is characterized by ocular and skeletal deformities and
thick fibrotic skin, (Haji-Seyed-Javadi et al., 2012). The skin from patient with WMS had disrupted
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and unorganized fibrillin-1 microfibrillar networks compared to normal individuals. Fibrillin-1
gene mutations also cause WMS (Cain et al., 2012) indicating that the disease mechanism involves
both proteins. Fibrillin-1 modulation of TGF- B storage and activation is well documented (Annes,
2003; Dallas et al., 2000; Massam-Wu et al., 2010) and thus it is now evident that LTBP-2 may
also influence TGF-p bioavailability. Moreover, this idea is supported by observations that some
individuals with LTBP-2 mutations exhibit Marfan-Syndrome-like characteristics which are
considered to be directly caused by aberrant TGF-B upregulation (Ali et al., 2009; Desir et al.,
2010).

Given the above evidence, it seems clear that LTBP-2 plays some role in the regulation of
TGF-B bioactivity but the mechanism is unclear. In this paper, we report that a central bioactive
region of LTBP-2 can up-regulate TGF-B expression in fibroblasts and that the mechanism
involves both Akt and p38 signalling pathways. The cell surface receptor(s) involved in the

upregulation remains unclear but may involve aV3 integrin.
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5.3 Materials and Methods

5.3.1 Reagents

Recombinant human LTBP-2 and fragments were produced using the pCEP4 expression vector in
293EBNA cells as described previously (Hirani et al., 2007; Parsi et al., 2010). The primary
antibodies against p-Akt1/2/3 (Ser473), Akt1/2/3 (H-136), p-p38 (D-8), p38 (H-147), p-ERK (E-
4), ERK (MK1) and B-actin (C4) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA); anti-mouse IgG and anti-rabbit IgG fluorescence labelled with Dylight 800 were obtained
from Thermo Scientific, Waltham, MA, USA. Rabbit anti-[human LTBP-2 peptide] antibody 3504
has been described previously (Hirani et al., 2007). Inhibitors for specific signalling molecules;
SB202190 and VX-702 for p38, and GSK690693 and AZD5363 for Akt were purchased from
Selleckchem, Houston, USA. Integrin blocking antibodies, anti-f1 integrin (P4C10) and anti-
a VB3 integrin (CD51/61) were purchased from Millipore (CA, USA); anti-aVBS5 integrin (P1F6)
was from Abcam (Cambridge, UK.)

5.3.2 Expression and purification of recombinant LTBP-2 and fragments

Hise-tagged full-length r-LTBP-2 and contiguous fragments NT(H), C(H) and CT(H) including
sub-fragments of LTBP-2C(H), entitled F1,F2, and F3, were produced in human embryo kidney,
293-EBNA cells and expressed as described previously (Hirani et al., 2007; Menz et al., 2015;
Parsi et al., 2010). The recombinant proteins were purified from serum-free culture medium by
using chelating Ni-Sepharose as previously described (Hirani et al., 2007). Purified recombinant
proteins were dialyzed into TBS-0.5M NaCl and analysed by SDS-PAGE and immunoblotting to

confirm size and purity.

5.3.3 Cell culture and treatment

MSUL.1 fibroblast cells were grown for a range of times (1 day to 3 weeks post-confluence) in 6
well plates in DMEM plus 10% FCS, non-essential amino acids (NEAA), and penicillin-

streptomycin. Full length human recombinant LTBP-2 or fragment in serum-free medium was
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added to give a final concentration of 2.5 - 12.5 pug/ml, and the cells were incubated at 37°C, for
various times (3 h — 24 h). For control wells, BSA (10 ug/ml) was added instead of LTBP-2. In
some cases, protein synthesis was inhibited by addition of 10ug/ml cycloheximide (SIGMA) to
wells with or without added LTBP-2. In signalling pathway studies, Akt or p38 inhibitors were
added at 10mM to the medium and cells were pre-incubated for 2 hours prior to incubation with
LTBP-2. In integrin receptor studies, integrin blocking antibodies (anti-integrin B1, aVB3, or
aVBS) were added at 10 or 20 pug/ml and the cells were pre-incubated for 2 hours prior to
incubation with LTBP-2.

Samples of conditioned medium were taken for analysis of TGFf content by ELISA. The cell
layer was washed with PBS then scraped from the wells and resuspended in 1 ml PBS, and treated
with 200 ul of 1M HCI to liberate and activate any matrix-bound latent TGFp. After 10 min, 200
ul of 1.2M NaOH/0.5M HEPES pH 14 was added to neutralise the samples. The cell layer

suspension was centrifuged for 5 min at 350 g, and the supernatant analysed for TGFf content.

5.3.4 Detection and quantitation of TGF-$

Samples of conditioned medium were assayed for TGFB content using the DuoSet® ELISA
Development System for human TGF-B1 (RnD Systems), following the manufacturers
instructions. Briefly, the wells of a 96 well plate were coated with 200 ng of Capture Antibody
(mouse anti-TGF-B1 in PBS) and incubated for 18 h at RT. Each well was then washed three
times with 300 ul of wash buffer (0.05% Tween 20 in PBS) followed by incubation with 300 pl
of block buffer (5% Tween20 in PBS) for at least 1 h at RT. After washing, wells were incubated
with 100 ul of conditioned medium for 2 h at RT. Control wells were incubated with fresh medium
or PBS. For standard curves, wells were incubated with 100 ul of TGFB1 standard at a range of
concentrations (31.3 pg/ml — 2000 pg/ml) in reagent diluent (1.4% BSA in PBS, RnD Systems).
Following another wash step, wells were incubated with 100 pl of Detection Antibody
(biotinylated chicken anti-human TGF-B1, 300 ng/ml in reagent diluent) for 2 h at RT. Wells were
washed again, then incubated with 100 ul of Streptavidin-HRP (horseradish peroxidase) for 20

min at RT, under reduced lighting. Wells were washed three times then incubated with 100 ul of
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Substrate Solution (RnD Systems) for up to 20 min, in reduced lighting. The colour reaction was
stopped by adding 50 ul of 1M H>SO4 per well. The absorbance at 450nm for each well was

immediately measured using a Titertek Multiscan microplate reader (Flow Laboratories).

5.3.5 Real-time PCR

Total RNA was extracted from cell using trizol (Invitrogen), according to the manufactures
instructions. To remove any DNA contaminants, RNA samples were treated with DNase 1 (RQ1
DNase, Promega) followed by recovery using the RNEasy Mini Kit (Qiagen). A total of 1 pg of
total RNA was subjected to reverse transcription using a Superscript Il RNA PCR Kit (Invitrogen,
CA, USA). The cDNA produced was PCR-amplified using a SYBR-Green kit (Qiagen). Primer
sequences used were as follows: TGF-p forward primer: 5’-CTCCGAGAAGCGGTACCTGAAC-
3’, and reverse primer 5’-CACTTGCAGTGTGTTATCCCT-3’; LTBP-2 forward primer: 5°-

GGGCACCGCACCACCTACACG-3’ and reverse primer 5’-
TCATCACACTCATTCACATCTACG-3’; RNAPolIl forward primer 5’-
AGGGGCTAACAATGGACACC-3, and reverse primer 5’-

CCGAAGATAAGGGGAACTACT-3’. The housekeeping gene RNAPolIl was used as the
internal standard. PCR was performed with hot start at 95°C for 10 min, followed by 40 cycles of

denaturation at 95°C for 20 s, annealing at 60°C for 20 s, and extension at 72°C for 45 s.

5.3.6 Measurement of signal phosphorylation

MSUL1.1 fibroblast cells (4 x 10° cells/well) were treated with LTBP-2 (10 pg/ml) for 30 min. Cell
were then lysed using lysis buffer (containing 50 mM Tris (pH 6.8), 0.5% SDS, 2 mM EDTA and
cocktails of phosphatase and protease inhibitors [#04906837001 and #11836153001, Roche,
Germany]). The protein concentrations in cell extracts were measured using a BCA Protein Assay
Kit (Thermo Fisher Scientific, VIC, Australia). A total of 50 ug of extracted protein was subjected
to analysis by SDS-PAGE on 12% gels and transferred to nitrocellulose membranes (Pall
Corporation, USA). The membrane was blocked with 10% milk powder in TBS for at least 1hr at
RT, with shaking. The membrane was then incubated with a primary antibody to phosphorylated
or total signalling molecule (AKT, P-38,or ERK) in 2% milk in TBS at 4°C overnight. The
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membrane was washed three times in TBS for 5min, then incubated with the appropriate secondary
anti-rabbit 1gG or anti-mouse IgG antibodies conjugated with IR800 fluorescence dye, at a
concentration of 1:5000, in 3 % milk in TBS for at least 1 h at RT. Membranes were imaged with
the LI-COR Odyssey Infrared Imaging System. Bands were quantitated using ImageJ 1.48
software [National Institutes of Health (NIH), Bethesda, MD] and normalised to the internal 3-
actin signal or total protein. For comparison of the phospho- and total signal for each molecule,
the ratio of the normalised phospho-protein signal to the total protein signal was expressed as an
arbitrary unit relative to the average value from cells incubated without LTBP-2 treatment

(equalling 1).
5.3.7 Statistical analysis
The data from in vitro TGF-f stimulation assays, cell count assays, western blot quantitatation and

qPCR were statistically analysed using paired Student’s t-test with GraphPad Prism 6 software. A

p value < 0.05 was regarded as statistically significant.
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5.4 Results

5.4.1 Exogenous LTBP-2 stimulates expression and secretion of TGF-1 in MSU 1.1
fibroblasts

To study the potential role of LTBP-2 in modulation of TGF-p matrix storage and activation, the
effect of the addition of exogenous LTBP-2 to human MSU 1.1 fibroblast cultures was
investigated. MSU 1.1 cells were selected since preliminary data showed that these cells have high
levels of expression of fibrillin-1, LTBP-1 and TGF-B1 but low expression of LTBP-2 (data not
shown). The cells form an extensive fibrillin microfibril network (Kettle et al., 2000). The initial
experiment was designed to determine if LTBP-2 could displace LTBP-1/TGF-1 complexes from
their attachment to fibrillin microfibrils. MSUL1.1 cells were cultured to 3 weeks post-confluence,
to allow formation of an extensive extracellular matrix rich in fibrillin-1 microfibrils. After
incubation with exogenous LTBP-2 for 16 h, TGF-B1 was significantly elevated in the culture
medium with an approximately 3-fold increase compared to control cells incubated with BSA. (Fig
5.1A). However, the TGF-B1 content of the cell layer showed no significant difference between
treated and control cultures. This result indicated that the increase in TGF-B1 may represent newly

synthesised protein rather than protein displaced from the microfibrils in the matrix.

To test this idea, exogenous LTBP-2 was added to MSUL.1 cells grown to only 24 h post-
confluence such that only minimal fibrillin microfibrils would be present in the matrix (Kielty and
Shuttleworth, 1993) (Fig 5.1A). Again TGF-B1 was highly elevated in the medium relative to
control cultures. In contrast there was little difference in cell layer TGF-B1 levels between the
treated and control cells. However there was generally less TGF-B1 in the cell layers at 24 hours
post -confluence compared to the 3 week post-confluence cultures. Analysis of the TGF-f released
into the medium of the 3 week post-confluence cultures indicated that approximately 70% of the
TGF- B1 was in latent (complexed) form (Fig 5.1B). Similar results were obtained for the 24 h
post confluence cultures treated with LTBP-2 (data not shown). To confirm that the increased
levels of TGF-p in the medium are due to new synthesis of the protein, the addition of exogenous
LTBP-2 to 24 h post-confluence cells was repeated in the presence of cycloheximide, a well-

documented inhibitor of protein synthesis (Baliga et al., 1969; McKeehan and Hardesty, 1969)
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(Fig 5.2A). As was previously demonstrated (Fig 5.1), positive control cultures treated with
exogenous LTBP-2 in the absence of cycloheximide showed a dramatic increase in TGF-B1 in
conditioned medium, compared to BSA controls. However when the cells were incubated with
LTBP-2 in the presence of cycloheximide, there is no significant increase in TGF-f in the medium
above BSA controls (Fig 5.2A).

Similar results were obtained with MG-63 osteosarcoma cells (data not shown). The results
indicated that the observed increase in TGF- levels in the conditioned medium involved new
protein synthesis. Thus the results were not due to a simple displacement interaction of exogenous
LTBP-2 with matrix fibrillin-microfibrils, as was first hypothesised. Quantitative PCR for TGF-
expression was also performed on RNA extracted from MSU 1.1 cells after 15 h incubation with
exogenous LTBP-2 or BSA control (Fig 5.2B). The LTBP-2 treated cells showed a threefold
elevation in TGF- mRNA compared to the BSA treated controls, indicating that LTBP-2 greatly
stimulated TGF-B expression in this fibroblast cell line. Taken together the results indicate that
LTBP-2 greatly upregulated release of TGF-B into the culture medium, but the mechanism
primarily involved upregulation of TGF-f gene expression rather than increased secretion of

existing TGF-p or displacement of existing latent TGF-f3 complexes from fibrillin-microfibrils.

5.4.2 LTBP-2 stimulation of TGF-p synthesis and secretion is dose-dependent.

To determine the optimal concentration of exogenous LTBP-2 needed to stimulate increased TGF-
B synthesis and secretion by MSU 1.1 cells, a dose response curve was produced for LTBP-2
concentrations from 0.5 pg/ml to 10 pg/ml (Fig 5.3). A LTBP-2 concentration of 0.5 pg/ml showed
a significant 2-fold increase in TGF-f3 which rose to around 4-fold at 10 pg/ml LTBP-2. No further
significant increase was observed above 10 pg/ml, suggesting a possible saturation level at this
LTBP-2 concentration. Overall the results indicated that the increase in TGF-f synthesis in

response to exogenous LTBP-2 showed dose-dependent characteristics.
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5.4.3 Time course for LTBP-2 stimulation of TGF-f upregulation

A time course experiment was conducted to determine the duration and peak of TGF- secretion
and the time required for an increase to be first detected following LTBP-2 stimulation. The TGF-
B1 content in the conditioned medium was measured across several time points in the range 0 — 24
h following addition of exogenous LTBP-2 (Fig 5.4A). The TGF- content of the medium peaked
at the 15 h time point with 3-fold increase compared to the BSA treated control cells. No significant
increase above controls was observed at 3 h and 6 h after LTBP-2 addition. However, significantly
elevated TGF-f secretion was evident at the 9 h time point, and at the 12 h time point the LTBP-
2-treated cells showed more than a twofold increase above control cells. No significant difference
was observed between 24 h and 15 h time point. However TGF-f secretion was significantly higher
by control cells at 24 h compare to 15 h, suggesting that LTBP-2 stimulation of TGF-f production
peaked at around 15 h, and showed a declining trend thereafter. To determine if any of the increase
above controls cells was due to increased cell numbers, cell counts were conducted at several time
points (Fig 5.4B). No significant differences were found between the cell number in cultures
treated with LTBP-2 and untreated controls, although cell number in all cultures doubled after 24
h of incubation. Thus the LTBP-2-induced stimulation of TGF- secretion by MSUI.1 cells was

not due to a greater increase in cell number above the control cultures.

5.4.4 A short exposure to exogenous LTBP-2 is sufficient to stimulate TGF-p upregulation

The experiments described above involved continuous incubation of MSU 1.1 fibroblasts with
exogenous LTBP-2 for 9-24 hours before any increase in TGF-f levels in the medium could be
detected. This raised the possibility that, rather than a direct effect of LTBP-2, the raise in TGF-p
secretion was a secondary effect stimulated by other agent(s) modulated by addition of exogenous
LTBP-2. Firstly we determined if a short incubation with LTBP-2 was sufficient to raise TGF-3
levels in the conditioned medium. MSU1.1 cells were incubated with exogenous LTBP-2 for range
of short time periods (10 mins — 30 mins) before the LTBP-2 was removed by changing the
medium. After 15 h the conditioned medium was collected and analysed for TGF-f content (Fig
5.5A). Interestingly exposure of cells to LTBP-2 for as little as 10 min caused a small but

significant increase in TGF-B in the conditioned medium after 15 h suggesting that the effect was
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mediated by direct interaction of LTBP-2 with the cell surface. Exposure of the cells to LTBP-2
for 30 min and 60 min further elevated TGF-p levels in the medium, with a 60 min exposure to
LTBP-2 causing around 50% of the increase resulting from incubation with LTBP-2 for 15 h (see
Fig 5.4A).

To determine if the LTBP-2 stimulated increase in TGF-B secretion correlated with increased
cellular expression of TGF-f, TGF-f1 mRNA levels in MSU 1.1 fibroblasts were measured at 15
h after short exposure times to LTBP-2. To quantify the TGF-B increase at the mRNA level, the
cell layer was harvested after 15h and total RNA was extracted and reverse transcribed into cDNA
for use in gPCR (Fig 5.5B). Exposure of the cells to LTBP-2 for as little as 10 min LTBP-2 resulted
in significant elevation of TGF- mRNA above the BSA controls measured after 15 h. Incubation
with LTBP-2 for 30 and 60 mins caused additional increases in TGF-f mRNA levels, with the 60
min exposure causing an approximately fourfold increase in TGF-B above control cells. These
results indicate that a short exposure of the MSU 1.1 cells to exogenous LTBP-2 is sufficient to
stimulate TGF-p expression and secretion, strongly suggesting that the process is a directly
mediated by the interaction of LTBP-2 with a cell surface receptor(s) to trigger intracellular

signalling pathways.

5.4.5 The TGF-p stimulating activity maps to a central region of LTBP-2 consisting of an
eight -cys motif flanked by pairs of EGF-like repeats.

Cellular interactions of LTBP-2 via integrin receptors have previously been documented
(Vehvilainen et al., 2003). To determine if the TGF-f upregulation by LTBP-2 involves known or
novel cellular interactions, a series of fragments spanning the LTBP-2 molecule were used to
identify the relevant bioactive region(s). Initially, three recombinant fragments, designated LTBP-
2NT(H), LTBP-2C(H) and LTBP-2CT(H) (Hirani et al., 2007) spanning the LTBP-2 molecule
were tested in place of full length LTBP-2 in exogenous addition experiments (Fig 5.6A). After
16 h the TGF-p content of medium from cells treated with fragments LTBP-2NT(H) or LTBP-
2CT(H) was similar to the BSA treated control cells, while the central fragment LTBP-2C(H)
caused a significant increase in TGF-p, similar to full length LTBP-2 (Fig 5.6B). This result
indicated that the relevant bioactive region of LTBP-2 occurs somewhere in the centre of the
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molecule and away from known integrin binding activity in the N-terminal region (Vehvilainen et
al., 2003).

To further specify the region that contained TGF- stimulating activity, three sub-fragments F1,
F2 and F3, spanning fragment LTBP-2C(H), were produced and tested in the TGF- bioassay.
Only fragment F3 caused a significant increase in TGF-f secretion above control cells indicating
it contained the TGF-B stimulating activity (Fig 5.6C). Fragment F3 consists of an 8-cys motif
flanked by 2 pairs of EGF-like repeats (Fig 5.6A). This region has no known cellular or molecular
interactions although it is adjacent to a region containing heparin and FGF-2 binding activities
(Fragment F2) (Menz et al., 2015; Parsi et al., 2010).

5.4.6 Induction of Akt and p38 phosphorylation by LTBP-2

We firstly examined the effects of LTBP-2 on the phosphorylation of serine, thyrosine, threonine,
cJUN, cFOS, AKT1/2/3, ERK and p38 by Western blot analyses using specific antibodies to
phosphorylated forms of the amino acids and proteins. Figure 5.7A shows that the treatment of
MSU1.1 cells with full length LTBP-2 (1 pg/ml) for 30 mins increased the phosphorylation of
serine, threonine, cJUN, Akt1/2/3 and p38. However we observed no increase in thyrosine, cFOS
and ERK phosphorylation. Thus, LTBP-2 seems to specifically activate signalling molecules
containing phospho-serine and threonine, and signalling pathways involving AKT and p38 (Fig
5.7A).

The experiment was repeated including bioactive fragment LTBP-2C and sub-fragment LTBP- 2C
F3. Phosphorylation of each signal molecule was quantitated relative to the no LTBP-2 control
after normalisation to total signal molecule present (Fig 5.7B and 5.7C). Results showed both
bioactive fragments also activated Akt and p38 signalling but not ERK. This lead to the lead to
the hypothesis that LTBP-2 may stimulate TGF-B expression by activating these signalling
pathways.
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5.4.7 LTBP-2 stimulates the expression of TGF-p via Akt and p38 MAPK signalling
pathways

To determine whether the LTBP-2-stimulated upregulation of TGF-B correlated with the
phosphorylation of AKT1/2/3 or p38, specific signal inhibitors were tested for inhibition of TGF-
B upregulation by LTBP-2. MSUL.1 cells treated with or without LTBP-2 were cultured in the
presence of an Akt phosphorylation inhibitor, GSK690693 or AZD5363 or a p38 phosphorylation
inhibitor, SB202190 or VX-702 and the TGF-p in the medium was measured by ELISA after 16 h
(Fig 5.8). The LTBP-2 induced upregulation of TGF-B was totally (GSK690693) or partially
(AZD536310) blocked by the AKT phosphorylation inhibitors and totally blocked by one p38
inhibitor (SB202190). The other p38 inhibitor VX-702 showed no reduction in TGF-f stimulation.
SB202190 blocks phosphorylation of both a and § forms of p38 whereas VX-702 blocks only the
a isoform (Damjanov et al., 2009). Thus it appears that LTBP-2 induced up-regulation of TGF-p1
involves AKT1/2/3 and the B form only of p38. It also seems that blocking one of these signalling
molecules also blocks the signal from the other, indicative of sequential rather than parallel

signalling transmission.

5.4.8 Blocking of integrin a V3 receptors partially attenuates TGF-p production by LTBP-
2

The integrin family of cell surface receptors mediate many cell-matrix and cell-cell interactions
and play essential cellular roles including adhesion, migration, growth and survival important for
biological processes such as organ development and wound healing (Giancotti and Ruoslahti,
1999; Hynes, 1992). Integrins are also involved in many pathological conditions such as
angiogenesis, inflammation, invasion of cancer cells and fibrosis (Gerber et al., 2013; Liu et al.,
2008; Margadant and Sonnenberg, 2010; Philippe, 2015). Integrins mediate many interactions with
matrix proteins and thus an unidentified integrin was considered a prime candidate for the
mediation of LTBP-2 upregulation of TGF-B. LTBP-2 is known to contain an integrin binding
region in its N-terminal domain which is not present in either bioactive fragment LTBP-2C or
LTBP-2C F3. To determine if an integrin was involved in upregulation of TGF-B, a range of

established blocking anti-integrin antibodies were tested in the LTBP-2 stimulation assay (Fig
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5.9A). The anti-B1 integrin antibody had no effect on LTBP-2 upregulation of TGF-p indicating
that the large family of B1 integrins was not involved in the process. Antibody to aV5 integrin
also had no effect but intriguingly the anti-aVpB3 integrin antibody (10 pg/ml) showed partial
inhibition of the TGF-f upregulation. Doubling of the anti-aVB3 antibody concentration and
reducing the concentration of LTBP-2 F3 10-fold showed only a very minor further attenuation
suggesting that the inhibitory effect of the antibody was close to saturation (Fig 5.9B). Even under
these conditions LTBP-2 elevated TGF-B levels to double the amount in control cultures
suggesting that an unknown primary receptor might be involved in conjunction with aVB3 to

mediate TGF-p up-regulation by LTBP-2.
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5.5 Discussion

Recently, mutations in the LTBP-2 gene have been found to cause Weill-Marchesani
syndrome, which can also result from fibrillin-1 gene mutations, linking LTBP-2 to fibrillin
biology and TGF-p signalling aberrations (Haji-Seyed-Javadi et al., 2012). Several other studies
reported the potential of LTBP-2 in regulation of growth factor storage and activation especially
TGF-B, but little is known about the mechanism of action. To our knowledge, the current study is

the first to investigate the mechanism of TGF-p regulation by LTBP-2.

Our initial hypothesis that excess LTBP-2 would compete with LTBP-1 for binding and
release the TGF-p complex from its storage sites in the matrix was initially supported by TGF-f
stimulation assays where incubation of exogenous LTBP-2 for 16 h with 3-week post-confluent
MSUL1.1 cells resulted in significantly increased levels of latent TGF-f in the culture medium. This
possibility of an extracellular matrix protein stimulating release of TGF-f3 complexes is not unique.
A study by Chaudhry et al., 2007 found that fragment of fibrillin-1 caused a significant increase
in the bioavailability of TGF-B by inhibiting the binding of LTBP-1 to fibrillin microfibrils.
However, our results showed that the TGF-p increase in the medium did not correlate with a similar
decrease within the cell layer suggesting an alternative mechanism was responsible for the
elevation of TGF-B in the medium. The experiment was repeated with confluent cell cultures
containing very limited matrix but there was a similar increase in TGF-p in the medium after
incubation with LTBP-2. Moreover, LTBP-2 incubation in the presence of cycloheximide
completely inhibited the observed increased in TGF-B. Analysis of RNA extracted from the cells
showed threefold increase in TGF-p mRNA in response to LTBP-2 addition. These results
confirmed that the increase in TGF-p in the medium was due to increased expression and secretion
of the TGF-B1 rather than release of matrix-stored TGF-f. Furthermore, a time course experiment
showed TGF- started to increase after incubation with LTBP-2 for 9 h and reached maximum
levels after 15 h. These results contrast with the mechanism of TGF-f increased by liberation from
matrix storage where fibrillin-1 fragments causing TGF-f increase after as little as 10 min
(Chaudhry et al., 2007).
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The longer time frame involved indicates that LTBP-2 is causing a cascade effect that
results in new TGF-f synthesis and release into the medium. We found that incubation with LTBP-
2 for as little as 10 minutes was sufficient to stimulate significantly increased TGF- expression
after 15 h. Moreover, the mRNA from the cells incubated with LTBP-2 for short-time span (10 —
60 mins) showed significantly higher expression of TGF-B compared to the control cells. The
results suggested that LTBP-2 may be interacting directly with cells via a surface receptor, such
as an integrin, to cause immediate activation of intracellular signalling pathways. This activation
may lead to TGF-p mRNA upregulation, rather than it eliciting an indirect effect involving
interactions of the cells with other molecules displaced by LTBP-2 such as growth factors or

cytokines.

Since LTBP-2 has known integrin-binding activity (Vehvilainen et al., 2003), it was
important to delineate the TGF-f upregulation from known LTBP-2-cell interactions. The only
known integrin binding region, (binding integrins a3B1 and a6fB1) is in a cysteine free region
situated towards the N-terminus (see fig 5.6A) (Vehvilainen et al., 2003). In contrast, the
bioactivity was found to be principally confined to a short region in the centre of LTBP-2

consisting of an 8-cys motif flanked on each side by a pair of EGF-like repeats (fragment F3).

Since it was now evident that LTBP-2 may be acting directly on fibroblasts it was of
interest to determine which signalling pathway(s) it activated and which of these pathway(s)
resulted in TGF-B upregulation. We found that exogenous LTBP-2 increased phosphorylation of
intracellular proteins at serine and threonine but not at tyrosine residues after 30 mins. Such post-
translational modifications are involved in cell signalling pathways resulting gene expression
modulation governing a diversity of cellular processes including development and differentiation,
cell cycle progression, migration, proliferation and apoptosis (Sarbassov et al., 2005). Further
experiment revealed that LTBP-2 increased phosphorylation of p38 MAPK and Akt1/2/3 (but not
ERK) suggesting these molecules may be involved in the pathway(s) leading to stimulation of
TGF-B expression by LTBP-2. p38a was initially identified as a 38 kDa polypeptide and three
additional isoform of the p38 family have been identified: p38p, p38y (also called SAPK3 and
ERK®6) and p386 (also called SAPK4) (Cuadrado and Nebreda, 2010). P38 is strongly activated

by a variety of extracellular stimuli including environmental stress, inflammatory cytokines, serum
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and growth factors (Cuadrado and Nebreda, 2010). P38 MAPK is also involved in several
pathological conditions such as inflammation, rheumatoid arthritis, cancer, cardiac hypertrophy,
neurodegenerative disorders and fibrosis (Roux and Blenis, 2004; Sui et al., 2014). Akt (also
known as protein kinase B) is a serine/threonine-specific protein kinase that plays key roles in the
regulation of cell survival, cell cycle progression and cellular growth (Song et al., 2005). More
recently Akt signalling pathway components have been shown to be frequently altered in human
cancers and fibrosis (Fresno Vara et al., 2004; Lan and Du, 2015). Studies by Li et al., 2013
demonstrated that activation of Akt pathway promoted collagen production and scar formation in
the acute contusion of skeletal muscle (Li et al., 2013). Moreover, Akt pathway activation has been
reported to promote lung fibroblast proliferation and pulmonary fibrosis by enhancing macrophage

survival via modulation of the mevalonate pathway (Larson-Casey et al., 2014).

Interestingly, the key bioactive fragment of LTBP-2 (LTBP-2C F3) which contains the
TGF-B stimulating activity did not increase p38 and Akt1/2/3 phosphorylation to the extent of full
length LTBP-2 or the larger LTBP-2C fragment suggesting other adjacent motifs within LTBP-
2C may contribute for full stimulation of the signal pathways. Inhibition of Akt1/2/3 and p38f3
signalling pathway by specific inhibitors resulted in the suppression of TGF-B production
stimulated by LTBP-2. Interestingly, GSK690693 inhibitor completely blocked the up-regulation
of TGF-B by AKT phosphorylation compared to AZD536310 inhibitor which partially blocked
TGF-B stimulation. It has been shown that GSK690693 has an IC50 of 2nM for Aktl which
indicates stronger inhibition than AZD5363 (IC50 of 3 nM for Aktl) suggesting the possibility
that Aktl acts as the main Akt isoform involved in the up-regulation of TGF-B. Aktl is one of the
most frequently activated protein kinases in human cancers and associated with altered cell
invasion and migration in several mammalian systems (Altomare and Testa, 2005). Furthermore,
Aktl has been demonstrated to further enhance the invasion capability of cancer cell cultures and
is considered a potential therapeutic target for several cancer types (Arboleda et al., 2003; Kim et
al., 2001; Zhang et al., 2016). Aktl also caused cardiac fibrosis by promoting inflammatory
response in the early stage of hypertensive heart disease (Miao et al., 2013). Moreover,
GSK690693 also potentially inhibits AMPK and DAPK3 from the CAMK family and PAK4, 5
and 6 from the STE family indicating involvement of other signalling molecules may contribute
to the stimulation of TGF-f.
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It appears that only the B form of p38 is involved in the cascade since VX-702 which is
specific inhibitor for p38a showed no reduction in TGF- stimulation (Kuliopulos et al., 2004) .
P38B MAPK has been demonstrated to act as a survival protein by inducing a potent antiapoptotic
factor induced in the synovial membrane of rheumatoid arthritis patients (Kim et al., 2005). Several
studies have elucidated a role for p38 MAPK activation in anti-inflammatory, anti-proliferative,
and anti-apoptotic effects of carbon monoxide in various models (Otterbein et al., 2000).
Sustaining cell survival is considered a main feature of p383 MAPK activation (Nemoto et al.,
1998).

Our findings suggested both Akt and p38[ pathways were essential for TGF-f3 upregulation
by LTBP-2. Previous studies have shown blockade of the Ras/PI3K/Akt pathways reduce the
expression of TGF-f as angiogenic factor in mouse osteosarcoma (Tsubaki et al., 2011). Moreover,
inhibition of PI3K/AKkt signalling pathway result in the suppression of TGF-B1 production by
macrophages treated with PS-liposomes (Otsuka et al., 2007). In addition, Xiao et al. 2014 showed
that apoptotic cell up-regulate TGF- mRNA expression and protein translation p38 MAPK and
Akt signalling pathways (Xiao et al., 2008).

From the above results it is apparent that LTBP-2 may elicit the TGF-B upregulation via
interaction with a specific cell surface receptor complex. Since the activity is mainly confined to
one small region (LTBP-2C F3), it is independent of known LTBP-2-integrin interactions.
However, it was still possible that the LTBP-2 upregulation of TGF-p involved unknown
integrin(s) interactions since integrins are the major receptor family involved in mediating cell-
matrix signalling process regulating a wide variety of cellular functions. We tested blocking anti-
integrin antibodies in the TGF-f stimulation assay and found blocking the integrin VB3 receptor
partially inhibited the upregulation of TGF- by LTBP-2 whereas blocking aVB5 and the f1 family
of integrins had no effect. Doubling the anti-a'V3 antibody concentration and reducing the LTBP-
2 concentrations 10 fold caused no significant further attenuation of the TGF-p upregulation. The
results suggested that the LTBP-2 bioactivity involved active aVB3 integrin but that other
receptor(s) were also involved. Integrins can stimulate signalling pathways independently, but

more often they act synergistically with other receptors to elicit a full signalling response (Alam
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et al., 2007; Assoian and Schwartz, 2001). Specific Integrins can interact for instance with several
growth factor receptors (including the VEGF receptor, TGF-B receptor, insulin receptor, EGF
receptor and platelet-derived growth factor-p receptor (PDFGR)) or with cell surface HSPGs. For
example, PDFGR which is potent stimulator of cell motility, has been shown to be modulated by
aVPB3 integrin and the interaction between PDFGR and aV[3 integrin appears to have an
antagonistic effect in the reactive oxygen species production at focal adhesion sites (Heldin et al.,
1998; Lin et al., 2013; Woodard et al., 1998).

In addition, syndecan-4 HSPG requires interaction with a5B1 integrin to regulate matrix
structure and cell adhesion during all stages of embryonic development and in most adult tissues
(Woods and Couchman, 2001). In the case of LTBP-2 F3, there is a possibility that integrin a V33
is part of complex with an unknown main receptor or co-receptor for LTBP-2. Binding of blocking
antibody to the aV3 might partially obscure the binding of LTBP-2 to its main receptor without
LTBP-2 being a direct ligand for aVB3. One candidate group for an unknown LTBP-2 receptor is
cell surface HSPGs. Various HSPGs are found at the cell surface and/or the extracellular matrix
and play important roles as cell receptors, co-receptors, co-factors, and can act in conjunction with
integrins to modulate cell behaviour and signalling outcomes, often through growth factor receptor
signalling pathways (Alam et al., 2007; Kim et al., 2011; Soares et al., 2015). Interestingly, recent
studies revealed that LTBP-2 binds strongly to HSPGs, including basement membrane perlecan
and cell-signalling, transmembrane syndecan-4, with multiple binding sites within the N-terminal
region of LTBP-2 and one site (in fragment LTBP-2 F2) adjacent to the TGF- stimulating region
(fragment LTBP-2 F3). Binding to HSPG via the adjacent site may explain the stronger activation
and phosphorylation of the Akt and p38 MAPK signalling molecules caused by the interaction of
HSPGs with full length LTBP-2 and LTBP-2C than with F3 which lacks a HSPG binding site.
However, HSPG binding is not required for TGF-f upregulation by LTBP-2 as the LTBP-2C F3
fragment lacks a HSPGs binding site. Overall it is evident that the interaction of fibroblasts with
the bioactive region of LTBP-2 contained in fragment LTBP-2 C F3 is a complex process perhaps
involving a complex of an unidentified main receptor with aVP3 integrin and enhanced by
interaction of cell surface HSPGs with an adjacent binding site in fragment LTBP-2 F2. The
concepts are illustrated schematically in Fig 5.10. Further research is needed to elucidate the full

nature of LTBP 2 interaction(s) with the cell surface required for TGF- upregulation.
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We have recently shown that LTBP-2 is highly expressed in fibrotic skin conditions keloid
and hypertrophic scar (Menz et al., 2015; Sideek et al., 2015). Moreover LTBP-2 co-localised in
these tissues with another growth factor FGF-2. LTBP-2 has a high affinity binding site for FGF-
2 in LTBP-2C F2 fragment and is a potent inhibitor of FGF-2 activity (Menz et al., 2015; Sideek
etal., 2015). It is possible that elevated LTBP-2 might that may influence FGF-2 bioactivity during
wound repair and healing processes. TGF-f also plays a key role in the proliferative phase of
wound healing (Finnson et al., 2013; Pakyari et al., 2013). The present study has now shown that
LTBP-2 can increase fibroblast output of TGF-B, and therefore this effect may contribute to the
exacerbation of the fibrotic process in diseases such as hypertrophic scar and keloid. In conclusion,
we have identified a new bioactive region on LTBP-2 which triggers fibroblast upregulation of
TGF-B expression and secretion and identified cell surface and intracellular signalling molecules
involved in this stimulatory pathway(s) including aVB3 integrin, and Akt and p38 intracellular
signalling cascades. These concepts are represented schematically in Fig 5.10. Further elucidation
of this pathway may eventually lead to novel therapy strategies to treat fibrosis and other diseases
associated with TGF-B dysregulation.
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Figure 5.1 Exogenous LTBP-2 increases TGF-p in conditioned medium which is independent of extracellular matrix.

A) MSUL1.1 cells were cultured for 24 hours or 3 weeks post-confluence then incubated in serum-free medium overnight containing 10
pg/ml LTBP-2 (black columns) or BSA control (grey columns) prior to TGF-f assay. Total TGF-p in the conditioned medium and cell
layer was measured by ELISA (see material and methods). LTBP-2 caused a highly significant increase in TGF- without the presence
of extensive extracellular matrix. B) The secreted TGF-p is mainly in inactive form. The medium from 3-week post-confluence LTBP-
2-treated cultures was analysed with and without acid treatment for total and active TGF-B respectively. Approximately 70% of the

TGF-p in the conditioned medium was inactive. Mean values + S.D. from triplicate wells are shown.
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Figure 5.2 LTBP-2 upregulates TGF-$ expression in MSU 1.1 cells

A). MSUL1.1 cells were cultured for 24 h post-confluence, then incubated for 16 h in serum-
free media with 10 pg/ml LTBP-2, or both LTBP-2 and 10 pg/ml cycloheximide (CHX). The
negative controls included 10 pg/ml BSA, or CHX only. The conditioned media was analysed
for TGF-B content (see material and methods). Mean values = S.D. from triplicate wells are
shown. B) MSU1.1 cells were grown to 24 h post-confluence, then incubated for 16 h with 10
pg/ml full length LTBP-2 or 10 pug/ml BSA control. Total RNA was harvested from the cells,
then reverse transcribed into cDNA for use in g°PCR. The cDNA was analysed for TGFf, and
normalised to RNAPolll. LTBP-2 stimulated a threefold increase in the levels of TGF mRNA,

compared to the BSA control. Mean values + S.D. from triplicate wells are shown.
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Figure 5.3 LTBP-2 upregulates TGF-$ in a dose-dependent manner.
Confluences cultures of MSU1.1 cells were incubated with LTBP-2 at a range of

concentrations (0 — 12.5 pg/ml). After 16 h the medium was analysed for TGF-f content (see

material and methods). Mean values + S.D. from triplicate wells are shown.
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Figure 5.4 Time course for LTBP-2 stimulation of TGF-§ production.

MSUL1.1 cells were grown on 12 well plates to 24 h post-confluence and incubated with LTBP-
2 (10 pg/ml) for various times (3-24 h). BSA at the same concentration was added to control
wells. A. TGF-B accumulation in the medium was measured by ELISA as described in
materials and methods. The TGF- concentration peaked at around 15 h. B. At the end of each
incubation, the cells were counted. Note LTBP-2 had no effect on cell proliferation above the

BSA control. Mean values = S.D. from triplicate wells are shown.
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Figure 5.5 A short incubation of MSU 1.1 cells with LTBP-2 is sufficient to upregulate

TGF-p expression and secretion.

A) Quantitation of TGF- in the medium. MSUI.1 cells were grown to 24 h post-confluence,
then incubated in serum-free medium with full length LTBP-2 (10 pg/ml) for various time
periods (10 mins - 60 min). After each incubation period, the medium were discarded and
replaced with fresh serum-free medium lacking LTBP-2. The conditioned medium was
collected at 15 h and analysed for TGF- content (see material and methods). The results were
compared to cells incubated for 15h with LTBP-2 or BSA control. Significant increase in TGF-
B was detected with as little as 10 minutes of LTBP-2 exposure (p < 0.001).

B) Quantitation of TGF-p mRNA. At the end of each 15 h incubation above, total RNA was
harvested from the cells, then reverse transcribed into cONA. Quantitative PCR was performed
to determine cellular TGF-Bp mRNA levels as described in methods. Values were expressed
relative to RNAPolll housekeeping gene. The control consisted of cells exposed to BSA instead
of LTBP-2 for 15 h. Significant increase in TGF-p mRNA was detected after 15 h with as little
as 10 minutes of LTBP-2 exposure (p < 0.001). Mean values + S.D. from triplicate wells are

shown.
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Figure 5.6 A central region of LTBP-2 consisting of an 8-cys motif flanked by pairs of
EGF-like repeats (fragment LTBP-2C F3) contains the stimulatory activity.

A) Schematic diagram of recombinant LTBP-2 fragments. Protein fragments produced
specifically for this study (LTBP-2C(H) F1, F2 and F3) are highlighted within the blue box.
B) MSUL.1 cells were grown to 24 h post-confluence, then incubated for 16 h with full-length
LTBP-2 (10 pg/ml), each of three fragments spanning LTBP-2 (LTBP-2 NT, LTBP-2 C,
LTBP-2 CT) or BSA control.

C) Fresh cells were subsequently incubated with each of three sub-fragments F1, F2 and F3
spanning central fragment LTBP-2 C(H). In both experiments the conditioned medium was
analysed for TGF- content (see material and methods). Mean values + S.D. from triplicate

wells are shown.
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Figure 5.7 Exogenous LTBP-2 stimulates phosphorylation of AKT and p38 MAPK in
human fibroblasts

A) MSU 1.1 cells (1 x 10° cells/well) were treated with or without LTBP-2 (10 pg/ml) for 30
minutes. Total cell lysates were immunoblotted for phosphorylation of candidate signalling
molecules including phospho-serine, phospho-thyrosine, phospho-threonine, phospho-p38,
phospho-Akt1/2/3, phospho-ERK, c-FOS, c-JUN, and for B-actin internal control as described
in methods. Note major phosphorylation of p38 and AKT1/2/3 but no stimulation of ERK or
cFOS.

B) Cell were treated for 30 minutes with full length LTBP-2 and fragments LTBP-2 C(H) and
LTBP-2 C(H) F3 containing TGF-B stimulating activity. Cell lysates were immunoblotted for
total and phosphorylated p38, Akt1/2/3, and ERK.

C) The ratio of phospho-protein to total protein for each signal molecule from each treatment
is expressed relative to the average value from no LTBP-2 control cells (given an arbitrary
value of 1.0). Mean values = S.D. from duplicate lanes.
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Figure 5.8 LTBP-2 stimulation of TGF-B upregulation involves Akt and p38 MAPK
signalling pathways.

MSUL1.1 cells were grown to 24 h post-confluence, then incubated in serum-free medium with
or without inhibitor (10 uM) of Akt (GSK690693 or AZD536310) or p38 (VX-702 or
SB202190) for 2 h, followed by addition of full length LTBP-2 or bioactive fragment LTBP-
2C F3 to a final concentration of 10 pg/ml. Incubation was continued for a further 15 h and the
conditioned medium was analysed for TGF-B content (see material and methods). Controls
involved incubations with individual inhibitors or BSA in the absence of LTBP-2. Mean values

+ S.D. from triplicate wells are shown.
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Figure 5.9 Blocking of integrin aVB3 receptors partially attenuates TGF-p production
induced by LTBP-2.

A) Effects of blocking antibodies to integrins on LTBP-2 stimulated TGF-B expression. MSU1.1
cells were pre-treated with blocking antibody for integrins B-1 (10 pg/ml), aVB3 (10 pg/ml) and
aVPB5 (10 ug/ml) for 2 h. The cells were then incubated with bioactive LTBP-2 fragment (LTBP-
2 C(H) or LTBP-2 C(H) F3) (concentration equimolar to 50nM rLTBP-2) for 15 h and the
conditioned medium was analysed for TGF- content (see material and methods). Control
incubation included LTBP-2 or bioactive fragment without antibody and BSA in the absence of
LTBP-2. Mean values + S.D. from triplicate wells are shown.

B) Increasing the concentration of anti-integrin oV B3 antibody caused little further attenuation of
LTBP-2 induced TGF- upregulation. The above experiment was repeated using two
concentrations of anti-integrin aVB3 (10 pg/ml and 20 pg/ml) prior incubation with LTBP-2 C F3
fragment (equimolar concentration of 5nM rLTBP-2). The conditioned medium was collected at
15 h and analysed for TGF-B content (see material and methods). Controls involved incubations
with anti-integrin antibody, or BSA in the absence of LTBP-2. Mean values = S.D. from triplicate
wells are shown. Doubling of the anti avb3 antibody concentration caused only a very slight
(although significant) additional reduction in TGF-B stimulation suggesting the blocking effect

was close to saturation.
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Figure 5.10. Schematic representation of possible signalling pathways involved in the production of TGF-p1 by LTBP-2.
LTBP-2 binds to an unidentifed receptor (perhaps complexed with alpha V beta 3 integrin) and induces sequential phosphorylation of
Akt and p38p pathways. This triggers c-JUN phosphorylation and TGF-f1 mRNA transcription. Arrows indicate positive (stimulatory)

effects. Inhibitors used to specifically block respective signalling molecules (pathways) are also depicted.
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CHAPTER 6: Discussion

6.1 LTBP-2 plays an important role in elastinogenesis and elastic fibre assembly

The research project presented in this thesis was aimed to increase our knowledge of the
functions of LTBP-2 in elastic fibre structure and assembly, growth factor storage and
upregulation, and disease processes. The present study showed (Chapter 2) that LTBP-2 blocks
rather than enhances the critical interaction of tropoelastin with fibulin-5, presumably by
competing with tropoelastin for binding to fibulin-5. Therefore it seems unlikely LTBP-2 forms
tertiary complexes as suggested by Hirai et al. (2007) since its binding site on fibulin-5 will be
blocked by tropoelastin. We suggested that LTBP-2 might be involved in release of elastin
globules from complexes with fibulin-5 during the deposition process. However, the N-terminal
fragment of LTBP-2 (LTBP-2 NT(H)) inhibits the fibulin-5 interaction with tropoelastin to a lesser
extent than the full-length molecule although all fibulin-5 binding activity is contained in this
fragment. The cause for this difference is uncertain but it may be due to a second tropoelastin
binding site at the N-terminal end of the fibulin-5 which is not completely blocked by fibulin-
5/LTBP-2 NT(H) interaction but can be blocked indirectly by the larger full-length LTBP-2
molecules. These results imply that LTBP-2 may function not only as a structural protein, but also

as a regulatory protein that modulates other elastic fibre components during elastic fibre assembly.

Recent studies from our lab revealed that LTBP-2 has a strong affinity for heparin/heparin
sulphate and has three binding sites located in the N-terminal region of the molecules which is
adjacent to the documented fibulin-5 binding site and at least one site in the central region as shown
in fig 7.1 (Parsi et al., 2010). Unidentified HSPGs appear to play a critical role in the formation of
the fibrillin microfibrils and in elastin deposition during elastic fibre assembly (Tiedemann et al.,
2001; Cain et al., 2005; Cain et al., 2008). HSPGs have been shown to assist aggregation of
tropoelastin secreted from cells to form elastin microassemblies via coacervation at the cell surface
(Clarke et al., 2006; Cain et al., 2008). Since LTBP-2 has a very strong affinity for heparin/heparin
sulphate and is associated with elastic fibre assembly, it was important to investigate the effect of

LTBP-2 on the interaction of tropoelastin with heparin. Interestingly, we found excess LTBP-2
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partially inhibited (up to approximately 65%) the interaction of tropoelastin with heparin. Even
though the inhibition was incomplete, the finding indicates LTBP-2 may able to compete with
some but not all tropoelastin binding sites on the heparin molecule. Our findings suggest LTBP-2
may assist the release of elastin-microassemblies from the cell by competing for binding with cell
surface HSPGs. The mechanism of how elastin microassemblies are released from cell surface to
be deposited on to fibrillin-microfibril it is still unclear and the subject of much research
(Wagenseil and Mecham, 2007). Confocal microscopy demonstrated extensive co-distribution of
LTBP-2 with fibulin-5, fibrillin-1 and fibronectin in the matrix elaborated by fibroblasts in culture
suggestive of a molecular interaction between LTBP-2 and fibulin-5 on the surface of the
microfibrils (Chapter 2). In addition, LTBP-2 partially localized with perlecan and syndecan-4
HSPGs suggestive of LTBP-2 interactions with HSPGs at cell surface and within the ECM (Sideek
etal., 2014). A similar study by other researchers (Hayes et al., 2014) has demonstrated strong co-
localisation of LTBP-2 with perlecan in the medial layer of the developing foetal aorta and foetal
human intervertebral discs (IVDs) suggesting LTBP-2 could potentially modulate some of HS-
dependent activities by competitively occupying of HS binding sites on perlecan. In addition,
LTBP-2 could play a role in the stabilization and organization of the interaction between fibrilin-
1 and the core protein of perlecan via HS-chains of perlecan. Further studies on the interaction of
LTBP-2 with HSPGs and other proteoglycan may provide major insights into elastic fibre
assembly.

Our hypothesis that LTBP-2 can be a negative modulator of elastinogensis was confirmed
when we showed that addition of recombinant LTBP-2 to ear cartilage chondrocytes cultures
blocked elastinogenesis in a concentration-dependent manner. Interestingly, fibrillin-1 deposition
into the matrix was only affected at much higher concentrations of LTBP-2 than those required to
block elastinogenesis. This indicated the elastin deposition is the major step inhibited by LTBP-2
rather than microfibril assembly. The exact mechanism(s) of LTBP-2 inhibition is unclear but
these studies point to two major interactions important in the elastinogenic process inhibited by
LTBP-2 in vitro, the binding of tropoelastin to a) heparan sulphate and b) fibulin-5. It is possible
that exogenous LTBP-2 may disrupt binding of tropoelastin to cell surface proteoglycans
inhibiting assembly of micro-aggregates and/or preventing assembly of tropoelastin-fibulin-5

complexes, inhibiting the normal deposition of elastin onto the fibrillin-microfibril scaffold
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(Halper and Kjaer, 2014). The influence of LTBP-2 during microfibril assembly remains unclear.
A recent study showed LTBP-2 and fibulin-5 localisation on "oxytalan™ fibres, which are
essentially pure bundles of fibrillin-microfibrils. Fibulin-5 was found to control the rate of
formation and essential for coalescence of these fibres (Nakashima et al., 2009). Interestingly,
LTBP-2 also controls the maturation of oxytalan fibres by negatively influencing the function of
fibulin-5 during coalescence of microfibrils and oxytalan fibres produced by cultured fibroblasts
(Tsuruga et al., 2012) which is consistent with our findings. Moreover, TGF-f signaling appears
to be involved in the oxytalan fibre coalescence (Tsuruga et al., 2012) and our work with bioactive
LTBP-2 fragments indicates LTBP-2 can elevate TGF-B in fibroblast cultures suggesting LTBP-2
could be directly involved during the coalescence of these fibres. Studies by Langton et al. (2011)
showed significant upregulation of LTBP-2 in epidermal skin with increasing age. Aged skin has
less elasticity and becomes more lax and wrinkled caused by disintegration of the normal elastic
fibre networks. Up-regulation of LTBP-2 in aged skin may be linked to reduction in its elasticity.
Overall our studies provided key evidence that LTBP-2 can have a negative regulatory role during

elastic fiber assembly.

Recent studies by Inoue et al. (2014) using an LTBP-2 null mouse model showed that
LTBP-2 is an essential component for the formation of microfibril bundles in ciliary zonules of
the eye. Even though the LTBP-2 knockout mice survive to adulthood, lens luxation is present
caused by compromised ciliary zonule formation. Fibrillin microfibrillar bundles were almost
absent from the ciliary zonules indicating LTBP-2 may have a role in the aggregation of fibrillin
microfibrils into bundles that provides the mechanical strength for the zonules (Inoue et al., 2014).
In addition, recombinant LTBP-2 promoted the formation of microfibril meshworks and restored
unfragmented and bundled ciliary zonules in organ cultures of LTBP-2 null mice eyes (Inoue et
al., 2014). Remarkably, the complete absence of LTBP-2 does not appear to affect elastic fibre
assembly in all tissues, since LTBP-2 null humans and mice develop normal elastic fibres except
for those of ocular tissues (Ali et al., 2009; Narooie-Nejad et al., 2009; Desir et al., 2010; Kumar
et al., 2010; Inoue et al., 2014). These phenotypes suggest that LTBP-2 may specifically control
the fine organization of the nascent elastic fibres in particular tissues. Formation of elastic fibres
may be functional in the absence of LTBP-2 except where fine, specialized elastic fibre

architecture is required, such as the ocular trabecular network. Alternatively, other matrix proteins
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may compensate for the lack of LTBP-2 in the other tissue where LTBP-2 is normally highly
expressed such as lung, aorta, and skin. Candidate proteins LTBP-1 and LTBP-3 are expressed in
the ciliary body, but they do not compensate for the lack of LTBP-2 suggesting that LTBP-2 has
an essential, specific function in ocular tissue. Further work is necessary to investigate fully the
role of LTBP-2 in other tissues where it is strongly expressed including fetal aorta and lungs.
Overall, the above studies support our findings in Chapter 2 that LTBP-2 can inhibit
elastinogenesis and reveal a potentially important role in elastic fibre biology.

6.2 Role of LTBP-2 in the requlation of growth factor activities

Several studies have now documented LTBP-2 involvement in several chronic genetic and
acquired diseases. Interestingly, a recent study reported a patient with Weill-Marchesani syndrome
(WMS) linked to a mutation in the LTBP-2 gene. Some affected patients also had varied Marfan-
like characteristics including tall structure, arachnodactyly, joint hyper mobility, osteopenia, aortic
stenosis and aortic valve problem and many of the phenotypes of WMS and Marfan syndrome
caused by altered TGF-B levels and signaling in these patients (Haji-Seyed-Javadi et al., 2012).
Since fibrillin-1 mutations also cause WMS and Marfan syndrome, this clearly confirms a
functional link between LTBP-2 and fibrillin-1 biology, especially relating to abnormal TGF-$
signaling. WMS is characterized by skeletal, cardiovascular and ocular defects as well as
exhibiting thickened fibrotic skin suggesting a connection between LTBP-2 and fibrosis.
Moreover, we also have evidence from our lab that LTBP-2 upregulates TGF-p in fibroblasts
(Chapter 5), a key mediator of fibrosis (Mauviel, 2005). We therefore investigated the relationship
of LTBP-2 to fibrosis (Haji-Seyed-Javadi et al., 2012) by determining LTBP-2 localisation and
expression in keloid and hypertrophic scar tissues. Both keloid and HTS tissues represent fibrotic
conditions caused by abnormal wound healing including excessive collagen production by
fibroblasts (Aarabi et al., 2007; Verhaegen et al., 2009). Previously, LTBP-2 synthesis has been
shown to increase following induced injury to arteries in a porcine model suggesting the
involvement of LTBP-2 in tissue repair processes and modulation of growth factor storage and
activity (Sinha et al., 2002). In addition, a significant increase of LTBP-2 mMRNA and protein level
was detected in end-stage heart failure in human patients and in a mice model accompanied by

obvious cardiac ECM remodelling and fibrosis (Gabrielsen et al., 2007; Wei et al., 2008; Bai et
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al., 2012). Thus LTBP-2 appears to be directly involved in the pathophysiology of heart failure
particularly with the development of cardiac remodelling and fibrosis. Interestingly, we found
LTBP-2 expression was greatly upregulated in HTS and keloid tissue compared to normal skin
and LTBP-2 consistently matched the distribution of fibrillin-1 microfibrils and elastin. This result
is consistent with previous studies showing that LTBP-2 is strongly co-localized with fibrillin
microfibrils and developing elastic fibres in fetal tissues and in tissue remodelling (Gibson et al.,
1995; Sinha et al., 2002). The findings support the idea that LTBP-2 has roles in elastic fibre
formation and regulation of microfibrils-associated growth factors.

6.3 Co-localization of LTBP-2 and FGFE-2 in fibrotic human tissues

Given the above evidence, it seems clear that LTBP-2 has some as yet unidentified role in
modulation of growth factor biology, storage and activity in fibrosis. Initially, we screened major
cytokines involved in the pathogenesis of fibrotic disorders that could potentially interact with
LTBP-2. We identified a very strong interaction of LTBP-2 with FGF-2, a well-known protein that
has important roles in range of processes including angiogenesis, tissue remodeling and wound
healing (Agasse et al., 2007; Mikroulis et al., 2007; Akita et al., 2008). Interestingly, proliferation
assays revealed that LTBP-2 inhibits FGF-2-induced fibroblast proliferation in vitro suggesting
LTBP-2 could inhibit anti-fibrotic functions of FGF-2 during fibrosis and wound healing. FGF-2
promotes differentiation, migration and proliferation in fibroblasts and has an influence on tissue
remodelling and wound healing (Ortega et al., 1998; Govindraj et al., 2006; Kardami et al., 2007).
More importantly, FGF-2 has been shown to have anti-fibrotic functions and promote healing in
many models of cell and tissue injury (Bikfalvi et al., 1997; Fu et al., 2000; Akita et al., 2008; Tan
et al., 2008). Studies by Ono et al. demonstrated that post-operative administration of FGF-2
inhibits hypertrophy widening of the lesion in chronic wound including HTS and keloid (Ono et
al., 2007). In addition, FGF-2 can attenuate fibrosis and promote healing by inhibiting the
SMAD2/SMAD3 intracellular signalling system of the TGF-1/SMAD-dependent pathway (Shi
et al.,, 2013). FGF-2 treatment also causes the down-regulation of TGF-B-induced collagen
production (Xie et al., 2008; Shi et al., 2013), upregulation of MMP1, the metalloproteinase
responsible for cleaving collagen (Eto et al., 2012), and reduction in IL-6 levels, a cytokine that

increases production of collagen and fibrosis in fibrosis (Duncan and Berman, 1991; Ray et al.,
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2013). Following tissue injury, multiple FGF-2 molecules are released by proteases and
heparanases activity and complexed to HS chains and subsequent interaction with cell surface
FGF-receptors causing clustering of the FGFR molecules. This stimulates and enhances several
major signaling pathways including RAS/MAPK, PI3k/Akt, PLC-y, and ERK1/2 pathways
(Kardami et al., 2007; Yu et al., 2007; Schultz and Wysocki, 2009). Interestingly, both the central
heparin binding region and the FGF-2 binding site on LTBP-2 are present within six calcium-
binding EGF-like motifs (EGFs 9-14) (Menz et al., 2015) suggesting LTBP-2 could modulate
FGF-2 release and activation via inhibiting FGF-2 complexing with HS chains. Perlecan is a
candidate HSPG for such an interaction. It is involved in cellular differentiation and proliferation,
angiogenesis, osteogenesis and chondrogenesis (Gomes Jr et al., 2004; Knox and Whitelock,
2006). Many of these processes depend on the interaction with a large number of components
through HS side chains of perlecan which sequester growth factors including FGF-2, BMPs, VEGF
and PDGF (Whitelock et al., 1999; Zoeller et al., 2009; Lord et al., 2014). The HS chains on
perlecan have been shown to sequester and present FGF-2 to its cognate cell surface receptors.
Our binding studies suggested LTBP-2 could potentially modulate FGF-2 storage and activity by
binding to perlecan and FGF-2, blocking the activity of FGF-2-heparan sulphate complexes.

The fibroblast cultures proved not to be a suitable model to study the interaction of LTBP-
2 and FGF-2 since FGF-2 is stored intracellularly and only secreted from cells following tissue
insult, immunohistochemical analysis was undertaken in human fibrotic skin samples (Schultz and
Wysocki, 2009). Interestingly, FGF-2 was also found to be strongly co-localized with LTBP-2 in
both fibrotic HTS and keloid skin from several patients (Chapter 4) suggesting that synthesis rate
for both proteins was greatly up-regulated in the fibrotic condition. Importantly, these studies also
indicated that the two proteins might directly interact and influence the biological activity of each
other in vivo. Since LTBP-2 depends on fibrillin-1 microfibrils for incorporation into the ECM,
loss of microfibril structure is likely to disrupt matrix sequestration of LTBP-2 and any attached
protein such as FGF-2 (Vehvilainen et al., 2009). It maybe that elevated LTBP-2 exacerbates the
fibrotic process by removing active FGF-2 from the repairing tissue, inhibiting its contribution to
wound repair. The study suggested that LTBP-2 might act as a matrix store of latent FGF-2 or as
a mechanism for removal of excess active FGF-2 during tissue repair and remodelling.

Alternatively, LTBP-2 could bind FGF-2 and direct it to the wound area and modulate the release
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and activation of FGF-2 depending on the stage of wound healing process. It remains unclear
which stages of fibrosis show elevated expression of LTBP-2 and FGF-2. Further research using
cellular and animal models of fibrosis will be useful to elucidate the exact role of LTBP-2 and its
influence on FGF-2 in the various stages of the process.

6.4 LTBP-2 stimulates the expression and secretion of TGF-$

For some years, knowledge regarding the role of LTBP-2 role in TGF-f modulation
remained enigmatic and very limited. Studies from our lab demonstrated that LTBP-2 specifically
binds to fibrillin-1 rather than fibrillin-2 and competes with LTBP-1 to bind with fibrillin-1. This
lead to our hypothesis that LTBP-2 may indirectly increase TGF-B bioavailability by releasing
LTBP-1 from microfibrils through competitive binding. However, our studies in Chapter 5
revealed that addition of exogenous LTBP-2 to the medium of cultured human MSU 1.1 fibroblasts
led to an increase in TGF-B levels in the conditioned medium but the increase in TGF-§ was found
to be fresh synthesis by the cells rather than displacement of matrix-stored TGF-p. We also
identified a region consisting of an eight-cys motif (2" domain) flanked by pairs of EGF-like
repeats (14-17 EGF-like domain) in the central region of LTBP-2 (LTBP-2C F3) which contains
the TGF-B activating site (see figure 7.1). This finding fits with other research suggesting LTBP-
2 may be involved in regulation of TGF-f3 expression, storage and activation within tissues (Krohn,
1999; Hirani et al., 2007; Haji-Seyed-Javadi et al., 2012). Both LTBP-2 and fibrillin-1 mutations
cause MWS and Marfan-like traits and both phenotypes are believed to involve aberrant TGF-
signaling (Faivre et al., 2003; Blyth et al., 2008; Haji-Seyed-Javadi et al., 2012). In a rat model,
reduction of LTBP-2 mRNA inhibits TGF-B activity strongly suggesting LTBP-2 as a positive
regulator of TGF-f activation (Krohn, 1999). However the exact mechanism involved in the
regulation of TGF- by LTBP-2 remains unresolved and our studies are the first to address the
direct association between LTBP-2 and TGF-B. Our studies showing that LTBP-2 directly up-
regulates TGF-P expression provides the best explanation of the function of LTBP-2 in regulation
of this growth factor. It is well documented that increased levels of TGF-f are correlated with
tumor progression and metastasis by inducing tumor angiogenesis and providing
immunosuppressive effects in a wide variety of cancers (Gold, 1999; Katsuno et al., 2013; Gao et
al., 2014; Yang et al., 2014; Chen et al., 2015). Could LTBP-2 be involved in this process?
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Interestingly Immunohistochemical studies have demonstrated that among esophageal carcinoma
patients with distant metastatic tumors, those with low expression of LTBP-2 had longer survival
times (Chan et al., 2011). Taken together with our studies, the evidence suggests that that LTBP-
2 may stimulate TGF-p levels directly in such tumors, enhancing their proliferation and invasive
properties. This provides a possible explanation for the inverse correlation of high LTBP-2 and
survival in esophageal carcinoma patients (Chan et al., 2011). An alternative explanation is that
LTBP-2 also upregulates macrophage chemoattractant protein-1 (MCP1), a proangiogenic
chemokine that regulates migration and infiltration of macrophages into tumor sites. Remarkably,
an increase of LTBP-2 expression also has been observed in various tumor cells from liver, lung,
ovarian and esophageal cancers. For example, LTBP-2 was found to be significantly expressed in
a large group of pancreas ductal adenocarcinomas and in mouse and human tumor stroma samples
(Turtoi et al., 2011). (Vehvilainen et al., 2003; Yoshihara et al., 2009; Chan et al., 2011; Ren et
al., 2015). LTBP-2 is significantly overexpressed in cervical adenocarcinoma compared to normal
cervix and its expression is associated to clinical stage, invasion depth, cervical tumor size, and
cervical lymph node metastasis stroma suggesting LTBP-2 may participate in the pathogenesis of
cervical cancers (Ren et al., 2015). Moreover, knockdown of LTBP-2 expression can inhibit
proliferation and invasive ability of human cervical cancer cells (HeLa cells) further supporting
the notion that LTBP-2 may promote the growth and progression of cervical cancer cells. Thus
LTBP-2 is a potential prognostic marker in the clinical evaluation of patients with cervical
adenocarcinoma and other cancer types (Ren et al., 2015). In addition, LTBP-2 levels in the blood
were raised in patients dying from pulmonary causes and the protein may be a novel predictor of
all-cause mortality (Breidthardt et al., 2012). Thus further investigation of LTBP-2 in cancer and
other life threatening diseases is warranted.

TGF-B regulation is complex and can involve several stages, including transcription,
translation, secretion and activation of the molecule. Moreover, activation of the same signalling
pathways by TGF-B can lead to different outcomes depending on the context of the cell. For
example, administration of apoptotic cells onto inflammatory sites induced immediate release of
TGF-B caused by its liberation from the cells rather than new protein synthesis (Huynh et al.,
2002). To determine if LTBP-2 upregulation of TGF-B expression in fibroblasts was the result of
a direct interaction of LTBP-2 with the cells, we initiated a study of the intracellular signalling
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pathways upregulated after 30 mins of exposure to LTBP-2. We detected phosphorylation of Akt
and p38 but not ERK Although ERK was not activated in our tests the involvement of ERK and
other MAPKSs in the up-regulation of TGF-f by LTBP-2 cannot be ruled out since we only
observed the phosphorylation of these molecules at a single time-point. Involvement of the Akt
and p38 pathways was confirmed using specific inhibitors of these major signalling pathways that
resulted in suppression of LTBP-2 induced TGF-f upregulation. It was evident that stimulation of
both pathways was essential for the increase in TGF-f production. The findings are consistent with
other studies showing blockade of Ras/PI3K/Akt pathways reduces the expression of TGF-§ in
mouse osteosarcoma cells (Tsubaki et al., 2011) and macrophages treated with liposomes
composed of phosphatidylserine (PS-liposomes) (Otsuka et al., 2007). Xiao et al. (2008)
demonstrated that apoptotic cells up-regulate TGF-p mRNA expression through p38 MAPK, ERK
and JNK pathways, and enhance protein translation through RhoA/PI3K/Akt/mTOR/elF4AE
pathways. However, the identity of the cell surface receptor(s) responsible for triggering these
cascades is not clear (Xiao et al., 2008). Interestingly in our studies, we found involvement of p38
MAPK and Akt signaling pathways in up-regulation of TGF-p by LTBP-2. Further research is
needed to determine the detail mechanism of the activation of other MAPK pathways possibility
by measuring the phosphorylation level and specific inhibition of these pathways at different time
points following stimulation by LTBP-2. Changes in some important tumor-related genes,
including the MAPKSs pathway (p38 MAPK, ERK and JNK), PI3K-Akt signalling pathways and
receptor tyrosine kinase pathways (VEGF, EGFR, FGFR1) have been observed after knockdown
of LTBP-2 in HeLa cells, suggesting LTBP-2 could influence the invasive and metastatic potential
of cancer cells by modulating these signaling pathways (Ren et al., 2015). Elevated levels of
LTBP-2 could potentially disrupt the normal network of these pathways leading to upregulation
of cytokines and growth factors, especially TGF-f. However, more studies are needed to explore

the underlying mechanisms mediating the effects of LTBP-2 on cell signaling in different cell

types.

The results of our signalling experiments suggested that LTBP-2 mediated TGF-$
upregulation could involve direct binding of LTBP-2 to a cell surface receptor such as an integrin.
Vehvilainen et al. (2003) showed that LTBP-2 supports melanoma cell adhesion and migration via

a3pB1 and a6P1 integrins. However generally LTBP-2 acts as an anti-adhesive matrix component
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for other cells such as embryonic lung fibroblasts, and LTBP-2 is linked to the modulation of
fibroblast migration in the lung and other tissues. (Hyytiainen and Keski-Oja, 2003; Vehvilainen
et al., 2003). The only known integrin binding region is in a cysteine-free region situated towards
the N-terminal domain which is not present in either bioactive fragment LTBP-2C or LTBP-2C
F3. However, the involvement of an unknown integrin(s) interaction with LTBP-2C F3 was a
strong possibility since integrins are the major receptor family involved in mediating cell-matrix
signaling processes regulating a wide variety of cellular functions (Hynes, 1992; Giancotti and
Ruoslahti, 1999). Thus, it was interesting to test whether an integrin receptor was involved in
LTBP-2 activation of signalling pathways causing elevation of TGF-B. By using blocking anti-
integrin antibodies in the TGF-P stimulation assays, we found the integrin o V33 receptor partially
inhibited the expression of TGF-B-induced by bio-active fragment LTBP-2 F3. On the other hand,
the whole family of B1 integrins was ruled out. The integrin aV33 has been the focus of intensive
research because of its major role in several biological process and diseases, including macrophage
migration and activation, angiogenesis and tumor metastasis (Brooks et al., 1994; Felding-
Habermann et al., 2001). A study by Cheresh and Stupack (2002) demonstrated that cell anchorage
to ECM through a'V33 integrin is critical for driving survival signals whereas the unbound integrin
leads to apoptosis indicating this integrin, in addition to an adhesive function, has a role in
regulation of cell survival and proliferation. Several studies have reported that over-expression of
integrin VB3 significantly enhances tumor progression and metastatic activities of cancer cells,
and the integrin is a proposed target to restrain cancer proliferation and progression (Drake et al.,
1995; Stucci et al., 2015). Mice lacking integrin aVB3 develop defective mammary remodeling
during pregnancy (Seguin et al., 2015). Moreover, blocking V3 integrin has been shown to
restrain tumor progression in mice through the inhibition of angiogenesis (Desgrosellier and
Cheresh, 2010; Weis and Cheresh, 2011).

Since doubling the blocking antibody concentration and reducing LTBP-2 concentration
caused no significant further inhibition of the LTBP-2 stimulation, there is a possibility that
another(s) main receptor is also involved in the activation of the signal which leads to TGF-f
stimulation. Some integrins including aVB3 may be act as a non-essential enhancer and can
stimulate signalling pathways independently, but more often they act synergistically to elicit a full

signalling response by modulating the binding of growth factors or cytokines to their receptors
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(Assoian and Schwartz, 2001; Alam et al., 2007; Mori et al., 2015). Integrin V3 also could serve
to amplify signal-generating capacity by clustering with growth factor receptors and binding
partners directly or indirectly (Seguin et al., 2014; Seguin et al., 2015). Integrin aVp3 can up-
regulate several growth factor receptors (including FGFR1 and FGFR2 and receptors for VEGF,
TGF-B, insulin, EGF, and platelet-derived growth factor-p) and interact with cell surface HSPGs,
signifying the functional activities of these growth factor receptors are synergistically and
dynamically controlled by aVp3 integrin (Tsou and Isik, 2001; Wilder, 2002; Kim et al., 2011).
The increased expression of these receptors is blocked by exposure to anti- aVB3 integrin
antibodies suggesting critical roles for the integrin in regulating or clustering of important cell
surface molecules involved in cell survival, growth, invasion and migration through the ECM
(Tsou and Isik, 2001). For example, the interaction between PDFGR and aVp3 integrin is
important for cell motility and it appears to have an antagonistic effect on reactive oxygen species
production which is important in regulating various cellular functions (Heldin et al., 1998;
Woodard et al., 1998; Lin et al., 2013). Studied by Schneller et al. (1997) have demonstrated the
effects of PDGF on downstream signaling were significantly enhanced when cells were cultured
in the aVP3 ligand vitronectin. A potential main receptor for the LTBP-2 interaction with cells
leading to TGF-B stimulation could be vascular endothelial growth factor receptor-1/2
(VEGFR1/2) since it is highly expressed in fibroblast cells and can complex with aVB3 integrin
in an interaction that is crucial for a number of cellular functions (Somanath et al., 2009). The
aVB3 integrin and VEGFR2 form a complex wherein VEGFR2 activates the VB3 integrin and
the activated integrin sustains VEGFR2 signalling demonstrating the important of synergy
between the two cell surface receptors systems in the functional responses of cells including cell
migration and survival (Mahabeleshwar et al., 2007; Rapraeger et al., 2013). Interestingly,
blocking of VEGFR reduces the pathophysiological of allergic airway disease including reduced
airway hyper-responsiveness, numbers of inflammatory cells and peribronchial fibrosis caused by
increased levels TGF-p (Lee et al., 2008). Moreover, inhibition of VEGFR attenuates
peribronchial fibrosis and TGF-B production through a PI3K/Akt signaling pathway. These
findings are consistent with our studies and others that activation of the Akt pathway is important
for TGF-B expression (Li et al., 2005). In addition, p38 MAPK is activated by VEGFR2 in shear
stress-induced angiogenesis and p38 phosphorylation by VEGFR2 is necessary for in vitro

endothelial cell tube formation (Gee et al., 2010). The evidence strongly supports the idea that
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LTBP-2 elevates of TGF-f expression via the p38 signalling pathway through a complex of AVB3
integrin with an unidentified main receptor possibly from a growth factor receptor family. a V3
integrin may enhance the signaling event initiated by the LTBP-2/receptor complex leading to
increased expression of TGF-B. Further research possibly using co-immunoprecipitation
techniques will be useful to elucidate the specific binding complex of LTBP-2 with the elusive cell

surface receptor.

There is also a possibility that cell surface HSPGs act to enhance the activation of TGF-§
upregulation pathway via interaction with LTBP-2 and potentially a aVB3 integrin/receptor
complex. A study by Gao and Brigstock (2004) found that connective tissue growth factor
(CTGF) induced adhesion of hepatic stellate cells by binding to aVP3 integrin and HSPG. HSPGs
has also been shown to mediate the stimulatory activity of thrombospondin-1 on aVp3 integrin to
promote melanoma cell spreading and focal adhesion kinase phosphorylation (Sipes et al., 1999).
Interaction between HSPGs and integrins are crucial in various diseases including metastatic
cancer where epidermal growth factor receptor 2 promotes tumor cell survival in vitro via
interaction with a6B4 integrin and syndecan-1 (Wang et al., 2010; Soares et al., 2015). Interaction
between CTGF and HSPG/integrin receptors is essential for the development of fibrosis and
blocking this interaction could lead to development of anti-fibrotic therapies (Leask, 2011).
Interestingly, full length LTBP-2 and LTBP-2C fragment showed stronger activation and
phosphorylation of the Akt and p38 MAPK signaling molecules compared to LTBP-2C F3 which
lacks heparin binding activity. This finding suggests that HSPGs is not essential for, but may
enhance, the interaction between LTBP-2 and the cell surface necessary for activation of signaling
pathways causing TGF-B upregulation. Further research is required to reveal the full nature of the
LTBP-2 interaction(s) with the cell surface responsible for stimulating TGF-B expression and

secretion.

The potential role of LTBP-2 in fibrotic disease pathogenesis

Overall, our findings demonstrate a complex but potentially important relationship
between LTBP-2 and TGF-f regulation and bioactivity. TGF-B is normally stored on fibrillin
microfibril and mutations in the FBN1 gene, which encodes fibrillin-1, causes excessive TGF-f
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signaling contributing to the pathogenesis of many diseases including MFS, WMS and acromicric
dysplasia (Robinson and Godfrey, 2000; Kaartinen and Warburton, 2003; Neptune et al., 2003; Le
Goff et al.,, 2011; Benke et al., 2013; Tjeldhorn et al., 2015; Zeyer and Reinhardt, 2015).
Interestingly, fibrillin-1 knock-down does not affect the ECM association of LTBP-1, which is
part of the large latent TGF-B complex involved in matrix sequestering of TGF-f suggesting
fibrillin-1 is not needed for LTBP-1 matrix deposition (Dallas et al., 2005; Vehvilainen et al.,
2009). In contrast, recent studies demonstrated that the incorporation of LTBP-2 into the matrix of
cultured human fibroblasts is dependent on fibrillin-1, although LTBP-2 binds to the same site in
fibrillin-1 as LTBP-1 (Hirani et al., 2007; Vehvilainen et al., 2009). Since LTBP-1 binds to
fibrillin-2 whereas LTBP-2 does not, it is possible fibrillin-2 mediates the deposition of LTBP-1
in the ECM when fibrillin-1 is not present (Isogai et al., 2003; Hirani et al., 2007). However, since
LTBP-2 does not bind fibrillin-2 (Hirani et al., 2007) it is incapable of compensating for the loss
of fibrillin-1 in the processes of LTBP-2 deposition and storage. Taken together, our results
suggest that disruption of LTBP-2 deposition due to lack of fibrillin-1 microfibrils may allow free
LTBP-2 or bioactive fragments to stimulate cells causing upregulation of TGF-f synthesis and
secretion. This process may in turn contribute to the aberrant TGF-f signalling characteristic of
microfibrillopathies MFS and WMS, other TGF-B-associated diseases, and fibrosis (Roberts et al.,
1986; Gold, 1999; Harradine and Akhurst, 2006).

TGF-B is extensively involved in the development of fibrosis in various organs
(Broekelmann et al., 1991; Border and Noble, 1994; Branton and Kopp, 1999; Ruiz-Ortega et al.,
2007; Pohlers et al., 2009). Persistently elevated TGF-p levels is a key element for the
pathogenesis of tissue fibrosis in most organs causing chronic diseases including pulmonary, liver,
cardiac and renal fibrosis, and development of aberrant scars and scleroderma (Wynn, 2008;
Goodwin and Jenkins, 2009; Pohlers et al., 2009). In fibrosis, aberrant TGF-f activity increases
fibrogenesis and results in massive progressive deposition of fibrous matrix causing functional
impairment and structural distortion of affected organs and tissues. However, there has been little
study of the influence and function of LTBP-2 in abnormal wound healing and fibrosis. To the
best our knowledge, the present study is the first to relate LTBP-2 to fibrosis and wound healing.
Our studies demonstrated that LTBP-2 highly expressed in fibrotic tissues, especially in fibrotic

keloid skin and hypertrophic scars suggesting the involvement of LTBP-2 in fibrogenesis.
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Interestingly, we found LTBP-2 completely blocked the proliferation of fibroblast stimulated by
FGF-2 supports our hypothesis that LTBP-2 could potentially modulate FGF-2 bioactivity during
fibrosis. This idea was strengthened by examination of fibrotic tissues where LTBP-2 colocalises
strongly with FGF-2 suggesting LTBP-2 may contribute to the fibrosis by binding and inhibiting
FGF-2 activity during tissue repair process. Interestingly, recent findings demonstrated FGF-2 can
inhibit TGF-B induced fibrosis via downregulation of TGF-B1 activity by inhibiting the
SMAD2/SMADZ3 signalling system of the TGF-B1/SMAD dependent pathway (Shi et al., 2013).
Thus LTBP-2 may also indirectly up-regulate TGF-B by binding and inactivating FGF-2. Since
LTBP-2 has also now been shown to directly increase in TGF-p expression within fibroblasts
(Chapter 5), it seems likely LTBP-2 could also directly increase TGF-B levels in fibrotic
conditions. It is worth noting that there is significant increase of both LTBP-2 and TGF-f mRNA
expression in human hypertrophic scar compared to normal skin (Chapter 4). Therefore these
findings provide evidence supporting our hypothesis that LTBP-2 may play a significant role in
fibrogenesis and tissue repair by inhibiting FGF-2 activity and increase TGF-§ expression, which

may worsen the fibrotic condition.

6.5 The domain organization of the human LTBP-2 protein

LTBP-2 NT(H) LTBP-2 C(H) _LTBP-2 CT(H)
) o TGF-B B ]
FGF-2 stimulating region
Hep 1Hep 2 Fib-5 Fibronectin ¥ ¥

!

T

Hep 3 Integrin Undefined Hep Fibrillin-1
binding sites

Fig 7.1 Domain structures of LTBP-2, showing molecular interaction sites identified in vitro.
The LTBP-2 gene encodes a 195-240kDa protein containing 20 cbEGF repeats, three 8-Cys

motifs, and one hybrid 8-Cys motif interspread with proline-rich regions.
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In the present study, we have added new binding sites and molecular activities to the
molecular map of LTBP-2 map as illustrated in Fig 7.1 (red). The N-terminal region of LTBP-2
contains the binding site for fibulin-5 which appears to be a negative modulator of elastic fibre
assembly by interacting with fibulin-5 and inhibiting its interaction with elastin. Moreover, the N-
terminal region also contains three major binding sites for heparin/HSPGs, adjacent to the fibulin-
5 binding site. LTBP-2 shows strong interaction with the cell surface HSPG, syndecan-4 and
basement membrane HSPG, perlecan. Our findings provide evidence that LTBP-2 may compete
with tropoelastin for binding to cell surface HSPG and control the release of elastin micro-
assemblies from the cell surface. Using a series of recombinant LTBP-2 fragments, a single
binding sites for FGF-2 was identified in a central region of LTBP-2 consisting of six EGF-like
motifs (LTBP-2C F2) (Fig 7.1). We found LTBP-2 also inhibited FGF-2-induced fibroblast
proliferation and LTBP-2 and FGF-2 showed strong co-localisation in fibrotic keloid skin,
suggesting LTBP-2 may inactivate FGF-2, inhibiting its contribution to wound healing and
perpetuating the fibrotic process. We found exogenous LTBP-2 stimulates expression and
secretion of TGF-B1 in MSU 1.1 fibroblasts and this stimulating activity maps to a central region
of LTBP-2 consisting of an eight -cys motif flanked by pairs of EGF-like repeats (LTBP-2C F3)
(Fig 7.1). This finding has major implications and significance in understanding the role of LTBP-
2 in TGF- modulation which has been unresolved until now. Interestingly, the LTBP-2C F3
region on LTBP-2 is the same region that binds latent TGF-B on LTBP-1. This leads us to suggest
that LTBP-2 may function as positive regulator in the control of expression of new TGF-3, where
LTBP-1 modulates the activity of TGF-p in ECM. There is also possibility of binding sites for
integrin aVP3 in complex with an unknown major receptor on this fragment which activates the
signaling pathway leading to TGF-f stimulation. In addition, our studies proposed that HSPGs
binding sites on adjacent fragment (LTBP-2C F2; see fig 7.1) may enhance the interaction of
LTBP-2 with the cell surface receptor complex and the activation of signaling pathways. Together
these studies strengthen the idea that LTBP-2 may play important roles in the regulation of growth
factors especially TGF-p and FGF-2 and provides essential information on how LTBP-2 may
influence TGF-B and FGF-2 disregulation in severe fibrotic disorders which have no effective
treatment. Thus the findings from this study may eventually lead to the development of novel
therapeutic targets for attenuation of fibrotic disorders and enhancement of tissue repair

mechanisms.
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CHAPTER 7: Conclusions and Future Directions

7.1 Conclusion

Overall, the findings presented within this thesis presented LTBP-2 as an important matrix protein
in elastinogenesis and in modulating growth factor expression and activity. Since LTBP-2 does
not bind covalently to latent TGF-B in contrast to other LTBPs in family, the potential role of
LTBP-2 in growth factor biology has been largely ignored. However, our findings demonstrated
LTBP-2 could have a more crucial role in regulating TGF-p bioactivity than initially anticipated.
Our studies provide important information on how LTBP-2 may influence TGF-f§ and FGF-2
bioactivity in fibrosis and thus have some role in severe fibrotic disorders of kidney, lung,
cardiovasculature and skin which have no effective treatment. Elucidation of the role of LTBP-2
in elastic fibres and wound healing will provide insight into repair mechanisms and why LTBP-2-
deficient patients exhibit osteopenia. Further studies revealing the full spectrum of LTBP-2
functions may eventually lead to the development of novel therapeutic targets for attenuation of

elastic fibres associated disorders and enhancement of tissue repair mechanisms.

7.2 Future directions

The research presented in this thesis leaves many promising opportunities open for future research.
These following future directions of investigation on LTBP-2 will certainly strengthen our
understanding of full spectrum of biological and structural function of LTBP-2:

1. In Chapter 1 we have discovered the potential function of LTBP-2 as negative
modulator of elastinogenesis. However, the specific fragment/sites on LTBP-2 that are
responsible for the inhibitory effects on elastinogenesis remain unclear. Thus it would
be interesting to map specific LTBP-2 regions important for elastinogenesis by
repeating the cell culture assembly experiment in the presences of series of fragments
spanning the LTBP-2 molecule. The interaction between LTBP-2 and cell HSPGs

during elastinogenesis still not fully elucidated. Our studies in vitro indicate that LTBP-
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2 could be involved in displacing elastin-HSPGs complexes from the cell surface and
LTBP-2 could negatively modulate the function of fibulin-5. Thus it would be valuable
to repeat the elastinogenesis experiments in chondrocyte cultures in the presence or
absence LTBP-2, fibulin-5 and heparin and perhaps other elastic fibre associated
molecules including MAGPs and EMILIN-1 to understand the full picture of elastic
fibre assembly. It also will be interesting to study the role of LTBP-2 in elastic fibre
assembly using LTBP-2 -/- mouse cells in culture by investigate the elastinogenesis
and fibrillogenesis assembly compared to normal cells. Moreover, it would be also
useful to investigate gene expression of collagens, elastin, fibrillins, microfibril-
associated proteins and relevant growth factors including TGF-p and FGF-2. The
experiments above may lead to new therapies for elastic tissue disorders such as

emphysema and vascular aneurysms.

. Our findings in Chapter 3,4, and 5 have provided evidence that LTBP-2 might be
involved in fibrosis by modulating the expression and bioactivity of TGF-f3 and FGF-
2. It will be interesting to investigate the influences of LTBP-2 in fibrosis and wound
healing using fibrotic mouse models where LTBP-2 can be administrated to the model
at different points during the fibrotic process. Further experiment using LTBP-2 null
mice could elucidate the effect of LTBP-2 on fibrotic diseases and wound healing. It
would be useful to determine the resistance to development of fibrotic diseases and
wound healing impairment in LTBP-2 -/- mice especially in lung fibrosis and

scleroderma.

Due to the time limitations, the elevation of TGF-f levels was only studied in normal
fibroblast cells. It will be worthwhile to determine if exogenous LTBP-2 or its
fibrogenic fragments elevates TGF- expression and secretion in fibrotic skin cells in
the same way as normal cells. In addition, the expression and matrix deposition of
LTBP-2, FGF-2, TGF-B and fibrotic marker genes, collagen I and III and smooth
muscle actin can be compared between the fibrotic skin cell cultures and normal skin

cells. Furthermore, by using specific sSiRNA to knock down a target gene, the effects
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of LTBP-2 and/or FGF-2 gene knock downs on fibrotic marker genes and collagen

deposition could be measured and compared in cellular models of fibrosis.

. Since our studies have shown that an unknown main receptor(s) could be involved in
activation of signalling pathways leading to TGF-beta upregulation, it would be useful
to identify the cell surface receptor(s) interacting with the bioactive fragment of LTBP-
2 possibly by using combination of cross-linkers and tandem affinity purification. In
addition, inhibitors of candidate receptors such as VEGFR could be tested to identify
the cell surface LTBP-2 receptor by directly blocking its activity. Once the surface
receptor(s) is identified, inhibitory peptide or antibody could be used to determine the
effect of fibrosis markers of blocking that receptor. Because of the time limitations, the
effect of LTBP-2 on phosphorylation of signalling molecules only were measured on
single time point (30 minutes); therefore, the signalling pathways profile over time
following LTBP-2 treatment needs to be further evaluated. Moreover, future studies
should investigate the involvement of other potential signalling molecules including
RAS, RAF, MEK1, TAK1, JNK1/2 and pPSMAD regulatory systems to elucidate the
full map of LTBP-2 signalling pathways. The above studies may also identify new
ligands for LTBP-2 and discover novel matrix related LTBP-2 activities which could

lead to potential therapeutic targets for fibrotic diseases.
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