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Abstract SPARC is a matricellular protein, able to

modulate cell/ECM interactions and influence cell

responses to growth factors, and therefore is particularly

attuned to contribute to physiological processes involving

changes in ECM and cell mobilization. Indeed, the list of

biological processes affected by SPARC includes wound

healing, tumor progression, bone formation, fibrosis, and

angiogenesis. The process of angiogenesis is complex and

involves a number of cellular processes such as endothelial

cell proliferation, migration, ECM degradation, and syn-

thesis, as well as pericyte recruitment to stabilize nascent

vessels. In this review, we will summarize current results

that explore the function of SPARC in the regulation of

angiogenic events with a particular emphasis on the mod-

ulation of growth factor activity by SPARC in the context

of blood vessel formation. The primary function of SPARC

in angiogenesis remains unclear, as SPARC activity in

some circumstances promotes angiogenesis and in others is

more consistent with an anti-angiogenic activity.

Undoubtedly, the mercurial nature of SPARC belies a

redundancy of functional proteins in angiogenesis as well

as cell-type-specific activities that alter signal transduction

events in response to unique cellular milieus. Nonetheless,

the investigation of cellular mechanisms that define func-

tional activities of SPARC continue to contribute novel and

exciting paradigms to vascular biology.
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Abbreviations

SPARC Secreted protein acidic and rich in cysteine

ECM Extracellular matrix

PDGF Platelet-derived growth factor

VEGF Vascular endothelial growth factor

VEGFR1 VEGF receptor 1

VEGFR2 VEGF receptor 2

FGF Fibroblast growth factor

TGF-b Transforming growth factor-beta

BMP Bone morphogenic protein

aSMA Alpha smooth muscle actin

ER Endoplasmic reticulum

ILK Integrin-linked kinase

SHP-1 Src homology region 2 domain-containing

phosphatase-1

CNV Choroidal neovascularization

Introduction

Secreted protein acidic and rich in cysteine (SPARC), also

referred to as osteonectin or BM-40, is a 32-kDa Ca2?-

binding glycoprotein secreted by a variety of cell types.

SPARC was originally reported to be a major constituent of

non-collagenous fetal calf bone protein extracts [1, 2].

Subsequently, Sage et al. [3] described SPARC as an

unidentified albumin-binding protein expressed and
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secreted by cultured fibroblasts, endothelial cells, vascular

smooth muscle cells, and tumor cells. Shortly thereafter,

the gene encoding SPARC was cloned from mouse parietal

endoderm cells [4]. These studies laid the foundation for

the study of SPARC and its function. Thirty years since its

initial discovery, we now know SPARC as a matricellular

protein able to regulate a myriad of processes including cell

migration, cell proliferation, tissue morphogenesis, and

tissue repair, and we now have a more detailed under-

standing of its molecular and biochemical properties [5, 6].

In early studies, in vitro activity assays implicated

SPARC as an important regulator of angiogenesis. SPARC

was isolated initially from proliferating cultured endothe-

lial cells and, paradoxically, the addition of purified

SPARC was shown to decrease proliferation of endothelial

cells [3, 7, 8]. Addition of purified SPARC to bovine aortic

endothelial cells inhibited 3H-thymidine incorporation and

the onset of S-phase in a dose-dependent manner [9].

Exogenous SPARC was subsequently shown to have dif-

ferential effects on fibroblasts distinct from its effects on

endothelial cells, suggesting that effects of SPARC on

proliferation were not direct and were cell-type-dependent

[10].

Results from animal studies have also supported the

concept of SPARC as a regulator of angiogenesis. These

include immunohistochemical detection and in situ

hybridization studies in which SPARC expression was

detected in embryonic brain capillaries, dermal wounds

capillaries, and in newly formed vessels of the allantoic

membrane [11, 12]. Studies in SPARC-/- mice have

demonstrated that SPARC influences angiogenic responses,

though whether it serves as a promoter or inhibitor of the

angiogenic response is dependent on the model being used.

Somewhat surprisingly, given the high levels of SPARC

expression in endothelial cells, SPARC-/- mice were not

found to exhibit abnormalities in developmental angio-

genesis. However, adult SPARC-/- mice have been shown

to demonstrate differential response to angiogenic stimuli,

most well characterized in angiogenic events associated

with tumor growth.

Brekken et al. [13] first showed that LLC cells (Lewis

lung carcinoma) grown subcutaneously in SPARC-/- mice

exhibited reduced vascular area compared to those grown

in SPARC?/? mice. Puolakkainen et al. [14] then demon-

strated that Pan02 cells (mouse pancreatic carcinoma)

grown subcutaneously in SPARC-/- mice exhibited

decreased pericyte-associated vessels compared to those

grown in SPARC?/?. These results suggested that SPARC

positively regulates tumor angiogenesis. In support of this,

Pan02 tumors grown in the pancreata of SPARC-/- mice

exhibited a decrease in both vessel number and vessel

maturity compared to those grown in SPARC?/? mice [15].

In other models of angiogenesis using implanted materials,

results have been, on first glance, contradictory. Whereas

studies using dermally implanted sponges showed

increased fibrovascular invasion in SPARC-/- versus

SPARC?/? mice, the vascular capsule formed in response

to implanted silicone discs was decreased in SPARC-/-

versus SPARC?/? animals. Altogether, one conclusion that

can be drawn from these studies is that SPARC activity is a

critical regulator of the angiogenic process; however, these

studies also highlight the complexity of SPARC function in

vivo.

SPARC was originally described as an extracellular

matrix (ECM)-associated protein with implications in bone

mineralization, and subsequent studies have found SPARC

to localize to the ECM of developing tissues; therefore

much work has been done to characterize the nature of

SPARC–ECM interactions and was recently reviewed by

Bradshaw [16]. In this review, we will highlight the

activity of SPARC in the regulation of growth factor sig-

naling with particular emphasis on events that regulate

angiogenesis and those that have been shown to be relevant

in vivo. The contribution of SPARC to the effect of three

different growth factors that regulate the angiogenic pro-

cess, VEGF, FGF2, and TGF-b, will be discussed with

inclusion of a discussion of SPARC and integrin-signaling

pathways (summarized in Table 1; Fig. 1).

Vascular endothelial growth factor (VEGF)

VEGF-A is a member of a subfamily of the PDGF family

of growth factors. Three known receptor tyrosine kinases

bind to members of this subfamily, but only VEGF-

receptor 1 (VEGFR1) and VEGF-receptor 2 (VEGFR2)

interact with VEGF-A [17]. Kupprion et al. [18] first

demonstrated that 125I-labeled SPARC can to bind to

immobilized VEGF-A and that this interaction was inhib-

ited by unlabeled SPARC. Furthermore, a peptide

corresponding to SPARC residues 254–273 (peptide 4.2)

blocked binding of 125I-labeled VEGF-A to human

microvascular endothelial cells, and SPARC was shown to

specifically block VEGF-A-induced VEGFR1 phosphory-

lation while having no effect on VEGFR2 phosphorylation.

Molecular docking simulations have predicted that the

extracellular Ca2?-binding domain of SPARC interacts

with the VEGFR1-binding site of VEGF-A, in support of a

scenario in which SPARC specifically prevents VEGF-A

from interacting with VEGFR1 [19].

VEGF-A drives angiogenesis by binding to and activating

VEGFR2, which results in receptor autophosphorylation.

SPARC bound to VEGF-A is predicted to decrease phos-

phorylation of VEGFR1 while having no effect on the

phosphorylation of VEGFR2 [18]. Nozaki et al. [20] dem-

onstrated that blockade of the VEGF-A/VEGFR1 interaction
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by SPARC enhances VEGF-A/VEGFR2 signaling to drive

angiogenesis in a model of choroidal neovascularization

(CNV) in which a laser is used to induce an angiogenic

response in the eye. VEGF-A inhibited angiogenesis when

it was injected into the animal after laser injury, but

induced angiogenesis when added prior to laser injury.

The anti-angiogenic effect of VEGF-A post injury was

reversed if the animals were treated with a VEGFR1-

blocking antibody, implicating VEGFR1 activity as a

primary inhibitor of VEGF-A/VEGFR2-induced angio-

genesis. SPARC was found to be expressed constitutively

in the region of the injured eye. However, expression

decreased over time after CNV was induced, consistent

with SPARC blocking the antagonistic effect of VEGFR1

at the time of injury. In support of this, VEGF-A was

unable to stimulate CNV when administered before injury

in SPARC-/- mice and injection of recombinant SPARC

(rSPARC) blocked the inhibitory effect of VEGF-A on

CNV post injury. Conclusions from these studies included

that SPARC can function to block VEGFR1-mediated

recruitment of the phosphatase SHP-1 to VEGFR2,

thereby allowing phosphorylated VEGFR2 to induce an

angiogenic response.

Fibroblast growth factor 2 (FGF2)

SPARC has been shown to influence FGF2/fibroblast

growth factor receptor 1 (FGFR1) signaling, though not

through direct binding with soluble growth factor [21, 22].

FGF2 binds and signals through the FGFR family of

receptor tyrosine kinases, and formation of a ternary

complex of FGF-bound to FGFR with heparan sulfate

proteoglycans is required for many FGF-induced responses

[23]. Hasselaar et al. [21] demonstrated that SPARC

inhibited FGF2-induced migration of endothelial cells

without inhibiting interaction of 125I-labeled FGF2 with

cells. Motamed et al. [22] showed that biotinylated

SPARC, even at a threefold molar excess, was unable to

interfere with the binding of FGF2 to recombinant human

FGFR1-Fc chimeric protein. However, SPARC inhibited

FGF2-induced phosphorylation of FGFR1, MAPK

Table 1 Angiogenic molecules regulated by SPARC

Molecule Role in angiogenesis Effect of SPARC References

VEGF-A Stimulates endothelial cell activation and

initiates angiogenesis through

VEGFR2

SPARC directly interacts with VEGF-A

and prevents it from inducing VEGFR1

activity in cultured endothelial cells

and in vivo. VEGF-A is predicted to

interact with SPARC at its VEGFR1-

binding site

[18–20]

FGF2 Stimulates endothelial cell activation and

initiates angiogenesis through FGFR1

SPARC inhibits the FGF2-induced

activation of endothelial cells in vitro

[22]

PDGFB Stimulates pericyte proliferation and

migration through PDGFRb
SPARC directly interacts with PDGF-BB

and -AB and prevents PDGF-induced

responses in fibroblasts and mural cells

in vitro

[70, 71]

TGF-b1 Can stimulate endothelial cell activation

through ALK1 and inhibit activation

through ALK5. Inhibits pericyte

migration and induces their

differentiation through ALK5

TGF-b1 induces expression of SPARC in

a variety of cell types including

fibroblasts. SPARC also regulates

expression of TGF-b1. Activation of

TGF-b1 can be induced or inhibited by

SPARC

[31–33, 35–37]

a6 Integrin Heterodimerizes with b1 and b4 integrins

to form laminin receptors. Effects of

these integrins on angiogenesis vary.

Their function is inconclusive

SPARC decreases expression and activity

of a6b1 in lens epithelial cells and a6

integrins in preadipocytes in vitro

[48, 72]

b1 Integrin Forms heterodimers with 11 distinct a
subunits. Mediates pericyte recruitment

and endothelial survival

SPARC interacts with b1 integrin and

induces ILK activity in lens epithelial

cells

[49]

avb3 and avb5 Integrins Vitronectin receptors (also bind

fibrinogen and fibronectin). Induce

endothelial cell survival in response to

ligand interaction, and induce cell

death in the absence of ligand

SPARC can increase avb3 and avb5-

mediated migration of prostate tumor

cells and dental pulp cells in vitro.

SPARC blocks avb3 and avb5-

mediated attachment and surface

expression in several ovarian cancer

cell lines

[63, 66, 73]
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Fig. 1 Regulation of angiogenesis by SPARC. a–c Pericyte expres-

sion of SPARC in murine pancreas. Pancreas was harvested from a

3-week-old mouse, sectioned, and subjected to immunofluorescent

staining for the pericyte marker NG2 (a) and SPARC (b). The merged

image is presented with nuclear DAPI staining in c. Pericytes express

SPARC in vitro (d). Whole murine pancreata were subjected to

collagenase digest; NG2? cells were then isolated using anti-NG2

IgG immunomagnetic bead separation. Early passage cells were

subjected to immunofluorescent staining for SPARC. SPARC staining

is presented with nuclear DAPI staining in d. Note cytoplasmic

staining of SPARC in b and d. e Model illustrating potential

regulation by SPARC of integrin activity and multiple growth factor

signaling pathways critical to angiogenesis. During angiogenesis,

VEGF, FGF2, and TGF-b1 are secreted by cells or released from the

ECM into an angiogenic milieu. These growth factors induce

formation of new blood vessels that are marked by excessive

leakiness and endothelial cell proliferation (left diagram; leaky

vessels are indicated by dashed endothelial cell–cell junctions).

Pericytes are mobilized and secrete SPARC into the angiogenic

microenvironment, where it negatively regulates VEGF/VEGFR1 and

FGF2/FGFR1 signaling, diminishing endothelial cell proliferation.

SPARC also influences the activities of b1, aVb3, and aVb5

integrins. SPARC binds b1 integrin and stimulates downstream

signaling in an interaction that may adversely affect ECM interac-

tions. In contrast, SPARC seems to promote aV integrin–ECM

interactions. SPARC also regulates activation of TGF-b1 signaling,

however, the mechanism and outcome of this regulation is unclear

and is perhaps cell-type-dependent. Evidence in support of an

inhibitory activity of SPARC that blocks the activation of TGF-b1

in pericytes has been reported [14, 37, 40]. SPARC inhibition of TGF-

b1 gives pericytes opportunity to migrate to the nascent vessel and

engage the activated endothelium (right diagram). Subsequently,

TGF-b1 is activated and pericytes induce vessel quiescence. The

resulting mature vessel thus consists of both pericytes and endothelial

cells. In total, the diversity of pathways that are influenced by SPARC

places it as an important regulator of microenvironment-perception
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activation, and DNA synthesis and did not require heparan

sulfate proteoglycans. Furthermore, addition of SPARC

blocked the effect of FGF2 on MM14 terminal differenti-

ation, a murine myoblast cell line that requires FGF2/

FGFR1 signaling to maintain an undifferentiated state [24].

Activated FGFR1 receptor induces many of the same

intracellular signaling cascades as those activated by

VEGFR2 and therefore promotes endothelial cell survival

and induces proliferation and migration [25]. Experiments

with human microvascular cells have shown that SPARC

can inhibit the effect of FGF2-induced proliferation of

endothelial cells through inhibition of DNA synthesis,

MAPK phosphorylation, and FGFR1 phosphorylation

(Motamed et al. 2003). Interestingly, the FGF2 inhibitory

activity of SPARC was mapped to a region within SPARC

residues 254–273, the same region that binds to VEGF-A

and inhibits interaction of VEGF-A with VEGFR1, indi-

cating that the effect of SPARC on FGF2 signaling might

be linked to effects on VEGF-A receptor signaling.

Endothelial cells likely express endogenous VEGF-A as

autocrine VEGF-A signaling is required for endothelial cell

survival [26]. A recent report by Lichtenberger et al. [27]

demonstrated that an autocrine VEGF-A/VEGFR1 signal-

ing axis was required for EGF/EGFR-induced proliferation

of squamous cell carcinoma cells. As a direct interaction

between SPARC and FGF2 has not been shown, perhaps

autocrine VEGF-A/VEGFR1 signaling is required for the

proliferative effects of FGF2 and SPARC inhibition of

activity. Thus diminished interaction of VEGF-A with

VEGFR1 mediated by SPARC might decrease FGF2-

induced signal transduction through FGFR1. Further

examination of the function of SPARC in the regulation of

each of these pathways is needed to characterize the

molecular basis of SPARC activity.

Transforming growth factor-b1 (TGF-b1)

Upon association of pericytes with endothelial cells, TGF-

b1 activation induces pericyte maturation and blood vessel

stabilization. Genetic ablation of TGF-b1 results in

abnormal vessel formation and embryonic lethality in mice

[28, 29]. A connection between SPARC and TGF-b1 was

first shown at the level of expression. Wrana et al. [30]

demonstrated that TGF-b1 induced SPARC expression

twofold in a population of fibroblast-like fetal calvarial

cells. Later studies revealed that SPARC expression was

induced by TGF-b1 in a variety of cell types [31–33].

Conversely, SPARC can also regulate expression of TGF-

b1. Francki et al. [34] found that lack of SPARC expres-

sion in mesangial cells resulted in decreased TGF-b1

expression and that addition of rSPARC restored TGF-b1

expression to wild-type levels. The bidirectional regulation

of expression between SPARC and TGF-b1 indicates that

perhaps these two proteins function in cooperation with

one another.

In addition to expression, SPARC also has the capacity

to regulate TGF-b1 activity, though the precise mechanism

behind this regulation is unclear. Mesangial cells isolated

from SPARC-/- mice exhibited over 50% reduction in

basal SMAD2 phosphorylation compared to cells isolated

from SPARC?/? mice [35]. Interestingly, addition of rSP-

ARC to SPARC-/- cells for 30 min was sufficient to

increase basal SMAD2 phosphorylation, a result consistent

with a direct effect of SPARC and not an increase in TGF-

b1 expression. In support of this, rSPARC had a synergistic

effect on TGF-b1-induced SMAD2 phosphorylation in

SPARC?/? cells [35]. Furthermore, Schiemann et al. [36]

found that SPARC-induced SMAD2 phosphorylation in

endothelial and epithelial cells, an effect that was blocked

with a neutralizing TGF-b antibody.

In contrast to these results, Chlenski et al. [37] found

that SPARC had a negative effect on TGF-b1 activity in

vivo and in vitro. Transformed human embryonic kidney

cells (HEK293) transfected with SPARC or an empty

vector were used in a mouse xenograft model. Tumors

expressing SPARC exhibited a significant decrease in the

level of activated fibroblasts as detected by SMAD2-

induced a-SMA expression. Forced expression of

SPARC by HEK293 cells suppressed the capacity of the

cells to induce 3T3 fibroblast expression of a-SMA in

co-culture experiments. Likewise, conditioned media

from HEK293 cells expressing SPARC was less able to

stimulate a-SMA expression compared to conditioned

media from control cells. Whereas incubation with

purified TGF-b1 induced a-SMA expression in 3T3 cells,

rSPARC blocked this effect. Lastly, rSPARC blocked

TGF-b1-induced phosphorylation of SMAD2 in both 3T3

cells and primary human fibroblasts. Interestingly,

SPARC also controlled FGF2-induced effects on 3T3

cells as conditioned media from HEK293 cells express-

ing SPARC was able to enhance the effect of FGF2-

induced migration.

TGF-b1/SMAD2 signaling induces pericyte expression

of a-SMA as well as components of the ECM, and inhibits

their migration; therefore TGF-b1 activation must be spa-

tially regulated to prevent premature differentiation of

pericytes [38–41]. The results of Chlenski et al. [37] would

predict that SPARC promotes pericyte migration toward

nascent endothelial tubes by diminishing activation of

TGF-b1 signaling. In support of this, SPARC activity was

shown to promote pericyte recruitment in an orthotopic

tumor model [14, 15]. In addition, we have recently

uncovered that SPARC decreases TGF-b1 activity in

pericytes in an endoglin- and integrin-dependent manner

[42].
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The apparently contradictory activities exhibited by

SPARC in terms of TGF-b activity might be due to dif-

ferences in cell-type-specific TGF-b1 signaling pathways,

tissue microenvironment, and/or the source of SPARC

protein used in different laboratories. Furthermore, SPARC

is differentially glycosylated in various cell types, which is

known to influence fibrillar collagen binding and might

dictate alternate functions of SPARC in a number of in

vitro and in vivo assays [43]. As the functional relationship

of SPARC with TGF-b1 is currently unclear, future studies

examining differences in cell lines exhibiting opposing

TGF-b1-dependent responses to SPARC would likely

reveal important cellular mechanisms of SPARC and

TGF-b1.

Integrins

Control of integrin activity by SPARC provides another

mechanism through which this matricellular protein might

impact angiogenesis and perhaps influence growth factor

activity. SPARC, a counter-adhesive protein, was first

reported to participate in substrate/cell interactions in

studies using bovine aortic endothelial cells in which

addition of SPARC resulted in a loss of focal adhesions as

assayed using interference reflective microscopy [44].

SPARC also induced diffusion of vinculin out of focal

adhesions and redistribution of actin to the cell periphery.

Since these early experiments, SPARC has been shown to

regulate the expression, surface level, and activity of many

integrins and integrin subunits involved in the angiogenic

cascade.

Regulation of b1 integrins

The b1 integrin subunit forms heterodimers with 11 dif-

ferent a subunits to generate substrate-specific ECM

receptors [45–47]. In lens epithelial cells, the absence of

SPARC was associated with increased levels of the laminin

receptor heterodimer, a6b1 integrin. In addition, SPARC

decreased expression of the a6 integrin subunit in preadi-

pocytes when added exogenously to cells in vitro [48].

Thus, in at least two cell types, expression of SPARC

regulated levels of a6 integrin and adhesive events medi-

ated by a6 integrin. A function of SPARC in the regulation

of a6 integrin levels in endothelial cells has not been

assessed.

Recently, SPARC has been shown to interact directly

with b1 integrin [49]. Weaver et al. [49] found that SPARC

expression in cultured mouse lens epithelial cells increased

in response to cell stress. Furthermore, SPARC-/- cells

demonstrated an increased susceptibility to stress-induced

apoptosis compared to their SPARC?/? counterparts.

Integrin linked kinase (ILK) is a critical regulator of cell

death via its direct phosphorylation of a variety of proteins

including Akt [50]. As SPARC regulates ILK activity in

fibroblasts and its downstream effectors such as Akt in

glioma cell lines, Weaver et al. investigated the function of

ILK in the pro-survival effect of SPARC and found that

ILK activity was induced in response to stress and was

required for the pro-survival effect of SPARC [49, 51, 52].

Immunoprecipitation experiments revealed that b1 inte-

grins associated in a complex with SPARC and ILK. The

b1 binding site on SPARC was mapped to residues

113–130, a region that contains the previously character-

ized angiogenic, Cu2?-binding sequence GHK [10, 11, 53].

Whether SPARC preferentially interacts with specific b1

heterodimers (i.e., b1 in association with specific a sub-

units) was not addressed in these studies.

In the vasculature, b1 integrins are expressed both by

endothelial cells and pericytes in resting vasculature as

well as during angiogenesis [47, 54]. Various studies have

pointed to a proangiogenic function for b1 integrins

expressed by both mural cells and endothelial cells. As

SPARC is expressed and secreted by vascular cells during

angiogenesis, it seems highly plausible that a mechanism of

SPARC-mediated cell survival that acts through the

extracellular interaction of the GHK domain of SPARC

with b1 integrins might positively regulate vascular cell

behavior during blood vessel formation. Derivative pep-

tides of SPARC promoted chick chorioallantoic membrane

angiogenesis, bovine aortic endothelial cell tube formation,

and endothelial cell proliferation [10, 11]. Though a

mechanism in which SPARC, through its GHK domain,

induces angiogenesis through interactions with b1 integrin

heterodimers seems likely, experiments specifically

addressing the dependency of SPARC-induced angiogen-

esis on b1 integrin expression by pericytes and endothelial

cells are currently lacking.

In a separate study, Weaver et al. demonstrated that, in

lens epithelial cells, an antibody against b1 integrin that

inhibited ECM binding by integrin heterodimers, blocked

SPARC from associating with b1 integrin receptors.

SPARC might therefore compete with ECM substrates for

engagement of integrin receptors [49]. As ECM interac-

tions with b1 integrins are required for normal

angiogenesis, the activity of SPARC to modulate b1 inte-

grin engagement is likely to be temporally regulated.

Indeed, Iruela-Arispe et al. [12] found that SPARC protein

but not message was highest in newly formed chick cho-

rioallantoic membrane vasculature between days 9 and 15

but dropped afterwards. The highest levels of SPARC

protein spatially overlapped regions of plasmin protease

activity, suggesting that plasmin-induced angiogenic

SPARC cleavage products are beneficial only in the early

phases of new blood vessel formation.
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Regulation of aV integrins

aV integrin receptors represent the most studied group of

integrins involved in angiogenesis to date [55]. Genetic

ablation of aV integrin expression results in perinatal

lethality due to abnormal association of cerebral blood

vessels with the surrounding parenchyma [56]. A plethora

of studies has revealed an increase in aV integrin expres-

sion in vascular cells in response to various angiogenic

stimuli [55, 57]. aV integrins can dimerize with b3, b5, or

b8 integrin subunits to form vitronectin receptors, and with

b6 subunits to form fibronectin receptors. The majority of

reports have demonstrated that aVb3 and aVb5 are the

only aV integrins expressed by vascular cells, and these

were found expressed in endothelial cells only. However,

we and others have found that stellate cells, which function

as pericytes in various organs including the pancreas and

the liver, express aV, b3, b5, b6, and b8 [58–61]. Specific

antagonism of aVb3 and aVb5 has proven to be an

effective strategy for blocking tumor angiogenesis in

clinical trials with glioblastoma patients [62]. Studies using

human dental pulp cells and various tumor lines have

shown that SPARC is able to modulate expression and

activity of both aVb3 and aVb5 integrins.

For example, in a study of bone metastasis in prostate

cancer, SPARC was shown to enhance migration of a

human prostate cell line [63]. The stimulatory effect of

SPARC on cell migration required aVb3 and aVb5 inte-

grins, as specific blockade of either of these receptors

significantly decreased SPARC-induced migration. Inter-

estingly, blocking VEGFR2 had a similar effect on

SPARC-induced migration. Ligation of SPARC by aVb5

integrin was found to stimulate VEGF expression, an effect

that was blocked with the aVb5 integrin-specific inhibitor

cRGDfV. Similarly, SPARC induced the migration of

human dental pulp cells in a dose-dependent manner and

was blocked by aVb3 integrin-inhibiting antibodies [64].

In contrast, SPARC appeared to have a negative effect

on aV integrins in human ovarian cancer cells. rSPARC

was able to block Mn2?-induced, aVb3-mediated adhesion

of several human ovarian cancer cell lines to vitronectin

[65]. Incubation of SKOV3 cells with SPARC decreased

surface expression of aVb3 by 74%, and aVb5 by 32%.

SPARC also blocked aV integrin-induced adhesion of ID8

mouse ovarian cancer cells to vitronectin and to peritoneal

explants [66]. The results from ovarian cancer cell lines

implied that SPARC blocks aVb3 and aVb5 activity,

whereas studies using other cell types suggested SPARC

enhanced activity of these receptors [63, 64]. The dis-

crepancy perhaps indicates that SPARC influences aV

integrin activity through an indirect mechanism that is

dependent upon cell-type-specific protein expression. A

detailed analysis of SPARC and aV integrins in endothelial

cells would contribute to our understanding of how SPARC

affects angiogenesis.

Conclusions

That SPARC is involved in regulating angiogenesis is

supported by: (1) the induction of SPARC expression in the

vasculature during both physiological and pathological

angiogenesis, (2) the capacity of SPARC to modulate

growth factor activity required for angiogenesis, and (3)

functional modulation by SPARC of integrin activity uti-

lized by endothelial cells and pericytes during angiogenesis.

For these reasons, manipulation of SPARC activity may

prove to be a beneficial strategy against diseases charac-

terized by blood vessel formation. Perhaps the most

immediately relevant of such diseases is cancer [67].

Tumor-associated blood vessels are typically quite different

from the vasculature of normal tissues. They are tortuous,

leaky, and are often discontinuous, characteristic features of

an unstable vasculature, and are comprised of abnormal

endothelial cells and pericytes [67]. That pericytes represent

a beneficial target for anti-angiogenic therapy is established.

Targeting pericytes by blocking PDGFRb enhanced the

activity of anti-VEGF-A therapy to decrease tumor blood

vessel number and control tumor growth in a mouse model

of islet carcinoma [68]. As SPARC was shown to promote

pericyte recruitment in orthotopic pancreatic tumors grown

in mice, a SPARC-mediated block of PDGF-B binding to

PDGFRb is not favored as a primary effector of SPARC on

pericyte behavior [69]. SPARC has been shown to bind and

reduce PDGF binding to receptor in vitro using relatively

high amounts of SPARC protein. However, SPARC-/-

mice exhibited reduced pericyte recruitment in models of

pancreatic cancer. Therefore, the effects of SPARC on

TGF-b-mediated pericyte response is likely more relevant

in vivo than that of PDGF [30–37]. Regulation of TGF-b
activity in pericytes by SPARC may represent a novel

mechanism for modulating pericyte behavior in vivo with

clinical implications in tumor therapy.

Based on current knowledge, a unifying hypothesis of

the function of SPARC in angiogenesis is not readily

apparent. Perhaps the complexity of cellular events

required for the generation of new blood vessels from

existing vasculature hinder labeling of some angiogenic

factors as either pro or anti-angiogenic. Endothelial cell

proliferation, migration, and ECM deposition are all

required for vascular remodeling, it is plausible factors that

promote one phase of angiogenesis might inhibit a sub-

sequent process.
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