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Abstract

Thrombospondin 1(TSP1) plays major roles in both physiologic and pathologic tissue repair.
TSP1 through its type 1 repeats is a known regulator of latent TGF-f activation and plays a role in
wound healing and fibrosis. Binding of the TSP N-terminal domain to cell surface calreticulin in
complex with LDL-receptor related protein 1 stimulates intermediate cell adhesion, cell migration,
anoikis resistance and collagen expression and matrix deposition in an in vivo model of the foreign
body response. There is also emerging evidence that TSP EGF-like repeats alters endothelial cell-
cell interactions and stimulate epithelial migration through transactivation of EGF receptors. The
mechanisms underlying these functions of TSP1 and the implications for physiologic and
pathologic wound repair and fibrosis will be discussed.

Keywords
thrombospondins; calreticulin; EGF receptors; wound repair; fibrosis; TGF-

1. Introduction

Tissue repair is a highly orchestrated process involving cell specific, temporally and
spatially regulated responses, which include hemostasis with platelet aggregation, deposition
of a provisional extracellular matrix (ECM), inflammatory cell recruitment, fibroblast
proliferation and angiogenesis, replacement of the provisional ECM with cell type specific
ECM, and finally capillary and fibroblast regression with re-epithelialization (Diegelmann
and Evans, 2004). In contrast, fibrosis represents dysregulation of tissue repair processes and
is characterized by excessive deposition of a fibrillar collagen-rich ECM, induction and
proliferation of contractile, ECM-producing myofibroblasts, and variable inflammation, the
sum of which results in replacement of the normal parenchymal architecture with non-
functional scar tissue.

The matricellular protein thrombospondin 1 (TSP1) is a complex multi- functional protein
released from platelet a-granules, incorporated into the fibrin clot, and expressed by cell
types that participate in wound healing responses in a temporally regulated manner (Agah et
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al., 2002; DiPietro et al., 1996; Murphy-Ullrich and Mosher, 1985; Raugi et al., 1987; Reed
et al., 1993). TSP1 regulates multiple cellular events involved in tissue repair including
hemostasis, cell adhesion, migration, proliferation, ECM expression and organization, and
regulation of growth factor activity (Adams and Lawler, 2004, 2011). In addition to
physiologic repair, TSP1 is also expressed at elevated levels in many tissues undergoing
fibroproliferative remodeling and blockade of specific actions of TSP1 or loss of TSP1
expression can attenuate pathologic tissue remodeling (Daniel et al., 2007; Hugo, 2003;
Poczatek et al., 2000).

There are excellent recent reviews which discuss the functions of the broader
thrombospondin family (Adams and Lawler, 2011) or the role of Group A thrombospondins
in wound healing, ischemia, and the foreign body response (Kyriakides and Maclauchlan,
2009). In this review, we will focus primarily on aspects of TSP1 function relevant to tissue
repair and fibrosis which have not been addressed extensively elsewhere. These functions
include latent TGF-p activation, signaling of intermediate cell adhesion and collagen
stimulation through calreticulin (CRT)-LRP1, and its emerging role as a regulator of EGF
receptor signaling.

2. TSP1 activation of latent TGF-

2.1 Background and mechanisms

In the late 1980s we observed effects of platelet derived TSP1 on the growth of bovine
aortic endothelial cells which could not be blocked by cocktails of available anti-TSP1
antibodies. This led us to investigate possible contaminating proteins in our TSP1
preparations. At the suggestion of Dr. Vishva Dixit, we treated TSP1-stimulated cultures
with anti-TGF-p neutralizing antibodies, since TGF-f is abundant in platelet a-granules.
Interestingly, our effects on endothelial growth and morphology in TSP1-treated cultures
were reversed by blockade of TGF-B activity (Murphy-Ullrich et al., 1992). Further
investigation of platelet TSP1 preparations provided by several different labs all showed
traces of bioactive TGF-B. TSP1 specifically binds to purified radiolabeled active TGF-f
and TGF-P bioactivity co-eluted with TSP1 in platelet releasates (Murphy-Ullrich et al.,
1992). Since heparin, ao-macroglobulin or fibronectin could not disrupt TSP-TGF- binding
and decorin had only a modest displacement effect, it was initially thought that TSP1-TGF-8
complex formation functioned to protect TGF-f from endogenous inhibitors or perhaps
prevent sequestration in the extracellular matrix. Platelet TSP1 depleted of “contaminating”
TGF-B still retained TGF-p-dependent effects on endothelial growth inhibition. This activity
was explained by the observation that incubation of TSP1 depleted of associated TGF-f3
activity with either purified large or small latent TGF- complex converts the latent growth
factor to the biologically active form (Schultz-Cherry and Murphy-Ullrich, 1993; Schultz-
Cherry et al., 1994b). TSP1 binds to the latent TGF-p complex through specific sequences in
the type 1 repeats or thrombospondin repeats (TSRs) and induces activation through
stimulation of a conformation change in the latent complex. Importantly, activation occurs
independent of proteolytic activity and does not require interactions with cells (Schultz-
Cherry et al., 1994a; Schultz-Cherry and Murphy-Ullrich, 1993). Furthermore, as TGF-$ can
retain its biological activity when bound to TSP1, this suggests that TSP1 might facilitate
presentation of active TGF-p to cell surface receptors. (Murphy-Ullrich et al., 1992; Schultz-
Cherry et al., 1994b). This would be consistent with other mechanisms of latent TGF-f3
activation such as integrin-dependent or mechano-dependent activation identified
subsequent to our findings with TSP1 (Munger et al., 1999; Wipff et al., 2007). Activation
via these mechanism requires a) tethering of the latent TGF-p complex into the extracellular
matrix, typically through binding of the latent TGF-B binding protein to fibrillin or
fibronectin, b) interactions of the latent complex via the RGD sequence in the latency
associate peptide with cell surface molecules such as integrins, and c) alterations of latent
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complex folding partly through cytoskeletal-generated contractile forces (Hinz, 2009;
Munger and Sheppard, 2011). Although direct protein-protein interactions between latent
TGF-B and TSP1 are sufficient to induce conformational changes in the latent complex and
TSP1 fragments and peptides can induce activation in vitro and in vivo, it is indeed possible
that TSP1 interactions with its cellular receptors modulate activation of latent TGF-f in
certain cellular systems in vivo. Antibodies to cell surface receptors for TSP1, a,p3 integrin
and CD47, inhibit activation of TGF-f in tamoxifen-treated mammary carcinoma cells
(Harpel et al., 2001) and macrophage CD36 is required for latent TGF- activation by TSP1
in bleomycin-stimulated pulmonary fibrosis (Chen et al., 2009; Yehualaeshet et al., 2000;
Yehualaeshet et al., 1999). CD36 is a scavenger receptor for both oxidized LDL and TSP1,
and oxidized LDL reduces TSP1 binding to mouse peritoneal macrophages and latent TGF-
B activation by these cells (Sakamoto et al., 2005). However, oxidized LDL also reduced
latent TGF-p activation by TSP1 in a cell free system (Sakamoto et al., 2005), suggesting
oxidized LDL acts potentially both by steric inhibition of soluble TSP1 binding to the latent
complex through an unknown mechanism and by blocking localization of the latent complex
to the cell surface for activation. There is also emerging evidence that TSP1 binding to the
latent complex might be critical for mechanical activation of TGF-f3. Although earlier
studies had shown apparently normal TGF-f activity in platelets from TSP1 null mice,
further studies showed that a small but reproducible level of TGF-p activated by platelets
under shear flow is indeed TSP1-dependent (Abdelouahed et al., 2000; Ahamed et al.,
2009). Furthermore, in neonatal sheep lungs, mechanical stretch increased TSP1 expression
and TGF-p activity (Warburton and Kaartinen, 2007). The ability of TSP1 to release and/or
activate matrix-bound latent TGF-f has not been directly addressed. In addition, the capacity
of extracellular matrix bound TSP1 to activate TGF-3 has not been directly addressed and it
is not known whether TSP1 must be released from the matrix to bind and activate latent
TGF-B. Further studies are needed to more clearly define the role of extracellular matrix and
cell surface interactions in regulating TSP1-dependent TGF-f activation.

Two sequence motifs in the TSRs of TSP1 are required for binding and activation of latent
TGF-B: KRFK and WxxW (Figure 1). Binding of the KRFK sequence, located between the
15t and 29 type 1 repeats of TSP1, to the LAP of the latent complex is necessary for
activation (Schultz-Cherry et al., 1995). KRFK peptide or TSP1 binding to the small latent
complex induces a conformational change in the latent complex and in the LAP as
determined by alterations in the circular dichroism spectra (Jablonsky, Jackson, Su, Muccio,
and Murphy-Ullrich, unpublished data). Furthermore, binding of TSP1 to free LAP prevents
LAP from conferring latency on the mature domain (Ribeiro et al., 1999). The RFK
sequence of TSP1 binds to the (Ls4SKL) sequence which is conserved in the LAP regions of
TGF-Bs1-3 (Ribeiro et al., 1999). We showed that this LSKL sequence is critical for
maintenance of latency through mediating binding of the LAP to the Rg4KPK sequence in
the type Il receptor binding region of the mature domain (Young and Murphy-Ullrich,
2004a) and the importance of the LSKL sequence for maintenance of latency has recently
been confirmed by further biochemical and structural studies (Shi et al., 2011; Walton et al.,
2010). Shi et al recently showed that lysinesg in the LSKL (lysiness from signal peptide)
sequence of the latency associated peptide (LAP) is a “fastener residue” in the latency lasso
which comprises a structural constraint necessary for maintaining latency (Shi et al., 2011)
and integrin binding to LAP disrupts this lasso. Similarly, we showed that KRFK/TSP1
activates the latent complex by competitively disrupting the latency interaction between the
LSKL sequence in the LAP and the RKPK sequence in the mature domain of TGF-$ (Young
and Murphy-Ullrich, 2004a). This new structural information coupled with our biochemical
approaches suggests a common molecular basis for activation of the latent complex. The
critical role of lysine,g is consistent with our use of LSAL peptide as an inactive control for
LSKL. Interestingly, other proteins with RFK motifs (neuropilin-1 has an RKFK sequence,
F-spondin has KRFK in TSR repeat 6, and ADAMTSL1 has KTFR) have also been shown to
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activate latent TGF-p (Attur et al., 2009; Bourd-Boittin et al., 2011; Glinka and
Prud’homme, 2008). This suggests that the “RFK” mechanism might be a common
mechanism of latent TGF-f activation utilized by additional proteins. The second TGF-8
binding motif in each of the three TSRs (WxxW) binds to VLAL sequences in the both the
LAP and the active domain of TGF-f3 and facilitates the ability of KRFK to activate latent
TGF-B, possibly acting as a “docking site” to correctly orient the KRFK sequence with its
complementary site on the latent TGF-B molecule (Young and Murphy-Ullrich, 2004b).
WxxW peptides alone do not activate latent TGF-, but can be used to competitively block
both TSP1 binding to the mature domain and activation of the latent TGF-p complex by
TSP1. The role of c-mannosylation of these tryptophan resides in mediating TSP1 binding to
the latent complex is unknown and represents a potential level of control of these
interactions (Hofsteenge et al., 2001). C-mannosylation of WSPW peptide increased binding
to heat shock cognate protein 70 and indirectly increased TGF-f signaling through TAK1,
suggesting that this post-translational modification can affect protein-protein interactions
(Ihara et al., 2010).

2.2 Biological roles

In vitro studies have shown that TSP1 activates latent TGF-B secreted by multiple cell types
including endothelial cells, mesangial cells, hepatic stellate cells and skin, lung, and cardiac
fibroblasts, T cells, and macrophages (Breitkopf et al., 2005; Mimura et al., 2005; Murphy-
Ullrich and Poczatek, 2000; Poczatek et al., 2000; Schultz-Cherry and Murphy-Ullrich,
1993; Yang et al., 2009; Yehualaeshet et al., 1999; Yevdokimova et al., 2001; Zhou, 2004;
Zhou et al., 2006). Peptides such as LSKL or WxxW which block TSP1 binding to the latent
complex or antibodies which block TSP1-dependent TGF-p activation such as Mab 133
have been used to establish the involvement of endogenous TSP1 in TGF-f activation in a
number of disease conditions and physiologic processes (Table 1) (Belmadani et al., 2007;
Crawford et al., 1998; Daniel et al., 2004; Kondou et al., 2003; Lu et al., 2011). Initial
evidence for an in vivo role of TSP1 in latent TGF-p activation was shown by the ability of
the KRFK peptide administered in the perinatal period to partially rescue the abnormal
TSP-1 null phenotype, in particular airway epithelial hyperplasia and pancreatic islet
hyperplasia/acinar hypoplasia (Crawford et al., 1998). Furthermore, treatment of wild type
mice with the LSKL blocking peptide in the perinatal period replicated features of the TSP1
knockout phenotype in the airways and pancreas. Double knockout of both Bg integrin and
TSP1 results in a phenotype distinct from either single knockout that is characterized by
severe inflammation, cardiac degeneration, and epithelial hyperplasia, suggesting both
separate and synergistic roles in regulating latent TGF-p activation (Ludlow et al., 2005).
However, it is likely that the primary role for TSP1 in controlling TGF-p activation is during
injury, under stress, and in pathologic conditions, rather than during development. The
expression of TSP1 is induced by factors associated with systemic diseases with fibrotic end
organ involvement including high glucose, reactive oxygen species, and angiotensin |1
(Wang et al., 2002; Wang et al., 2004b; Yevdokimova et al., 2001; Zhou et al., 2006).
Indeed there is evidence from studies utilizing TSP1 antagonist peptides and diabetic TSP1
knockout mice that TSP1 is a major factor in the development of fibrotic end organ
complications in diabetes (Belmadani et al., 2007; Daniel et al., 2007; Lu et al., 2011).
Diabetic rats with abdominal aortic coarctation development left ventricular dysfunction and
interstitial myocardial fibrosis. Treatment with intraperitoneal injections of LSKL, but not
LSAL control peptide, reduced cardiac fibrosis, Smad phosphorylation, and improved left
ventricular function (Belmadani et al., 2007). Similarly, treatment of Akita mice, a model of
type 1 diabetes, with intraperitoneal LSKL reduced urinary TGF-f activity and renal
phospho-Smad2/3 levels and improved markers of tubulointerstitial injury and podocyte
function (Lu et al., 2011). Interestingly, several studies have shown that TSP1 is involved in
alveolar macrophage-dependent TGF-p activation in mouse and rat models of bleomycin-
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induced pulmonary fibrosis and treatment with either TSP1 or CD36 antagonist peptides can
ameliorate lung fibrosis and reduce active TGF-$ (Chen et al., 2009; Yehualaeshet et al.,
2000). Yet a study using bleomycin-treated TSP1 null mice showed no protection from
pulmonary fibrosis or reduction in Smad phosphorylation (Ezzie et al., 2011). The reason for
this discrepancy is not clear. However, it is possible that the potentially increased nitric
oxide-dependent peroxynitrite mediated damage in the absence of the nitric oxide inhibitory
function of TSP1 in the TSP1 null mouse might exacerbate lung fibrosis in response to the
oxidant bleomycin.

2.3 TSP1-dependent TGF-B activation in wound healing

One of the roles of TSP1 in dermal wound healing appears to be regulation of latent TGF-
activation. The phenotype of excisional wound healing in the TSP1 null mouse is consistent
with a decrease in local TGF-p activation (Agah et al., 2002) and is characterized by a delay
in macrophage recruitment and capillary angiogenesis and a persistence of granulation
tissue, neovascularization, and inflammation (Nor et al., 2005). Topical treatment of TSP1
null wounds with the KRFK activating peptide largely rescued the TSP1 null wound
phenotype (Nor et al., 2005). TGF-p levels in these wounds were increased following KRFK
treatment and the effects of the KRFK peptide were blocked by a pan-specific anti-TGF-f
antibody. While these data suggest that TSP1 plays a role in local activation of TGF-8
during wounding, the studies of Agah et al., concluded that the decreased active and total
TGF-B in the wounds of TSP1 or TSP1/TSP2 null mice is indirect and primarily due to
defects in macrophage recruitment to wounds (a major source of TGF-$ in wounds) leading
to an overall reduction in TGF-p rather than a defect in activation (Agah et al., 2002).
Despite this controversy, it is clear that TSP1 has the potential to modify the wound healing
process. Subcutaneous implantation of TSP1 soaked sponges increased levels of active
TGF-B, gel contraction and fibroblast migration (Sakai et al., 2003). Overexpression of
TSP1 in keloids and in scleroderma correlates with increased TGF-p activity (Chen et al.,
2011; Chipev et al., 2000; Mimura et al., 2005). Others have used a derivative of the KRFK
sequence, KFK coupled to a fatty acyl moiety to locally activate TGF-B and increase
TIMP-1, which reduces MMP-induced elastin and collagen degradation when applied to
dermal fibroblast cultures (Cauchard et al., 2004). Systemic administration of the LSKL
blocking peptide did not reduce Smad signaling or impair dermal wound healing in diabetic
mice, although, these studies did not address the effects of direct LSKL administration to the
wounds and it is not known if local dermal levels of LSKL following systemic
intraperitoneal peptide administration are sufficient to alter local TGF-p activation (Lu et al.,
2011). It remains to be determined whether either positive or negative modulation of TSP1
action represents a viable therapeutic strategy to modify either defective or excessive wound
repair processes in vivo.

3. TSP transactivation of the EGFR through E123

TSP1 is well known to regulate the actions of multiple different growth factors, including
TGF-p activation, VEGF, FGF, and PDGF. Emerging evidence also suggests a role for the
EGF-like repeats of TSP1 in transactivation of EGF-family receptors in epithelial and
endothelial cells. TSP1 can disrupt endothelial barrier function through stimulation of
tyrosine phosphorylation of endothelial cell-cell junctional proteins (Goldblum et al., 1999).
It was initially thought that TSP1 induced disruption of cell-cell junctions through its ability
to stimulate focal adhesion disassembly and actin cytoskeletal reorganization similar to the
actions of SPARC (Goldblum et al., 1994; Liu et al., 2009b). However, the CRT binding
sequence of TSP1 (hep I peptide) had no effect on barrier function. Subsequent studies
showed that the EGF-like modules of (E123) of TSP1,2, and 4 stimulated EGFR tyrosine
phosphorylation and downstream activation of phospholipase Cy and EGFR-dependent
A431 epidermoid carcinoma epithelial cell migration in scratch assays (Liu et al., 2009a).
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Although antibodies to the EGFR ectodomain block E123 stimulation of EGFR
phosphorylation, direct binding of E123 was not detected, suggesting activation by indirect
mechanisms (Liu et al., 2009a). E123 stimulation increased MMP9 activity and MMP
inhibition significantly reduced E123 stimulated EGFR phosphorylation, suggesting a
possible scenario in which E123 activates MMPs to liberate cell surface bound EGFR
ligands for EGFR binding (Liu et al., 2009a). Furthermore, TSP1 stimulated EGFR and
ErbB2 phosphorylation in lung microvascular endothelial cells and TSP1, E123, and EGF
induced endothelial barrier dysfunction in cells overexpressing EGFR (Garg et al., 2011).
The in vivo actions of E123 transactivation of EGFR family members remains to be
elucidated. However, the E123 region might have broad activities in endothelial and
epithelial function in wound healing and tumorigenesis through modulation of cell-cell
interactions, similar to the role of the E123 domains in synaptogenesis (Risher, 2012).

4. TSP1 N-terminal domain signaling through the CRT-LRP1 co-complex

Induction of the state of intermediate adhesion is a characteristic function of matricellular
proteins (Greenwood and Murphy-Ullrich, 1998; Murphy-Ullrich, 2001; Sage and
Bornstein, 1991). This is characterized by cellular de-adhesion involving re-organization of
the focal adhesion scaffold with dispersal of vinculin and a-actinin dissociation with the
integrin B-subunit (Greenwood et al., 2000) in the presence of clustered integrin in a spread
cell. The intermediate adhesive state is proposed to facilitate cell migration and survival,
thus enhancing tissue repair and remodeling, consistent with the known roles of
matricellular proteins on cell adhesion in vitro and on wound healing, repair, and fibrosis in
vivo (Murphy-Ullrich, 2001).

It has long been recognized that in vitro substrates of immobilized TSP1 weakly and
variably support cell attachment but fail to promote cell adhesion with cytoskeletal
organization and focal adhesion formation (Adams and Lawler, 1993; Lahav et al., 1987;
Murphy-Ullrich and Hook, 1989; Tuszynski et al., 1987). In addition, exposure of cells to
soluble TSP1 either prior to or at the time of plating inhibits cell attachment and spreading
on fibronectin substrates and presentation of soluble TSP to adherent cells with organized
focal adhesions induces loss of focal adhesions as visualized by interference reflection
microscopy (Murphy-Ullrich and Hook, 1989; Murphy-Ullrich and Mosher, 1987). The de-
adhesive activity of TSP1 and TSP2 was localized to amino acids 19-35 and can be
mimicked by the soluble, isolated N-terminal domain of TSP1 or by peptides comprising
this sequence (Murphy-Ullrich et al., 1993). Although we initially speculated that
transmembrane heparan sulfate proteoglycans such as syndecans would be the receptor for
this heparin-binding sequence (Sun et al., 1989), further studies showed that TSP1
stimulation of focal adhesion disassembly was not blocked by heparanse treatment of cells
and a cell surface form of the ER calcium-binding and chaperone protein, CRT, was
identified through affinity binding approaches as the hep I binding receptor (Goicoechea et
al., 2000; Murphy-Ullrich et al., 1993). Lysines at amino acid 24 and 32 were shown to be
important for hep | function and these amino acids have also been shown to be critical for
TSP1-CRT binding as shown by both protein binding and molecular dynamics simulations
(Goicoechea et al., 2000; Yan et al., 2010, 2011). TSP1 engagement of cell surface CRT
initiates signaling in the FAK, ERK, and PI3K/Akt pathways which culminates in transient
down regulation of Rho activity, critical for focal adhesion disassembly and actin stress fiber
reorganization (Greenwood et al., 1998; Orr et al., 2002; Orr et al., 2004). In addition to
focal adhesion disassembly, TSP1 signaling through the CRT- LDL-receptor related protein
1 (LRP1) co-complex stimulates random and directed cell migration of endothelial cells and
fibroblasts (Orr et al., 2003a; Orr et al., 2003b). Signaling is initiated when TSP1 binds to
CRT which induces increased CRT association with the scavenger receptor LRP1 and
transient association of LRP1 with G; protein (Orr et al., 2003b). Hep | itself does not bind
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to LRP1, although other portions of the TSP1 N-terminal domain bind to LRP1 (Wang et al.,
2004a). Molecular modeling of the TSP1-CRT complex suggest that TSP1 binding to CRT
induces a more open CRT conformation with an increase in the rotational angle between the
CRT N and P domains (Yan et al., 2010, 2011) to potentially expose an otherwise cryptic
LRP1 binding site and could account for the enhanced association between CRT and LRP1
upon TSP1 ligation of CRT. LRP1 is a ligand for cell surface CRT in mediating clearance of
apoptotic cells, both when presented in cis (same cell) or in trans (on different cells) (Gardai
et al., 2005; Gold et al., 2010). Macrophage mediated clearance of apoptotic cells is
generally considered to aid in resolution of inflammation and fibrosis (Wynn and Barron,
2010). However, this effect is independent of TSP1-CRT binding, since CRT null MEFs
expressing CRT lacking the TSP binding site could be phagocytosed by murine
macrophages, although CD47 inactivation of SIRPa is required to prevent phagocytosis of
viable cells (Gardai et al., 2005). Li et al showed that TSP1 binding to cell surface CRT is
required for TSP1 stimulation of T cell motility through CD47(Li et al., 2005). The role of
TSP1-CD47 binding in regulating inhibition of phagocytosis by CRT-LRP1 was not
addressed and the possibility of cross-talk between the N and C terminal domains remains
an open question (Chao et al., 2010; Gardai et al., 2005). Preliminary studies to determine
whether TSP1 binding to CRT (hep | peptide) would affect LRP1 clearance of matrix
metalloproteinases failed to show any differences in MMP activity (Bing Sun, Mariya
Sweetwyne, Joanne Murphy-Ullrich, unpublished data). Factors that regulate CRT
localization at the cell surface represent another mechanism to regulate TSP1 functions
mediated by direct interactions of TSP1 with CRT and also potentially cross-regulate TSP1-
LRP1 and TSP1-CD47 mediated signaling (Chao et al., 2010; Jeffery et al., 2011; Tarr et al.,
2010). This possibility is intriguing especially given the recent finding that CD47 is
modified by heparan sulfate glycosaminoglycan chains (Kaur et al., 2011; Roberts, 2012).
Although the recombinant, trimeric TSP1 N-terminal domain (NoC1) and the hep I peptide
bind CRT and signal identically to the intact TSP molecule, there remains the possibility that
folding of the C-terminus might affect TSP1-CRT interactions similar to how the calcium
binding at the C-terminus can regulate binding of the N-terminus to integrins and other
ligands (Calzada et al., 2008). Although the CRT binding sequence is conserved in both
TSP1 and TSP2, we only have direct evidence for TSP2 stimulation of focal adhesion
disassembly. TSP2 signaling of cell migration, anoikis resistance or collagen production
through cell surface CRT remains unknown.

Adherent cells require signals from the extracellular matrix for survival. This occurs through
both integrin-dependent and independent signals. Loss of cell adhesion signals result in
apoptosis which has been termed “anoikis” (Frisch and Ruoslahti, 1997; Frisch and
Screaton, 2001). Anoikis has physiologic roles especially during development and during
resolution of wound healing, but dysregulated anoikis is associated with certain diseases
(Chiarugi and Giannoni, 2008). Pathways activated by TSP1 signaling through CRT-LRP1
such as ERK and PI3K are associated with cell survival and we hypothesized that activation
of survival pathways during down regulation of cell adhesion might provide a survival
advantage during tissue remodeling. Indeed, hep I, TSP1, and NoC1 all prevented apoptotic
cell death of fibroblasts in suspension (Pallero et al., 2008). Prevention of anoikis depended
on TSP1 interactions with CRT as CRT null cells stably expressing CRT lacking the TSP1
binding site were not rescued from anoikis by TSP1. TSP1 rescue from anoikis is dependent
on Akt signaling, but not ERK. Interestingly, TSP1/hep | had no effect on cell death in
adherent cells. The in vivo significance of TSP1 prevention of anoikis remains to be
elucidated, although it is reasonable to suggest that this TSP1 function could impact early
cellular responses to injury.

To begin to address the in vivo role of TSP1 signaling through the CRT-LRP1 co-complex,
we initiated local expression of the CRT binding sequence during tissue remodeling in the
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foreign body response (Bonadio et al., 1999; Puolakkainen et al., 2005; Sweetwyne et al.,
2010). Surgical sponges impregnated with type | collagen loaded with plasmid for
expression of GFP-tagged, secreted CRT binding sequence of TSP1were implanted
subcutaneously in wild type mice. Invading cells ingest the collagen and are locally
transfected to express secreted TSP1 CRT binding fragment. Given the reduced granulation
tissue in excisional dermal wounds in TSP1 null mice and the known in vitro functions of
TSP1 signaling through the CRT-LRP1 co-complex in stimulating cell migration and in
preventing anoikis (Orr et al., 2003a; Pallero et al., 2008; Polverini et al., 1995), we
predicted that wild-type mice overexpressing the TSP1 CRT binding sequence at the implant
site would exhibit increased granulation tissue due to an increase in endothelial cell and
fibroblast migration and survival. Instead, local overexpression of the TSP1 CRT binding
sequence by invading cells at the sponge margins stimulated formation of a dense, highly
organized collagenous capsule (Sweetwyne et al., 2010). The collagen capsule acted as a
physical barrier for later cell migration. Stimulation of collagen capsule formation was not
the result of increased myofibroblast infiltration, but rather, as shown in in vitro studies, due
to direct stimulation of collagen protein expression by TSP1 binding to cell surface CRT in
an Akt-dependent, TGF-p independent manner (Sweetwyne et al., 2010). The contribution
of TSP1-CRT signaling to collagen matrix production in wound healing and pathologic
tissue remodeling is unknown. Since the N-terminus can be readily proteolyzed from the C-
terminus and there is evidence that the N-terminus can be localized to sites of wound healing
(Hogg et al., 1994; Hogg et al., 1993; Lee et al., 2006), it is reasonable to speculate that the
N-terminal domain of TSP1 might signal events critical to early phases of tissue repair
through engagement of cell surface CRT (Figure 2).

5. Discussion

The factors that determine whether TSP1 participation in tissue repair stimulates physiologic
or pathologic remodeling are not clear. One obvious determinant is the nature and
persistence of the stimulus for increased TSP1 expression, such as glucose, angiotensin Il,
other growth factors (PDGF), and reactive oxygen species. Factors which regulate
expression of TSP receptors and interactions of specific TSP domains with these receptors
also modulate cellular responses to TSPs. Furthermore, TSP1 can be presented to cells either
as a matrix-bound protein or in soluble form and as an intact protein or as fragments.
Depending on the protease, isolated N and C-terminal domains can be either soluble or
insoluble molecules. Cleavage by cathepsin G results in a soluble N-terminal domain in
vitro (Hogg et al., 1993), whereas, TSP1 cleaved by ADAMTS-1 results in wound ECM-
bound N-terminal domain (NTD) and soluble C-terminal domain (Lee et al., 2006). The
trimeric, but not the monomeric, form of the C-terminal domain mediates matrix deposition
of TSP1(Adams et al., 2008).

Interestingly, our studies have shown that TSP1 up regulates collagen I expression through
both its N- and C-terminal domains. This is somewhat unusual in that the N- and C-terminal
domains typically regulate distinct and sometimes opposing cellular behaviors (Elzie and
Murphy-Ullrich, 2004). It remains to be determined if interactions of TSP1 with a particular
cell in a specific tissue in a specific disease milieu can trigger multiple responses through
distinct receptors simultaneously. Obviously cellular expression of specific complements of
TSP1 (and EGF-family) receptors and the expression of other molecules which bind to TSP
to either mask or expose particular receptor sites play a role in determining the ultimate
“outcome” of TSP binding to cells. Proteolysis of the N and C terminus and their solubility
or ECM localization can also modulate cellular responses/interactions with TSP in the
context of receptor binding in the absence of other domains. Interestingly, most functional
studies have examined TSP1 actions in the context of soluble TSP1 rather than TSP1 bound
to the matrix. There are also likely to be temporally or spatially-regulated factors that dictate
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cellular responses to TSP1. For example, in wound healing, TSP1 signaling of intermediate
adhesion with focal adhesion disassembly, increased cell migration, and anoikis resistance
might facilitate early events in cellular responses to injury, whereas TSP1 signaling of
collagen expression through CRT- LRP1 might preferentially occur in cells which are fully
adherent and non-motile. Similarly, persistence of TSP1 expression following the initial
phases of wound healing or re-expression due to fibrotic stimuli could lead to TGF-p
activation and stimulation of fibrotic matrix production, whereas TSP1 control of TGF-
activation in early wound healing events appears necessary for normal wound healing.
Given these multiple and sometimes contradictory functions of TSP1, one should interpret
phenotypes of knockout animals with caution. Both local and systemic functions of TSP1,
such as inhibition of nitric oxide signaling, can impact phenotypes and perhaps mask more
subtle biological activities (Roberts, 2012). The potential regulation of growth factors such
as TGF-p and growth factor receptors such EGFR and ErbB2 by TSP further implicates
thrombospondins as key regulators of tissue remodeling and compounds the complexity of
interpreting phenotypes. Rescue of knockout phenotypes by local overexpression of specific
TSP1 domains or TSP1 mutated in specific receptor binding sequences could prove useful in
elucidating the complexity of in vivo roles of TSP1.
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Model of TSP1 interactions with the latent TGF-p
complex that mediate activation
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Figure 1. TSP1 interactions with latent TGF-p that induce activation

The type 1 repeats of TSP1 (TSRs) mediate the binding of TSP1 to the small latent complex
consisting of the N-terminal pro-domain, known as the latency associated peptide (LAP),
and the C-terminal portion of the latent complex, known as mature TGF-f. The C-terminal
portion of the mature TGF-B homodimer binds to TGF-p signaling receptors. Binding of the
LSKL sequence at the amino terminus of the LAP to the RKPK sequence in the receptor
binding region of the mature domain is necessary to confer latency. The small latent
complex is a disulfide-bonded homodimer (S-S bonds in black) which is covalently bound to
the fibrillin-like latent TGF-B binding protein (LTBP) at cysteine 33 of the LAP. The
tryptophan-rich motifs (WSxW) present in each of the 3 TSRs of TSP1 bind to the VLAL
sequence in the mature domain. This interaction is necessary for activation of latent TGF-
by TSP1 or recombinant TSRs, but in itself is not sufficient for activation. The WSxW
sequences in the TSRs also bind to the VLAL sequence in the LAP domain, although the
significance of this interaction for activation is not clear. The KRFK sequence of TSP1
which is located at the N-terminal portion of the 2"d TSR recognizes the LSKL sequence in
the LAP and competitively disrupts LSKL-RKPK binding, thus displacing LAP from the
mature domain, resulting in access of the mature domain for TGF-f receptor binding. The
LSKL sequence has been shown to be critical for latency (Shi et al., 2011; Walton et al.,
2010; Young and Murphy-Ullrich, 2004a). This stick model is not intended to accurately
represent the relative sizes of the proteins or to convey specific information regarding the
folding of either the TSRs or mature TGF-p.
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In vitro: TSP1 signaling through the CRT/LRP1 co-complex increases focal adhesion
disassembly, migration, and survival during anoikis

In vivo S In vitro

* Increased collagen secretion
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* TGF-B independent
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Figure 2. The N-terminal CRT binding sequence of TSP1 in tissue repair

Previous in vitro studies showed that binding of the N-terminus of TSP1 to cell surface CRT
activated intracellular signaling through engagement of LRP1 by membrane associated
CRT. TSP1 signaling though CRT induced focal adhesion disassembly, stimulation of
random and directed cell migration, and resistance to anoikis. In vivo studies in which local
overexpression of the TSP1 CRT binding sequence occurs in a mouse model of the foreign
body response and subsequent in vitro studies showed that TSP1 signaling through CRT also
induces increased expression of type I collagen in an Akt-dependent, TGF-p independent
manner. These data suggest a novel role of the N-terminal domain of TSP1 in wound repair
and tissue remodeling.
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