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Abstract

The SPARC family of proteins represents a diverse group of proteins that modulate cell
interaction with the extracellular milieu. The eight members of the SPARC protein family are
modular in nature. Each shares a follistatin-like domain and an extracellular calcium binding E-F
hand motif. In addition, each family member is secreted into the extracellular space. Some of the
shared activities of this family include, regulation of extracellular matrix assembly and deposition,
counter-adhesion, effects on extracellular protease activity, and modulation of growth factor/
cytokine signaling pathways. Recently, several SPARC family members have been implicated in
human disease pathogenesis. This review discusses recent advances in the understanding of the
functional roles of the SPARC family of proteins in development and disease.
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Introduction

Matricellular proteins are defined as extracellular matrix (ECM) associated proteins that do
not serve structural roles in the ECM in contrast to the classical ECM proteins, collagens
and laminins (Bornstein, 2000). There is a growing appreciation of the importance of
matricellular proteins in processes governing both tissue development and pathogenesis of
disease. SPARC (secreted protein acidic and rich in cysteine) is a prototypic collagen-
binding matricellular protein that has been shown to influence a diverse array of biological
functions and has been the topic of a number of recent reviews (Bradshaw, 2009, Delany
and Hankenson, 2009, Rivera et al., 2011, Arnold and Brekken, 2009). SPARC is a member
of a larger family of SPARC related proteins, several of which have been recently
recognized for novel functional activities including some that are similar to and some that
are distinct from that of SPARC. The purpose of this review is to highlight some of the
topical advances in the functional characterization of the SPARC family members and to
explore common and distinct functions of these family members.

The SPARC family of proteins consists of SPARC (osteonectin, BM-40) (Brekken and
Sage, 2001), Hevin (SPARC-like (SPL) 1, SC1, MAST 9, RAGS-1, QR1, ECM 2)
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(Hambrock et al., 2003), secreted modular calcium binding protein (SMOC) 1 and 2 (SRG)
(Vannahme et al., 2003, Vannahme et al., 2002), testican 1, 2, and 3 (SPARC/osteonectin,
CWCV, and Kazal-like domains proteoglycans, SPOCK) (Schnepp et al., 2005, Vannahme
etal., 1999, Alliel et al., 1993, Charbonnier et al., 1998), and follistatin like protein 1 (fstl-1,
TSC- 36/Flik, follistatin related protein (FRP), TGF- inducible protein) (Hambrock et al.,
2004). Each SPARC family member possesses a characteristic conserved EC (E-F hand
calcium binding) domain with an E-F hand motif (Figure 1). Based on sequence homologies
of the EC domains, the family members can be separated into four distinct phylogenetic
groups: 1) SPARC and Hevin; 2) SMOC 1 and 2; 3) testican 1, 2 and 3; and 4) Follistatin-
like protein (Fstl)-1 (TSC-36/Flik) (Vannahme et al., 2003).

SPARC/Osteonectin/BM-40

Extracellular Matrix

The number of published reports characterizing expression and function of SPARC far
exceeds those characterizing other SPARC family members. SPARC binds both fibrillar
collagen and basal lamina collagen 1V (Mayer et al., 1991). Phenotypic characterization of
SPARC-null mice has revealed a number of aberrant pathologies associated with
deficiencies in extracellular matrix (ECM) assembly and composition. For example, several
connective tissues in SPARC-null mice including, dermis, heart, adipose, and periodontal
ligament, were shown to contain less fibrillar collagen (Bradshaw et al., 2003b, Bradshaw et
al., 2009, Bradshaw et al., 2003a, Trombetta and Bradshaw, 2010). Collagen fibril
morphology in SPARC-null mice was also found to be altered and was characterized by
smaller fibrils with a more uniform diameter than WT fibrils (Bradshaw et al., 2003b). In
addition, the basement membrane of SPARC-null lens capsule demonstrated aberrant
collagen 1V staining in comparison to that of WT (Yan et al., 2002). Defects in the lens
capsule resulted in early onset cataractogenesis in SPARC-null mice (Gilmour et al., 1998).
Two reviews summarizing current studies on the function of SPARC in ECM assembly and
fibrosis were recently published (Bradshaw, 2009).

SPARC has also been shown to regulate the activity of matrix metalloproteinases — a family
of enzymes considered to be the primary mediators of ECM proteolysis and turnover.
SPARC was first reported to influence MMP activity in synovial fibroblasts where
exogenous SPARC induced MMP-1, MMP-3, and MMP-9 activity (Tremble et al., 1993).
Regions of SPARC that induced MMP activity were mapped by peptide analysis.
Interestingly, peptides representing the alpha helices of the E-F hand region were implicated
in this activity (Tremble et al., 1993). The majority of subsequent studies examining effects
of SPARC on MMP activity have been carried out in transformed cells and in tumor studies.
For example, SPARC was found to increase activity of MT1-MMP and MMP-2 in glioma
cells and increased MMP-2 activity in breast cancer cells but SPARC had no effect on
MMP-2 activation in melanoma cells (McClung et al., 2007, Nischt et al., 2001, Gilles et al.,
1998). Similar to effects on MMP activity, the functional role of SPARC in cancer is
dependent upon tumor type and tissue environment as SPARC has been shown to both
promote and inhibit different types of tumor cell activities (reviewed in (Framson and Sage,
2004)).

Growth Factor/Collagen Receptor Activity

SPARC has also been demonstrated to modulate growth factor signaling mediated by cell
surface receptors including vascular endothelial growth factor (VEGF) receptor, basic
fibroblast growth factor (bFGF), and transforming growth factor (TGF) p1. The influence of
SPARC in the regulation of growth factor receptor activity was also recently reviewed
(Rivera et al., 2011). In some cases, SPARC was found to bind directly to growth factors,
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such as in the case of VEGF, to modulate activity whereas in other cases, the mechanism by
which SPARC influenced receptor activation was not through a direct growth factor binding
mechanism (e.g. bFGF). Rivera and Brekken reported that modulation of TGF- activity in
pericytes was dependent upon SPARC binding to the TGF-f receptor endoglin that affected
ay integrin activity (Rivera and Brekken, 2011). Hence, a variety of cell-dependent
mechanisms of SPARC activity in the regulation of growth factor signaling have been
proposed. For the most part, these activities have been shown to occur in the extracellular
space and involve modulation of growth factor receptor activity either through interaction
with ligand or with cell-surface receptors.

Interestingly, the collagen-binding pocket of SPARC was shown to share a similar structure
to that of the collagen receptor discoidin domain receptor (DDR) 2, despite differences in
primary amino acid sequence between these two collagenbinding proteins (Hohenester et al.,
2008). Given the collagen binding site homology, it follows that SPARC and DDR2 would
bind fibrillar collagens at the same site on the collagen molecule and this was found in fact
to be the case (Giudici et al., 2008). Thus collagen bound by SPARC is predicted to limit
collagen binding to DDR2 and diminish down-stream pathways activated by the tyrosine
kinase activity of DDR2. If SPARC competes with DDR2 for collagen binding, then
expression of SPARC might regulate DDR?2 activity and subsequent signal transduction
events. As SPARC and hevin/SPL1 share the same collagen-binding domain, collagen
bound by hevin/SPL1 would also be expected to prevent DDR2 activation by collagen.

A mechanism by which SPARC might influence a number of different cell functions is
through modulation of cell-surface receptor:ligand engagement — a mechanism that perhaps
is shared by other SPARC family members such as the SMOC proteins (Figure 2).

Survival Activity

In Drosophila melanogaster, SPARC was shown to be expressed by “loser” cells — cells
proximal to “killer” or “winner” cells (Portela et al., 2010). The loser cells were induced to
undergo apoptosis by a secreted factor from winner cells. SPARC expression by loser cells
prolonged the life of these cells by neutralizing an unidentified secreted factor (KS, Figure
1) and preventing, at least temporarily, apoptosis of the loser cell. In mammals, lens
epithelial cell survival was also promoted by SPARC (Weaver et al., 2008). Here, binding of
SPARC to B1 integrin resulted in increased integrin-linked kinase (ILK) activity. Similarly,
a survival activity of SPARC was observed in melanoma, where decreased expression of
SPARC led to apoptosis (Fenouille et al., 2011). Whereas activation of caspase 3 was
observed in SPARC depleted cells, increased expression of SPARC was associated with
greater activation of Akt. Also, in leukemia cells, increased levels of intracellular SPARC
were associated with survival and increased resistance to the chemotherapy agent imatinib
(Fenouille et al., 2010).

However, in other cases, SPARC appeared to enhance apoptosis and has therefore been
referred to as a chemo-sensitizing agent. In human colon cancer, breast and pancreatic
cancer — SPARC was shown to increase apoptosis by favoring activation of caspase 8
(Rahman et al., 2011, Tang and Tai, 2007). Similar to SPARC activity in tumor progression,
survival activity mediated by SPARC expression appears to be somewhat cell-type
dependent and is likely influenced by other factors in the extracellular milieu and/or profiles
of cell-surface receptors.

Hevin / SPARC-like protein (SLP) 1

Hevin or SPARC-like protein 1 (SLP1) is the closest family member to SPARC (Sullivan
and Sage, 2004). Vertebrate hevin has ~650 amino acids encoding a protein of 71 kDa,
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larger than the molecular weight of SPARC (~43 kDa). Hevin shares the three primary
domains contained within SPARC with an expanded N-terminal domain (Figure 1) (Sullivan
and Sage, 2004). In fact, cleavage of hevin by certain proteases removes the extended N-
terminal domain of hevin and generates a SPARC-like fragment (SLF). Digestion of hevin
by MMP-3 results in a SLF that was shown to localize to the neovasculature of invasive
glioma cells (Weaver et al., 2011). The expression of hevin is more restricted than that of
SPARC with the highest levels of expression found in the nervous system. However, the
expression of hevin is also found in other tissues and has been proposed to possibly function
as both a tumor suppressor and as a regulator of angiogenesis (reviewed in (Sullivan and
Sage, 2004)).

Extracellular Matrix

Hevin is the only other SPARC family member, in addition to SPARC, that has been shown
to bind to collagens (Hambrock et al., 2003). In fact, sequence analysis demonstrates that
hevin is the only other family member with the conserved collagen-binding motif defined in
SPARC that supports binding to fibrillar and network collagens (Figure 2). Analysis of
hevin-null mice revealed that hevin, like SPARC, influences collagen fibril architecture
(Sullivan et al., 2006). The average collagen fibril diameter was decreased in hevin-null
dermis, a phenotype reminiscent of collagen fibrils in SPARC-null dermis. However,
whereas SPARC-null mice had significantly decreased levels of fibrillar collagen in the
dermis as well as other connective tissues, overall levels of collagen were not decreased in
the dermis of hevin-null mice.

Assays of collagen fibrillogenesis performed /n vitro showed an enhancement of collagen
fibril formation by hevin, in contrast to the activity of SPARC which acted to delay collagen
fibrillogenesis /in vitro (Giudici et al., 2008). In addition, decreases in amounts of decorin
were found in the absence of hevin by immunofluorescence. Media conditioned by hevin-
null dermal fibroblasts contained less decorin than that of wild-type cells and levels were
restored by the addition of recombinant hevin. However, expression of mRNA encoding
decorin was unaffected by hevin. Perhaps hevin acts to stabilize decorin in the extracellular
space, although a direct binding of hevin to decorin was not detected /n vitro. Nonetheless,
the authors of this study concluded that changes in collagenous ECM in hevin-null skin
likely arose from decorin-independent effects on collagen fibrillogenesis coupled with
decorin-dependent regulation of collagen fibril assembly (Sullivan et al., 2006). These
changes in dermal ECM in hevin-null mice resulted in measurable increases in the elastic
modulus of the skin but no detectable differences in tensile strength in comparison to the
skin of wild-type mice.

Counter-Adhesion

Hevin-null animals also demonstrated increased fibrovascular invasion into an implanted
polyvinyl alcohol sponge and accelerated excisional wound closure at 4 days after wounding
versus wild-type mice (Sullivan et al., 2008). Likely contributing to increased invasion and
wound closure was the increase in Rac-1-dependent migration detected in hevin-null cells,
an activity diminished by the addition of recombinant hevin. Similar to SPARC activity,
hevin was also shown in these studies to be counter-adhesive to wild-type dermal fibroblasts
(Sullivan et al., 2008). However, in contrast to SPARC, hevin did not influence rates of cell
proliferation.

Hevin in the Nervous System

As mentioned above, high levels of hevin are expressed in the nervous system. An
appreciation of the importance of astrocyte expression of matricellular proteins in the
regulation of synapse formation and turnover is emerging (recently reviewed by (Eroglu,
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2009)). Astrocytes in the CNS express both hevin and SPARC, although hevin is more
robustly produced in comparison with SPARC (Kucukdereli et al., 2011). Whereas hevin
was found to have synaptogenic activity /n vitro, SPARC was found to inhibit hevin-
dependent synapse formation in retinal ganglion cell culture. /n vivo, retinal ganglion cells
synapse at the superior colliculus during development. Hevin-null mice were found to have
reduced numbers of synapses at this site in the brain whereas SPARC-null mice had greater
numbers of synapses (Kucukdereli et al., 2011). These data are consistent with a mechanism
by which astrocyte expression of hevin facilitates synapse formation while expression of
SPARC serves to diminish the activity of hevin-dependent synaptogenesis. Perhaps, hevin
binds to extracellular of cell surface factors via its SLF domain and is also able to bind a
second factor, via the unique N-terminal domain, that strengthens synapse formation.
SPARC would then compete with hevin for binding to the first ligand but would not engage
the second ligand that interacts with the unique hevin N-terminal domain. Hence, SPARC
acts to compete with hevin for the initial interaction but does not strengthen synapse
formation due to the lack of the hevin N-terminal domain. In fact, co-localization of SPARC
and hevin was demonstrated in the developing superior colliculus (Figure 3), supporting the
idea that these matricellular proteins function together to regulate synapse formation in the
developing CNS.

Furthermore, Weaver et al. showed that hevin is cleaved both /n vitroand in vivo,
specifically in brain tissue, by the protease ADAMTSA4 to generate a SLF (Weaver et al.,
2010). Brain tissue from ADAMTS4 null mice displayed similar phenotypic differences in
Purkinje cell phenotype to those of hevin-null cerebellum. These results implied that
cleavage of hevin by ADAMTS4 was critical for normal brain development (Weaver et al.,
2010). The SLF generated by ADAMTS4 from native hevin is predicted to compete with
hevin in a similar way to that of SPARC. Hence, the SLF generated by protease digestion
might also compete with hevin to regulate synaptogenic activity. Perhaps modulation of
hevin activity by protease digestion, in combination with expression of SPARC, is a
mechanism by which hevin can influence CNS development and synaptic rearrangement.

Secreted Modular Calcium Binding-1 (SMOC-1)

Extracellular Matrix

SMOC-1 contains an EC domain common to the SPARC family members with an additional
follistatin-like domain, two thyroglobulin-like domains, and a novel domain (Figure 1)
(Vannahme et al., 2002). SMOC-1 was originally found to localize preferentially with
basement membranes but has also been found in association with other types of ECMs as
well (Gersdorff et al., 2006, Vannahme et al., 2002). Neither SMOC-1 nor 2 are predicted to
bind collagen (Vannahme et al., 2002). Recently SMOC-1 was shown to bind another
matricellular protein, tenascin C in addition to the serum proteins, fibulin-1 and C-reactive
protein (Novinec et al., 2008, Brellier et al., 2011). Elevated expression of SMOC-1 was
found in brain tumors and, in glioma cells, SMOC-1 was found to counteract the
chemotactic activity of tenascin C (Brellier et al., 2011).

SMOC as a Regulator of BMP Signaling

Drosophila melanogaster—A SMOC homologue expressed in Drosophila, pentagone/
magu, was recently identified and characterized. Pentagone/magu was shown to function as
an inhibitor of decapentaplegic (the Drosophila homologue of BMP) in flies (Vuilleumier et
al., 2010). In this system, pentagone affected the extracellular gradient of decapentaplegic
(Dpp) required for wing development. Pentagone/magu helped to establish the Dpp (BMP)
gradient in drosophila, an activity dependent upon the glypican, Dally. Dally was pulled
down bound to pentagone but pentagone did not bind directly to Dpp suggesting that
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pentagone worked in association with Dally to establish the Dpp gradient (Vuilleumier et al.,
2010). In the absence of pentagone, severe contraction of the BMP activity gradient resulted
in patterning and growth defects. Pentagone was therefore required to mediate the long-
range distribution of Dpp. The authors of this study proposed that the Drosophilahomologue
of SMOC might function to control extracellular levels of decapentaplegic by regulating
cellular uptake of Dally/Dpp (Vuilleumier et al., 2010).

Pentagone/magu was also identified by another group as a Drosophila gene that, when
moderately over-expressed, increased longevity and fecundity, but was maternal-effect
lethal when robustly over-expressed (Zheng et al., 2011). While BMP signaling is also
important in germ line stem cells, here a gradient of BMP is not required, as signaling
occurs between neighboring cells. These results suggest perhaps multiple tissue-dependent
roles of Pentagone/magu in BMP signaling in Drosophila.

Xenopus laevis—The homologue of SMOC-1 expressed in Xengpus laevis, XSMOC-1,
was also recently shown to inhibit BMP signaling. XSMOC-1 inhibition of BMP occurred in
the presence of constitutively active BMP receptor and was thus predicted to function
downstream of BMP receptor engagement (Thomas et al., 2009). Therefore, XSMOC-1 did
not appear to function to block BMP from binding its receptor, a mechanism used by a
number of other BMP antagonists. In fact, an abrupt arrest in Xengpus development at the
onset of neurulation was observed with XSMOC-1 depletion — this loss of function
phenotype abrogated postgastrulation development — a phenotype similar to that of
simultaneous loss of function of three ligand-binding BMP antagonists. Gain of function
studies with XSMOC-1 produced similar outcomes to over-expression of established BMP
antagonists. Thomas et a/. (2009) also showed that XSMOC-1 induced MAP kinase
phosphorylation of the Smad linker region, a mechanism previously shown to inhibit BMP-
mediated Smad activation. Thus, in Xenopus, SMOC-1 is predicted to facilitate activation of
MAP kinase through an, as yet, undefined mechanism thereby reducing BMP signaling
during development.

Human Disease—Three separate groups have recently identified SMOC-1 mutations
associated with individuals with Warrdenburg Anopthalmia Syndrome (Okada et al., 2011,
Rainger et al., 2011, Abouzeid et al., 2011). Eye malformations, most often bilateral
anophthalmia and post-axial oligosyndactyly, are characteristic manifestations of this rare
syndrome. Two independent transgenic mice targeting SMOC-1 have also been generated
(Okada et al., 2011, Rainger et al., 2011). One line with complete abrogation of expression
did not survive past 3 weeks of age (Okada et al., 2011, VVannahme et al., 2003). Another
line with 10% expression of WT SMOC-1 levels died at birth (Rainger et al., 2011). Both
mice had significant eye and limb abnormalities, including syndactyly and hypoplasia of
optic nerves. Similarly, knockdown of SMOC-1 by morpholino targeting in zebrafish
resulted in micropthalmia (Abouzeid et al., 2011). As BMP signaling pathways are essential
for eye and limb development, the mechanism underlying this syndrome likely involves
SMOC-1 regulation of BMP activity, however further characterization will shed more light
on these interactions in mice and in human disease.

Like SMOC-1, the domain structure of SMOC-2 consists of two thyroglobulin-like domains,
a follistatin-like domain, a novel domain and the E-F hand calcium-binding domain
common to the SPARC family (Vannahme et al., 2003). SMOC-2 is widely expressed with
the highest levels of SMOC-2 mRNA detected in heart, muscle, spleen, and ovary — a
pattern that shares some similarities and some differences with that of SMOC-1 (Vannahme
et al., 2003). Expression of both SMOC-1 and SMOC-2 were found during development of
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the fetal gonad and reproductive tract suggesting that these proteins might function to
regulate differentiation of these tissues (Pazin and Albrecht, 2009). Maier et al. (2008) also
showed that SMOC-2 expression was more frequently found at non-basement membrane
sites in comparison with the predominant basement membrane pattern of SMOC-1. In
addition, SMOC-2 promoted attachment of epidermal cells but not fibroblasts. Integrins
ayPe and a,P; were identified as important cell receptors for SMOC-2 on epidermal cells
(Maier et al., 2008).

SMOC-2 in Angiogenesis

SMOC-2 acted to promote angiogenic activity in human umbilical chord endothelial cells
(HUVECSs) where SMOC-2 expression was localized to the extracellular periphery of the
cell membrane (Rocnik et al., 2006). In addition, over-expression of SMOC-2 in HUVECs
stimulated DNA synthesis in a dose-dependent manner whereas decreased expression of
SMOC-2 diminished proliferation. SMOC-2 activity was synergistic with basic fibroblast
growth factor (bFGF) and vascular endothelial growth factor (VEGF) suggesting that
SMOC-2 enhanced the angiogenic affect of these growth factors (Rocnik et al., 2006). The
angiogenic promoting activity of SMOC-2 compares with that of SPARC in that both
SMOC-2 and SPARC promote angiogenesis induced by VEGF. However, in contrast to
SMOC-2, SPARC was shown to inhibit bFGF-driven angiogenesis (Rivera et al., 2011).

In mouse fibroblasts, SMOC-2 promoted proliferation, through increased cyclin D1
expression that was dependent upon integrin linked kinase (ILK) activity (Liu et al., 2009a).
Changes in SMOC-2 expression did not effect PDGF receptor activation indicating that
SMOC-2 did not affect PDGF binding to its receptor. The authors of this study concluded
that SMOC-2 acted to maintain ILK activation during the G1 phase of the cell cycle and
suggested a novel function for SMOC-2 in the regulation of cell cycle progression (Liu et
al., 2009a). As mentioned above, SPARC has also been implicated in ILK activation in lens
epithelial cells.

SMOC-2 was recently identified as a transcriptional target of aryl-hydrocarbon receptor
signaling, an important pathway in cellular response to pollutants (Liu et al., 2009a).
Exposure to pollutants that stimulated Ahr signaling repressed SMOC-2 expression. These
results support a role of decreased SMOC-2 expression to limit or diminish cell growth and
proliferation in response to pollutant exposure.

Human Disease

SMOC-2 has been identified as a potential candidate gene implicated in generalized vitiligo.
Birlea et al. found a SMOC-2 gene variant when investigating genetic origins of vitiligo in
an isolated Romanian community with a higher incidence of vitiligo than other European
Caucasian groups (Birlea et al., 2010). However, the SMOC-2 variant associated with the
Romanian community was not found in individuals with vitiligo in a study of Jordanian
Arabs (Alkhateeb et al., 2010).

Testican/SPOCK

There are three testican proteins encoded by separate genes, testican-1, -2 and -3, of which
testican-1 is the best characterized (Alliel et al., 1993, Schnepp et al., 2005). Testicans
contain a follistatin domain, one thyropin domain, and a calcium-binding E-F hand domain
(Figure 1) (Schnepp et al., 2005). Testican-1 is a proteoglycan originally found as a
component of seminal fluid and was hence named testican (Alliel et al., 1993). Although
expressed in testicles and other tissues in humans, the highest levels of expression of
testican-1 were found in brain (Edgell et al., 2004). In fact, in mice, testican-1 was detected
only in brain (Bonnet et al., 1996).
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Regulation of Protease Activity

Purified testican-1 was shown to inhibit the activity of the protease cathepsin L but not
cathepsin B /n vitro (Meh et al., 2005). This activity was mediated by the thyroglobulin
domain — a domain that has been associated previously with cysteine protease inhibitors
(Mihelic and Turk, 2007). In astrocytic tumors, testican-1 inhibited the protease activity of
membrane-type metalloproteinases (MT1-MMP and MT2-MMP) (Nakada et al., 2001). This
activity was originally identified for testican-3 and predicted by sequence homology to also
be relevant for testican-1. The N-terminal region of testican 3 encoding the follistatin
domain and the EC domain were found to confer inhibition of MT-MMP activity. In
addition to MT-MMP activity, levels of active MMP-2 were also reduced in the presence of
testicans 1 and 3, likely through a decrease in enzymatic activation of proMMP-2 by MT1-
MMP. Furthermore, testican-2 was shown to counter the inhibitory action of testican-1 (and
-3) and was thereby permissive for MTI-MMP mediated cell migration (Nakada et al.,
2003). In adult T-cell leukemia, testican-3 expression was also associated with decreases in
MMP-2 and MT1-MMP expression. In these cells, expression of testican-3 was regulated by
activating transcriptional factor 3 (Kamioka et al., 2009).

In contrast, in a mouse model of bacterial eye infection, increased testican-1 expression was
associated with increased MMP-2 activity (Berger et al., 2011). A reduction in testican
expression by siRNA resulted in decreased MMP-2 levels whereas application of
recombinant testican resulted in increased MMP-2 activity. The authors of this study
suggested that levels of TIMP-2 might influence MT1-MMP substrate specificity and
MMP-2 activation during eye infection. Thus testican -1 was also implicated in the
regulation of MMP-2 activity in this model although the complex environment of the
infected eyes likely introduced additional layers of regulation including levels of TIMP-2.

Although mechanisms by which SPARC affects MMP activity are not currently well
defined, the capacity of SPARC to influence these protease activities shares functional
overlap with testicans 1, 2, and 3 suggesting that common structural features of these
SPARC family members might interact with MMPs or molecules that regulate MMP
activity such as tissue-inhibitors of metalloproteinases (TIMPs). Notably, regions that
comprise one a helix of the conserved E-F hand motif of SPARC were implicated in the
induction of MMP activity by initial peptide studies. On the other hand, testicans appear to
interact directly with specific MMPs to diminish activity via sites in the N-terminal portion
of the protein containing the follistatin and EC domains. Future experiments to explore
specific structure function interaction between SPARC family members and MMPs and
TIMPs are needed to address specific mechanisms of action.

Testican 1-Null Mice

Abrogation of expression of testican-1 in mice did not reveal any demonstrable phenotypic
differences during development or in adult mice (Roll et al., 2006). Histological examination
of the brains of testican-1 null mice (the site of highest testican-1 expression) exhibited no
significant differences from that of wild-type mice. Although increases in levels of
testican-2 and -3 were not detected in the absence of testican-1, compensation was likely
conferred for the lack of testican-1 by these related family members (Roll et al., 2006). Of
note, abrogation of many matricellular proteins, have resulted in relatively mild phenotypes
that are more pronounced in response to injury or challenge. Whether testican-1 null mice
might exhibit phenotypic differences in response to pathological insult remains to be tested.

Human Disease

Of interest, the gene encoding SPOCK (testican) was recently identified in a genome-wide
association analysis of genes involved in the determination of age at menarche (Liu et al.,
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2009b). Age of menarche has been found to be a key determinant in a number of women’s
health issues and therefore the identification of factors that regulate this process is of
significant interest. The SPOCK gene was found to have seven single nucleotide
polymorphisms (SNPs) positively associated with age at menarche. The authors speculated
that the capacity of SPOCK to influence MMP-2 activity might be relevant in age at
menarche as MMP-2 has been shown to be a critical component in endometrial menstrual
breakdown. However, whether the effects of SPOCK, and hence SNPs in SPOCK, have a
primary role in reproductive tissues and/or brain function, for example, remains to be
determined. Whereas the regulatory function of SPOCK in MMP-2 activation provides a
potential link worthy of future exploration in this area of research, the cellular basis of
SPOCK in age of menarche requires a great deal of further study.

Fstl-1 (Follistatin like protein-1)/TSC-36

Although the sequence of Fstl-1 encodes a putative E-C domain like other members of the
SPARC family, the calcium binding domain in fstl-1 did not undergo characteristic
structural changes upon calcium addition or depletion and therefore the E-F hand of fstl-1
was not considered to be a functional calcium binding domain (Hambrock et al., 2004).

Fstl-1 in Autoimmune Disease

Increased expression of fstl-1 was found in a mouse model of collagen-induced arthritis
(Miyamae et al., 2006). In fact, over-expression of fstl-1 in the feet of mice, in the absence
of arthritis inducing factors, was found to be sufficient to induce severe paw swelling and
arthritis (Miyamae et al., 2006). Thus fstl-1was identified as a novel pro-inflammatory
protein. The fstl-1 response was tied to interferon-y expression and neutralization of fstl-1
reduced collagen-induced arthritis in mice (Clutter et al., 2009). Recently, evidence that
fstl-1 might be a useful bio-marker of disease activity in juvenile rheumatoid arthritis was
put forth (Wilson et al., 2010). Likewise, fslt-1 was found to be elevated in the serum of
individuals with rheumatoid arthritis and systemic autoimmune diseases (Li et al., 2011a).
Furthermore, a correlation with elevated fstl-1 in the serum of heart failure patients with
associated left ventricular hypertrophy have provided impetus to explore fstl-1 as a marker
of chronic systolic heart failure as well (EI-Armouche et al., 2011).

Fstl-1 as a Regulator of BMP Signaling

Experiments that assessed functional roles of predicted homologues of fstl-1 in Drosophila,
chick, and zebra fish strongly suggested a function of fstl-1 in the regulation of BMP
signaling. Generation of fstl-1 null mice revealed a perinatal lethality associated with
abrogated expression of this SPARC family member (Sylva et al., 2011). Newborn mice
exhibited respiratory distress and multiple defects in lung development. Fstl-1 null mice also
displayed numerous skeletal malformations including limb patterning of the axial skeleton.
The phenotype of the fstl-1 null mouse was consistent with a critical role for fstl-1 in BMP
signaling (Sylva et al., 2011). Geng et al. (2011) went on to show that fstl-1 interacted
directly with BMP4 and resulted in abrogated Smad activation by BMP4 and inhibition of
BMP4-dependent surfactant expression. These results are consistent with fstl-1 acting as a
BMP4 antagonist critical for lung and skeletal development in mice.

Hence, Fstl-1 shares functional overlap with SMOC-1 and 2 in terms of regulation of BMP
signaling. As the EC domain was not found to be functional in fstl-1, possibly the Ca2* -
binding EC domain is not structurally required for modulation of BMP signaling. The shared
follistatin domain likely mediates the regulation of BMP signaling as follistatin is known to
bind activin, a member of the TGF-p super family (that includes BMPs 2-7). In the case of
the SMOC proteins, a mechanism by which direct binding of SMOCs to BMP family
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members was not found to be the primary mechanism of regulation of BMP gradient
formation.

Fstl-1 in the Nervous System

Fstl-1 is also expressed by neurons of the dorsal root ganglion. (Li et al., 2011b) identified
Fstl-1 as a novel, critical factor in sensory synapse transmission. Fstl-1 bound directly to the
al subunit of Na*,K*-ATPase to activate ATPase activity. Fstl-1-dependent activation of
the Na*,K*-ATPase was proposed to act as a primary regulator of homoeostatic regulation
of somatic sensation. Targeted deletion of fstl-1 in dorsal root ganglion gave rise to mice
with a hypersensitivity to noxious stimuli (Li et al., 2011b). Hence, fstl-1, like hevin, is
another SPARC family member with critical functions in the nervous system.

Conclusion

Recent developments in diverse areas of research have contributed to the functional
characterization of the cellular role of the SPARC family of proteins. A summary of
activities highlighting known functions in three broad categories is shown in Table 1 and
shown schematically in Figure 2. Whereas the SMOCs and fstl-1 have been strongly
implicated in the regulation of BMP signaling, SPARC and hevin/SPL-1 regulate both ECM
assembly and cooperate to regulate synaptogenesis in the central nervous system. Fstl-1
functions in the peripheral nervous system as well, to regulate the activity of sensory
neurons. Interestingly, most SPARC family members including SPARC have been shown to
have high levels of expression in reproductive tissues although the function of these proteins
at this site remains unclear. SPARC and testicans have both been implicated in the
regulation of cathepsin and MMP activity. However, testicans have been shown to interact
directly with both types of proteases whereas the effects of SPARC on protease activity
appear to be indirect and result from induction of activity likely through activation of
cellular pathways.

A general theme common to most matricellular proteins is modulation of cellular interaction
with extracellular cues and each of the SPARC family of proteins appears to function at this
level in diverse manners (Figure 2). SPARC is clearly a critical factor in collagen assembly
and deposition however only hevin appears to effect similar processes and, in addition,
appears to serve novel functions in the central nervous system. We have proposed that
SPARC might function to diminish or direct collagen binding to cell surface receptors to
facilitate procollagen processing and subsequent deposition to the ECM (Bradshaw, 2009).
That SMOC-1 also appears to limit or direct BMP interactions with cells to establish a
gradient of BMP in Drosophila suggests a similar type of activity for SMOC-1.

Perhaps the SPARC family of proteins acts to modulate interactions of extracellular proteins
with cell surfaces to direct factors to their appropriate extracellular site. Certainly we have
much to learn and to explore in the biology of the SPARC family of proteins — an endeavor
that will likely give important insight into mechanisms that regulate both development and
disease.
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Figure 1. Schematic representation of the modular domain structure of the SPARC family of
proteins

The total amino acid number for each protein or group of proteins in shown under each
protein name. The designated amino acids used to generate the percent identities (shown
super-imposed on the given representative domain) for each follistatin and each EC
homologous domain are shown beneath each domain. Testican 1 and SMOC-1 were used as
representative for each of these sub-groups, the percent identity and amino acid numbers
were found to be similar for testican 2 and 3 and SMOC-2, respectively. The EC domain of
Fstl1 was shown to be non-functional and is thus labeled as such. Domains unique to given
family members or sub-families are shown in green, orange, yellow, light blue, and dark
purple. TY: thyroglobulin domain (purple) FS: follistatin domain (blue), EC: extracellular
domain (red).
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Figure 2. Diver se Functions of the SPARC Family of Proteins

Schematic representation that highlights some of the activities attributed to each class of
SPARC family members with a functional EC domain. SPARC family members are
represented with ovals; red: SPARC, pink: Hevin/SPL1, magenta: Testican/SPOCK, purple:
SMOC-1 and -2. Each family member is secreted and has been shown to affect some aspect
of extracellular activity either through regulation of ECM assembly/degradation or through
regulation of cell surface receptor/ligand interaction. In the case of Hevin/SPL-1 and
SPARC this includes regulation of synapse formation via as yet unidentified factors either in
the ECM and/or on cell surfaces. Collagen fibrils are shown in yellow with blue and orange
rectangles representing the N and C-propeptides, respectively. KS: Killer signal (secreted by
“winning” cells in Drosgphild), DDR2: discoidin domain receptor 2, MT-MMP: membrane-
type metalloproteinase, BMP: bone morphogenic protein, Ten C: tenascin C, MAPK:
mitogen-associated protein kinase.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2013 March 01.



1dudsnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Bradshaw

Page 18

Figure 3. SPARC and Hevin Co-Localization in the Developing Central Nervous System

At post-natal day 15, Hevin (panel A, Green) and SPARC (panel B, Red) demonstrated co-
localization (Panel C, merged A and B, arrows) in sagittal sections from mouse superior
colliculus. Reproduced from (Kucukdereli et al., 2011).
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Table 1

Functional Activities Associated with SPARC Family Proteins
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Protein ECM Activity Growth Factor Cell Adhesion
Activity
SPARC Binds collagens, Enhances collagen Effects VEGF, TGF-1, and bFGF Counter-adhesive (Lane and
Deposition, effects collagen fibril activity (Rivera et al., 20117 Sage, 1990)
morphology (Bradshaw, 2009 J)
Hevin/SPL1 Binds collagens, effects collagen fibril Undetermined Counter-adhesive (Brekken et
morphology (Sullivan et al., 2006) al., 2004)
SMOC-1 Binds fibulin-1 (Novinec et al., 2008) With Dally, establishes gradient of Dpp Undetermined
and tenascin C (Brellier et al., 2011) (Vuilleumier et al., 2010), inhibits BMP
signaling (Thomas et al., 2009).
SMOC-2 Undetermined Enhances VEGF and bFGF-dependent Promotes attachment of

angiogenesis (Liu et al., 2008, Rocnik et
al., 2006)

epidermal cells (Maier et al.,
2008)

Testicans/SPOCK's

Effects Cathepsin (Mihelic and Turk,
2007 >“) and matrix metalloproteinase
activity (Mihelic and Turk, 2007,
Nishida et al., 2008)

Undetermined

Testican-1: Counter-adhesive
(Marr and Edgell, 2003).
Testican-2: inhibits neurite
outgrowth (Schnepp et al.,
2005)

Fstl 1

Undetermined

Mediator of inflammatory responses,
(Miyamae et al., 2006) inhibits BMP-4.
(Geng et al., 2011)

Undetermined

*
Reviews cited for brevity, please see references therein.
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