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SPARC is a secreted glycoprotein that has been shown to disrupt focal adhesions and to
regulate the proliferation of endothelial cells in vitro. Moreover, peptides resulting from the
proteolysis of SPARC exhibit angiogenic activity. Here we describe the temporal synthesis,
turnover, and angiogenic potential of SPARC in the chicken chorioallantoic membrane.
Confocal immunofluorescence microscopy revealed specific expression of SPARC protein in
endothelial cells, and significantly higher levels of SPARC were observed in smaller newly
formed blood vessels in comparison to larger, developmentally older vessels. SPARC mRNA
was detected at the earliest stages of chorioallantoic membrane morphogenesis and reached
maximal levels at day 13 of embryonic development. Interestingly, steady-state levels of
SPARC mRNA did not correlate directly with protein accumulation; moreover, the protein
appeared to undergo limited degradation during days 10-15. Incubation of [12511-SPARC
with chorioallantoic membranes of different developmental ages confirmed that extracellular
proteolysis occurred during days 9-15, but not at later stages (e.g., days 17-21). Comparison
of peptides produced by incubation with chorioallantoic membranes with those generated by
plasmin showed an identical pattern of proteolysis. Plasmin activity was present throughout
development, and in situ zymography identified sites of plasminogen activator activity that
corresponded to areas exhibiting high levels of SPARC expression. Synthetic peptides from
a plasmin-sensitive region of SPARC, between amino acids 113-130, stimulated angiogenesis
in the chorioallantoic membrane in a dose-dependent manner; in contrast, intact SPARC was
inactive in similar assays. We have shown that SPARC is expressed in endothelial cells of
newly formed blood vessels in a manner that is both temporally and spatially restricted.
Between days 9 and 15 of chorioallantoic membrane development, the protein undergoes
proteolytic cleavage that is mediated, in part, by plasmin. SPARC peptides released specif-
ically by plasmin induce angiogenesis in vivo. We therefore propose that SPARC acts as an
intrinsic regulator of angiogenesis in vivo.

INTRODUCTION eling (reviewed by Lane and Sage, 1994). Although
SPARasecreted glycoprotein synthesized by a high levels are found in bone, somites, and plateletsSPARC is a involved in mophogen esisad byoa (Otsuka et al., 1984; Stenner et al., 1986; Holland et al.,

variety of cells nvolved in morphogenesis and remod- 1987; Sage et al., 1989a), a greater number of cell types

express the protein in vitro, as part of a response
termed "culture shock" (Sage et al., 1984). SPARC
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thrombospondin (Clezardin et al., 1988), collagens I,
III, and IV, and V (Sage et al., 1989b; Mayer et al., 1991),
and PDGF-B chain (Raines et al., 1992). Consistent
with a role in remodeling tissues, expression of
SPARC mRNA and protein has been noted in endo-
thelial cells as part of angiogenesis during develop-
ment and wound repair (Reed et al., 1993; Lane et al.,
1994). In vitro, SPARC is significantly increased dur-
ing the organization of endothelial cords and tubes
(Iruela-Arispe et al., 1991a,b) and appears to regulate
endothelial cell shape and proliferation (Sage et al.,
1989b; Funk and Sage, 1991, 1993). Although an asso-
ciation with angiogenesis has been apparent from
these and other studies, an understanding of the role
of SPARC in this process has remained elusive.
Angiogenesis is a complex process that leads to an

increase in vessel density during development, in tis-
sue remodeling, and in response to factors released by
tumors and anoxic tissues. It comprises a series of
modifications in endothelial cell behavior that lead to
the acquisition of an invasive phenotype. After endo-
thelial cell stimulation, successive changes in cell
shape, migration, and proliferation result in the mor-
phogenesis of capillary networks. Invasion is facili-
tated by an increase in the levels of local proteases,
particularly plasmin/plasminogen activator (PA)1 and
metalloproteases (Pepper and Montesano, 1990). An-
giogenic growth is eventually curtailed by decreased
levels of stimulators or by specific inhibitors, and is
characterized by a return to the noninvasive and mi-
totically quiescent state (Folkman and Klagsbrun,
1987). An understanding of endothelial cell activation,
as well as the elements that regulate each of the cel-
lular events involved in vessel formation, is relevant
to the control of several pathologies, including cancer.
Among the systems available for the study of angio-

genesis in vivo, the chicken chorioallantoic membrane
(CAM) provides advantages such as a relatively sim-
ple structure, fast growth, and accessibility. The CAM
develops as a diverticulum of the endoderm 48 h after
fertilization and reaches a diameter of 9 cm in 7 days.
Vascularization of the CAM arises from progressive
endothelial cell proliferation (Ausprunk et al., 1974)
and capillary branching that expands radially. Since
the vessels near the center are formed first, they are
developmentally older than the vessels near the edges
of the expanding membrane.
In this study, we found that SPARC was expressed

at high levels during the development of the CAM at
periods coincident with capillary branching and
growth; however, proteolysis was also observed at
specific times during development. Degradation was
not apparent after day 17, when capillary morphogen-

1Abbreviations used: CAM, chorioallantoic membrane; PA, plas-
minogen activator.

esis had essentially ceased. High steady-state levels of
mRNA correlated with maximum proteolysis. Because
the degradation of SPARC by plasmin and by a 15-d
CAM were highly similar, and a previous study had
shown that cleavage of SPARC by plasmin resulted in
the release of angiogenic peptides (Lane et al., 1994),
we quantified the angiogenic activity of these frag-
ments in the CAM. Peptides from basic region II (ami-
no acids 113-130) induced capillary growth in a dose-
dependent manner, whereas peptides from other
regions were without effect. Intact SPARC did not
promote an angiogenic response.
Our data indicate that the degradation of SPARC in

the extracellular milieu could result in the release of
bioactive peptides; moreover, maximal levels of plas-
min appeared to coincide with SPARC degradation.
Collectively, these results implicate SPARC as a regu-
lator of angiogenesis and provide evidence that the
plasmin/PA system might act, in part, to regulate its
activity in vivo.

MATERIALS AND METHODS

Animals and Tissue Culture
Fertilized white Leghorn chicken eggs (Biological Supply, Lynn-
wood, WA) were incubated at 37'C in 60% relative humidity. At
day 3, eggs were opened into petri dishes. Embryos with intact
CAMs and yolks were cultured under sterile conditions in an hu-
midified tissue culture incubator at 37°C, 1-3% CO2, essentially as
described by Auerbach et al. (1974).

Antibodies
Rabbit polyclonal IgG generated against a peptide sequence from
the carboxy-terminus (amino acids 254-273) of murine SPARC (an-
ti-4.2; NH2-TCDLDNDKYIALEEWAGCFG) (Lane and Sage, 1990)
was used for both immunohistochemistry and immunoblot analysis
of chicken SPARC. The chicken sequence is 85% identical to the
mouse over this region, and the antibodies have been shown to
recognize the chicken protein (Bassuk et al., 1993). Antibodies used
for mapping of human SPARC degradation products included a
rabbit polyclonal IgG against intact murine SPARC (Sage et al.,
1989a), and an antiserum against a synthetic peptide of SPARC
(amino acids 113-130) (Table 1).

Protein Extraction and Purification
CAMs were allowed to develop in ovo at 37°C. Two to four eggs
were harvested per day to obtain multiple samples from day 3 to 21
of development. After isolation, CAMs were extracted in 10 vol-
umes of extraction buffer (50 mM Tris-HCl, pH 7.6, 0.4% NP-40), at
4°C, with a Polytron tissue homogenizer (Brinkmann Instruments,
Westbury, NY). The extraction buffer contained the following pro-
teinase inhibitors: 1 ,ug/ml leupeptin, 1 ,ug/ml pepstatin A, 10 mM
NEM (Sigma Chemical, St. Louis, MO), 2 mM phenylmethylsulfonyl
fluoride (PMSF) (Sigma Chemical), 2 mM 1,10-phenanthroline (Sig-
ma Chemical, 0.1 mM N-tosyl-L-lysine chloromethyl ketone (Sigma
Chemical), and 0.2 mM N-tosyl-L-phenylalanine chloromethyl ke-
tone (Sigma Chemical). The last three inhibitors were diluted di-
rectly into the sample during homogenization. Homogenates were
allowed to stand for 10 min at 4'C. Insoluble material was removed
by centrifugation at 12,000 rpm in a microfuge for 5 min at 4°C. The
resulting supemates were stored at -70'C. Isolation of CAMs was
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Table 1. Sequences of synthetic peptides

Name Sequencea Massb

1. 4-23 QTEVAEEIVEEETVVEETGV 2219.3
2. 54-73 CQNHHCKHGKVCELDESNTP 2279.5
3. 113-130 TLEGTKKGHKLHLDYIG 1910.2
4. 113-13OH121-R TLEGTKKGrKLHLDYIG 1938.2
5. 113-130K119-A TLEGTKaGHKLHLDYIG 1853.1
6. 119-122 KGHK 469.3
7. 120-122 GHK 341.2

aPeptides were named according to their position within the pub-
lished sequence of murine SPARC after the removal of the signal
sequence (Mason et al., 1986). Amino acid residues are indicated by
single letter code. Mutations in peptides are indicated by a subscript
in the name and by a lower-case letter in the sequence.
bMass (in D) was calculated with the aid of the MacProMass
program.

always performed at the same time of day to ensure consistent
timing of developmental stages.
CAM extracts were dialyzed against DE buffer (50 mM Tris-HCl,

pH 8.0, 4 M urea) for 24 h at 4°C. Insoluble material was removed
by centrifugation as above, and the samples were applied to indi-
vidual minicolumns that contained DE-52 anion-exchange resin
(Whatman, Hillsboro, OR) previously equilibrated in DE buffer. The
resin was washed with 4-column volumes of DE buffer to remove
unbound material (this fraction was referred to as DE-0). Bound
proteins were eluted stepwise by application of buffers containing
increasing concentrations of NaCl: 75 mM NaCl (DE-I), 175 mM
(DE-II), and 500 mM NaCl (DE-II). Fractions were dialyzed against
H20 and lyophilized before analysis.

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and Immunoblotting
CAM extracts and anion-exchange fractions were resolubilized in 50
mM Tris-HCl, pH 7.5, containing 150 mM NaCl and 1 mM CaCl2.
Protein concentrations were determined with a Bradford protein
assay kit (Pierce, Rockford, IL) and a calibrated solution of bovine
serum albumin (BSA). Equivalent amounts of protein (600 ,ug of
unfractionated proteins or 200 jig of each ion-exchange fraction)
were separated by SDS-PAGE and transferred to nitrocellulose
membranes for immunoblot analysis. For SDS-PAGE, peptides were
solubilized in sample buffer (Laemmli, 1970), heated at 95°C for 3
min in the presence of 5 mM dithiothreitol (DTT), and separated on
10-20% gradient minigels (Integrated Separation Systems, Natick,
MA) with a tricine-SDS buffer system (Schagger and von Jagow,
1987). Proteins resolved by SDS-PAGE were transferred to nitrocel-
lulose, visualized by exposure to amido black, and photographed.
Nonspecific binding was blocked with MT-buffer (phosphate-buff-
ered saline [PBS], pH 7.7, containing 1% nonfat dried milk and
0.05% Tween-20). Blots were subsequently incubated with anti-
SPARC antibodies for 2 h at room temperature, followed by 0.05
mCi/ml [1251]-protein A (Dupont NEN, Boston, MA). Radiolabeled
complexes were detected as autoradiographic images on x-ray film
exposed at -70°C with two intensifying screens (Kodak, Rochester,
NY). Molecular weight was determined by reference to the migra-
tion of characterized standards (Life Technologies, Bethesda, MD):
myosin (200,000), phosphorylase B (97,400), BSA (68,000), ovalbu-
min (43,000), carbonic anhydrase (29,000), ,3-lactoglobulin (18,400),
and lysozyme (14,300).

Northern Blot Analysis
CAMs from days 4-19 of development were isolated from embryos,
rinsed in Dulbecco's modified Eagle's medium (DME), minced, and
subjected to an RNA extraction procedure. Total RNA was purified,
fractionated by electrophoresis on a 1.2% denaturing agarose gel,
transferred to Nytran membranes by vacuum blotting, and prehy-
bridized for 3-5 h as previously described (Iruela-Arispe et al.,
1993). A chicken SPARC cDNA probe (Bassuk et al., 1993) was
radiolabeled with [32P]dCTP (0.2-0.5 x 109 cpm/,ug DNA) and
purified by chromatography on Sephadex minicolumns (Pharmacia,
Piscataway, NJ). The probe was added to the prehybridization
solution, and hybridization proceeded at 42°C for 12-18 h. Blots
were also hybridized with a 28 S rRNA probe to control for loading
and transfer efficiency (Iruela-Arispe et al., 1991a). For quantifica-
tion, all values were normalized to the 28 S rRNA signal.

Whole-mount Immunocytochemistry and Confocal
Microscopy
CAMs were dissected, rinsed in DMEM, fixed with 4% paraform-
aldehyde at 4°C for 4 h, and washed extensively in PBS for several
hours. CAMs were incubated with 50 mM DTT for 30 min, washed
in PBS, incubated with RNAse A (10 ,ug/ml) for 10 min, rinsed in
PBS, and blocked in a solution containing 1% goat serum and 0.1%
Tween-20 in PBS. Tissues were incubated with an affinity-purified
rabbit anti-peptide IgG that recognizes SPARC (anti-peptide 4.2) for
4 h at room temperature, washed in blocking solution, incubated
with biotinylated anti-rabbit IgG for 4 h at room temperature,
washed in blocking solution overnight, and finally incubated with
avidin-FITC. After extensive washing, CAMs were stained with
propidium iodide (10 ,ug/ml) for visualization of nuclei. Controls
included the use of preimmune serum and preabsorption of the
antibody with the immunizing peptide. The preparations were ex-
amined on an ACAS 570c Laser Cytometer (Meridian Instruments,
Okemos, MI) set in confocal mode. Dual color scans were acquired
with 488 nm excitation from a 5 W argon-ion laser (Coherent, Palo
Alto, CA). For simultaneous detection of FITC and propidium io-
dide, the epifluorescent light was separated from the excitation light
by a 500 nm dichroic mirror and a 515 nm LP barrier filter. The light
was then split with a 575 nm short-pass dichroic filter. FITC fluo-
rescence was further delineated by passage through a 530/30 band-
pass filter in front of the first detector. Propidium iodide fluores-
cence was detected after passage through a 605 nm long-pass filter
placed in front of the second detector. Photomultiplier tube voltages
were calibrated with a standardized fluorescent plastic slide before
each experiment to ensure a linear response with respect to fluores-
cence intensity.
To improve resolution, we scanned CAMs at several different

field sizes. For large-scale scans, the motorized microscope stage
was set to scan 180 x 180 pixels with a step size of 10 ,u/pixel with
a 40 X LWD phase objective (NA = 0.55) and a pinhole size of 225
gm. Smaller areas within different regions of the CAM were
scanned similarly at 180 x 180 pixels, but with a smaller step size
(0.5 or 2 ,u/pixel). For quantification of levels of SPARC in different
zones, each CAM was divided into three regions designated as
follows: zone I - central, zone II - intermediate, and zone III -
peripheral. Images were acquired by random selection of areas
within each zone in the CAM. The digitized images were displayed
and analyzed with a microcomputer resident in the ACAS 570c, and
the dual color image analysis software package provided by the
manufacturer. Alternatively, the image files were exported to a
Macintosh LC II microcomputer (Apple Computer, Inc., Cupertino,
CA) and analyzed with the National Institutes of Health Image
software package (version 1.49, National Institutes of Mental
Health, Bethesda, MD).

For simultaneous identification of endothelial cells and SPARC, a
day 7 chicken embryo was perfused through the left ventricle with
Di-acetylated-low density lipoprotein (Ac-LDL) for 2 min. The vas-
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culature was flushed with saline for 10 min and was subsequently
fixed with 4% paraformaldehyde. After perfusion, the CAM was
post-fixed by immersion in 4% paraformaldehyde. Staining for
SPARC and visualization by confocal microscopy were performed
as described above.

In Situ Digestion of SPARC
lodination of SPARC was performed by the chloramine-T procedure
as described by Yost and Sage (1993). Approximately 1 ng of iodi-
nated protein was placed onto staged CAMs. Preparations were
incubated for 9 h at 37°C. A circle of tissue overlapping the area of
SPARC application (0.5 cm in diameter) was subsequently dissected
from the CAMs, rinsed twice in DMEM, and placed in 500 ,ll of a
solution containing the following proteinase inhibitors: 2 mM
PMSF, 10 mM NEM, 5 mM EDTA, 1 jig/ml leupeptin, and 1 mM
amiloride. Samples were homogenized with a Dounce homogenizer
and were centrifuged for 5 min. The supemates were transferred to
a fresh tube, and an aliquot was counted by liquid scintillation
spectrometry (Beckman, Palo Alto, CA). Controls included incuba-
tion of SPARC alone at 37°C and with CAM tissue in the presence
of a solution of proteinase inhibitors containing 2 mM PMSF, 10mM
NEM, 5 mM EDTA, 1 ,ug/ml leupeptin, 0.1 mM mM N-tosyl-L-
lysine chloromethyl ketone, 0.2 mM N-tosyl-L-phenylalanine chlo-
romethyl ketone, and 1 mM amiloride.
An aliquot of 50,000 cpm was mixed with tricine sample buffer

(Schagger and von Jagow, 1987) in the presence of DTT, heated to
95°C for 1 min, and resolved on an SDS-tricine minigel (Integrated
Separation Systems). After electrophoresis, the gel was fixed, dried,
and exposed to X-AR film (Kodak).

For immunoblot analysis, 5 ,ug of unlabeled SPARC was placed
onto 7-day and 15-day CAMs. The incubation and extraction pro-
cedure was identical to that described above. In addition, 5 ,ug of
SPARC was digested with 1 unit of plasmin (Sigma Chemical) for 9
h at 37°C. SPARC alone was also incubated under the same condi-
tions. The samples were subjected to SDS-PAGE, transferred to
nitrocellulose, and probed with several anti-SPARC antibodies. An-
tigen-antibody binding was detected by chemiluminesence (Bio-
Rad, Hercules, CA), after incubation with an alkaline phosphatase-
labeled secondary antibody.

Measurement of Plasmin
Whole CAMs from days 4-17 were dissected, rinsed in DME, and
homogenized in the absence of proteinase inhibitors in 50 mM
Tris-HCl (pH 7.5), containing 100 mM NaCl and 1 mM CaCl2, in a
Polytron apparatus. One aliquot from each sample was used for
measurements of protein concentration by a Bradford assay (Pierce).
Plasmin concentration was measured in microtiter plates by the
addition of 100 ,ul of the chromogenic substrate S2304 (stock solu-
tion of 4 mM) (Kabi Pharmaceuticals, Franklin, OH) to equivalent
amounts of protein extract (500 ,ug). The reactions were incubated at
37°C for 20 min, and absorbance was determined at 490 nm with an
automated ELISA plate reader. Purified plasmin was used to gen-
erate a standard curve, and absorbance values from homogenates
were converted into plasmin concentrations (,ug/ml) by interpola-
tion from the standard curve.

In Situ Zymography
CAMs from days 5-17 were dissected, rinsed in DMEM, and placed
on a glass surface maintained at 37°C before application of the
plasminogen overlay. A suspension consisting of 2% nonfat dry
milk in PBS (supemates were collected from an 8% stock solution,
heated at 95°C for 30 min, and centrifuged for 15 min at 3,000 x g),
1% melted agarose, and 40 jig/ml purified human plasminogen
(Sigma Chemical) was prepared at 50°C (Sappino et al., 1991). The
mixture was pipetted carefully over the CAM and allowed to po-
lymerize. The agar jelled immediately and gradually became opal-

escent. We found that 1 ml was sufficient to cover 2 cm2 of the CAM.
Care was taken in all overlays to ensure that an equal volume, and
therefore an equal concentration, of plasminogen was applied per
unit area of tissue. Samples were incubated at 37°C in an humidified
incubator for 8 h. Lytic activity was visualized as clear zones under
dark-field illumination. The first lytic zones usually became visible
within 4 h after overlay. The CAMs were photographed under
dark-field illumination before and after incubation to document the
extent of digestion. Similar experiments were performed without
plasminogen or in the presence of 1 mM amiloride (Vassali and
Belin, 1987).

Mesh Assay and Quantification of Capillaries
Type I collagen gels containing PBS, SPARC, or SPARC peptides
were cast between meshes of an inert, nonantigenic tissue as fol-
lows: mesh tissue (Tetko, #3-300/50) was cut into squares of 4 x 4
mm or 2 x 2 mm and was autoclaved. Type I collagen (vitrogen,
Celtrix Corp., Palo Alto, CA) was neutralized with 10 x PBS and 0.1
N NaOH and was kept on ice to avoid polymerization. Suspensions
were prepared by mixing of the peptides with the neutralized
vitrogen. Each mixture (20 ,ul) was pipetted onto 4 X 4 mm meshes
and allowed to polymerize at 37°C. An outer mesh square (2 x 2
mm) was applied to complete the sandwich. The amino acid se-
quences of the peptides are shown in Table 1. bFGF and BSA were
used as positive and negative controls, respectively.
Meshes were applied to day 11 CAMs for 24 h. The meshes were

always placed between areas II and Im (Figure 1A). After 24 h, the speci-
mens were recovered from the CAM, fixed in paraformaldehyde, and
processed for histological examination and morphometry. Vitrogen sand-
wiches were embedded in paraffin, and 10-,um sections were obtained.
Sections were stained with hematoxylin and eosin.
The densities of capillaries (number of capillaries per mm2) and of

endothelial cells in the meshes were measured by an optical volume
fractionator method (Bolender, 1993; Bolender and Charleston,
1993) and a computer software program. This software guided the
initial experimental design by the provision of a series of simulators
based on the volume of the structure and a target minimal error of
0.005%. The principles of this novel stereological procedure are
based on the optical dissector (Gundersen et al., 1988) and the
fractionator (Gundersen, 1986). With the aid of the optical volume
fractionator and the OPTIMAS program, we estimated the total
volume of the meshes, the numerical density of the cells, and the
total volume of cells/mesh.

Initially, the volume of the polymerized vitrogen was obtained by
the Cavalieri method (Gundersen and Jensen, 1987): volume of the
mesh analyzed = 0.25 cm3 (±0.05). The meshes were 2.5-3 mm long
and 1.5-2 mm thick.
To quantify the density of capillaries in the meshes, we used a test

grid with parameters of Dgrid, 1 cm; Pgrid, 30. This grid allowed us
to estimate the area of the sections. The test grid was applied to the
monitor screen, and an image of the mesh was projected (total
magnification = X55). Intersecting capillaries were identified by the
OPTIMAS program and were counted to obtain the total density of
vessels.

Capillary counts were obtained in sections cut through the plane
of the mesh; the size of the mesh could therefore be used as an
intemal standard for measurements of area. The coefficient of error
for the capillary density was calculated according to the procedure
of Bra-ndgaard et al. (1990).

RESULTS

SPARC Protein Is Preferentially Expressed
by Endothelial Cells in Newly-formed Regions
of the CAM
During development, the CAM displays a progressive
gradient of growth that originates from the base of the
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allantois. The structure is fully formed by day 15 and
provides increased surface area for gas exchange in
the embryo. Angiogenesis follows the pattern of CAM
growth and thus proceeds from the center toward the
periphery. As a result, central vessels are developmen-
tally older than their peripheral counterparts. If
SPARC is involved in proliferation or invasion of en-
dothelial cells, a corresponding central-to-peripheral
gradient of its expression in the CAM would be ex-
pected. To test this prediction, we performed immu-
nohistochemical analysis of SPARC in CAMs isolated
between days 8-12 of development. Quantification of
SPARC expression was assessed by direct measure-
ments of fluorescence intensity with a laser-activated
confocal microscope.
Figure 1A is a camera lucida illustration of a day 10

CAM, divided into three zones that correspond to
regions of developmental age. Zone I is the center of
the CAM and contains the highest density of large-
caliber vessels. Zone III corresponds to the peripheral
zone, still expanding at this stage in development,
which contains the highest percentage of actively
growing capillaries. Between zones I and III, there is a
transitional region (zone II) with vessels at intermedi-
ate stages of maturation in comparison to zones I and
III.
The distribution of SPARC within a CAM is pre-

sented in Figures 1 and 2. Confocal analysis of a
day-10 CAM revealed SPARC protein associated with
endothelial cells in a central-to-peripheral gradient
(Figure 1B). In this image, fluorescence intensity (lev-
els of SPARC) has been translated into a color scale, a
process that allows discrimination of antigen concen-
tration. Most of the CAM vasculature was visualized
as blue or green, an indication that low levels of
SPARC were expressed throughout the vasculature.
Toward the periphery (zone III), a larger number of
vessels were stained, the yellow and red colors indi-
cating higher concentrations of SPARC protein. Exam-
ination at higher magnification of cells that were
stained with anti-SPARC IgG indicated that endothe-
lial cells were the major site of SPARC synthesis. To
verify this observation, we performed a double-label
experiment in which the CAM was flushed with Ac-
LDL before immunolocalization of SPARC. Endocyto-
sis of Ac-LDL is routinely used for identification of
endothelial cells (Yablonka-Reuveini, 1989). Figure 1,
C and D shows a 0.5-,um optical slice through a small
blood vessel. Two cells (identified by arrows) were
stained for both Ac-LDL uptake (Figure 1C) and for
SPARC (Figure 1D). Analysis of other regions of these
CAMs revealed that virtually all cells that were im-
munolabeled with SPARC were also labeled with Ac-
LDL. In initial immunohistochemical studies of the
CAM, it appeared that occasional mesenchymal cells
were also stained with anti-SPARC antibodies. How-
ever, subsequent studies with Ac-LDL as an endothe-

lial marker showed that most, if not all, of this staining
could be attributed to endothelial cells lying just out-
side the plane of section.
We next quantitatively analyzed the levels of

SPARC in vessels of zones I, II, and III. Figure 2
shows a panel of representative confocal images
collected from the three different zones defined in
Figure 1A. Panels A and B represent images from
zone I; panels C and D, images from zone II, and
panels E and F, images from zone III. In all the
images examined, SPARC was primarily associated
with endothelial cells. Blood, inflammatory cells,
and the majority of stromal cells were negative (Fig-
ure 2, panels B, D, and F). These results are in
agreement with observations obtained from the
double-labeling experiments. Capillaries from zone
III exhibited the highest levels of staining for
SPARC (Figure 2F), and virtually all capillary endo-
thelial cells in this zone were immunoreactive. In
zone I, capillaries reactive with anti-SPARC IgG
were rare. The pattern of expression observed in
zones I and II was similar; in both regions, the
intensity of staining in endothelial cells was low.
When positive cells were identified in vessels from
zones I and II, the pattern was interrupted, i.e., not
all endothelial cells were positive (Figure 2, B and
D). This profile has been observed in vessels from
other tissues (Lane et al., 1994). It is therefore con-
ceivable that cells from older vessels display discon-
tinuous expression of SPARC, or that the endothe-
lium is heterogeneous with respect to the synthesis
of this protein.

All immunocomplexes detected were associated
with discrete cells and appeared to be intracellular.
The intensity of intracellular fluorescence resulting
from SPARC immunocomplexes was analyzed in en-
dothelial cells from 25 distinct vessels in each zone
(Figure 2G). Values were normalized to the level of
propidium iodide (corresponding to the number of
nuclei per area) in identical areas. The results, shown
as a histogram, indicate that endothelial cells from
peripheral vessels expressed, on average, four times
more SPARC than endothelial cells from older (cen-
tral) vessels.

Expression of SPARC Correlates with Maximal
Capillary Growth
In addition to the radial progression of blood vessel
development observed within a CAM, a measure of
vessel maturity can be obtained by direct comparison
of developmental stages. Previous studies have shown
that rates of capillary growth are maximal between
days 7-12, and decline steadily thereafter (Ausprunk
et al., 1974). We used this developmental sequence to
determine the expression of SPARC in relation to the
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B

Figure 1. Distribution of SPARC in the CAM. (A) Camera lucida illustration of the vasculature in a day 10 CAM. Progression of
angiogenesis follows a centrifugal pattem: vessels in the center (zone I) are, in general, larger and developmentally older than vessels in the
periphery (zone III). The intermediate region is designated zone II. (B) Confocal scan of a day 10 CAM after whole mount staining with
anti-SPARC254_273 peptide antibodies followed by FITC-conjugated secondary antibodies. Fluorescence intensity is represented as a pseudo-
color image: a color scale is provided on the left. Highest concentrations of bound antibody are represented in red (+), and lowest
concentrations are represented in violet (-). Arrows indicate high levels of expression of SPARC. (C and D) Confocal images from a single
blood vessel. The CAM had been perfused with Ac-LDL, an endothelial cell marker, before fixation and staining with anti-SPARC254_273
peptide antibodies. (C) CAM visualized for fluorescence due to bound and/or endocytosed Ac-LDL. (D) CAM visualized for fluorescence
due to anti-SPARC immunocomplexes. Arrows indicate two cells that are positive for both Ac-LDL and SPARC. Other cells outside the plane
of focus can also be identified. Bar in C and D = 5 ,tm.

degree of angiogenesis and endothelial cell differenti- mised by high levels of lipid and comigrating protein.
ation. To improve the signal, we took advantage of the af-
Protein homogenates from CAMs at successive days finity of SPARC for anion-exchange resins and ob-

of development were examined for the presence of tained a partial purification of SPARC before electro-
SPARC. Initial immunoblots revealed significant lev- phoresis (Sage et al., 1989b). The isolation procedure is
els of protein in extracts from days 7-10; however, shown in Figure 3A. After extensive dialysis, the frac-
detection of SPARC in the total extracts was compro- tions were separated by SDS-PAGE (Figure 3B), trans-
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Figure 2. Localization of SPARC in capillaries from the center, intermediate, and peripheral zones of the CAM. (A-F) CAMs were fixed,
blocked in PBS/Tween, and incubated with anti-SPARC254-273 peptide antibodies followed by FITC-secondary antibody. The CAM
preparations were also stained with propidium iodide for identification of nuclei. Confocal images were obtained from the center (A and B),
intermediate (C and D), and peripheral zones (E and F). Images corresponding to propidium iodide are panels A, C, and E, and FITC images
are panels B, D, and F. Note that images are at different magnifications (designated by bars in the FITC-labeled panels). Arrows indicate
identical cells within a pair, stained with propidium iodide and FITC. A scale of fluorescence intensity is provided on the left. Bars = 100
,tm. (G) Histogram of SPARC levels in endothelial cells from zones I, II, and III. CAMs from days 8-12 were stained with anti-SPARC254-273
peptide antibodies and propidium iodide, as described above. Twenty-five vessels were selected from each zone (center, intermediate, and
peripheral), and scanned in confocal mode. The intensity of the FITC signal was normalized to the number of nuclei (propidium iodide
signal). These normalized values represent the levels of SPARC/cell. Bars indicate mean intensity ±SEM.

ferred to nitrocellulose, and probed with anti-SPARC
antibodies (Figure 3C). Immunoblots showed that
SPARC was present in the initial extract (Figure 3C,
lane 2) and was eluted from the column with 175 mM
NaCl (DE-II fraction, Figure 3C, lane 5).
Protein extracts were obtained from CAMs at days

5-17 of development, purified by ion-exchange chro-
matography, and assayed for SPARC by immunoblot
analysis. Equivalent concentrations of isolated pro-
teins were transferred to nitrocellulose and stained
with amido black (Figure 4A), and were subsequently
incubated with anti-SPARC antibodies and [12,Il-pro-
tein A (Figure 4B). Maximal levels of intact SPARC
protein were detected at days 7 and 16. Steady-state
levels of the protein appeared to diminish progres-
sively between days 8 and 13 (Figure 4B, lanes 5-10)
and to increase after day 15 (Figure 4B, lanes 11-12). A
specific degradation product of approximately 35 kDa
was also identified on immunoblots between days

11-15 (Figure 4B, lanes 8-11). That the antibody is
specific for epitopes within a short, C-terminal region
of SPARC possibly precluded detection of proteolytic
fragments other than the 35-kDa peptide. This pattern
was displayed consistently in four independent exper-
iments. One of the isolations was performed in the
presence of a 10-fold increase in the concentrations of
proteinase inhibitors, with no change in the pattern of
cleavage. Because proteinase inhibitors prevented the
degradation of an exogenous iodinated SPARC after 6
h of incubation with CAM extracts (unpublished ex-

periments, and see also Figure 7A), proteolysis did not
likely result from experimental manipulation of the
tissue.
To investigate whether the lower levels of intact

SPARC protein from days 8-13 were due to reduced
biosynthesis, we analyzed SPARC mRNA produc-
tion over this interval. SPARC mRNA levels actually
increased up to day 13, in concert with the overall
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Figure 3. Partial purification of SPARC from the chicken CAM. (A)
Proteins soluble in NP-40 were isolated from day 10 CAMs and
fractionated by anion-exchange chromatography (see MATERIALS
AND METHODS). E, unfractionated extract; 0, unbound fraction; I,
proteins eluted with 75 mM NaCl; II, proteins eluted with 175 mM
NaCl; III, proteins eluted with 500mM NaCl. *, indicates the elution
position of chicken, murine, and human SPARC. (B and C) SDS-
PAGE and immunoblot analyses of fractions described in panel A.
(B) Amido black stain for visualization of total protein. (C) Immu-
noblot analysis with anti-SPARC254273 peptide IgG. Lane 1, molec-
ular weight standards; lane 2, unfractionated extract (E); lane 3,
fraction 0; lane 4, fraction I; lane 5, fraction II; lane 6, fraction III.
Arrow in panel C indicates immunoreactive band of approximately
40 kDa. Mr indicates the position and molecular weight (x 10-3) of
protein standards shown in lane 1, panel B.

growth of the CAM (Figure 5A). Northern analysis
of SPARC mRNA revealed two predominant tran-
scripts (2.2 kb and 1.8 kb), as previously observed in
chicken tissues (Bassuk et al., 1993). Figure 6 illus-
trates the levels of SPARC protein, the 35-kDa
SPARC degradation product, and SPARC mRNA
during development of the CAM. The production of
SPARC mRNA was highest during those intervals
over which the levels of degraded SPARC protein
were maximal. Since maximal mRNA levels were
observed during days 10-13, the capacity for
SPARC synthesis remained high during periods
over which the protein appeared to be undergoing
proteolysis. The mRNA profile was identical in four

independent RNA isolations. Steady-state mRNA
levels were consistent with the possibility that the
decrease in SPARC protein after day 7 was the result
of proteolytic cleavage.
Because of the increased vascularity of the CAM, we

were concerned about the possible contribution of
SPARC from chicken plasma or from cellular elements
of the blood, such as thrombocytes, the avian equiva-
lent of platelets. SPARC has been identified in human
platelet a-granules and in human serum at 200 ng/ml
(Malaval et al., 1987). Therefore, we isolated protein
and mRNA from the blood of chicken embryos at days
5, 7, 10, 14, and 17. Neither SPARC protein nor mRNA
was detected by immunoblot or Northern analysis,
respectively (unpublished experiments). These results
indicated that the SPARC protein detected in our ex-
tracts was not derived from blood; therefore, the
source of SPARC was most likely the resident popu-
lations of cells in the CAM. These observations con-
firmed our previous immunohistochemical studies
that identified SPARC in endothelial cells of the CAM,
but not in blood (Figures 1 and 2) .

SPARC Is Degraded by Extracellular Proteases
during Angiogenesis
The antibody used for analysis of chicken SPARC was
directed against a C-terminal epitope, that is itself
labile to proteolysis; therefore, so immunoblots would
be unlikely to reveal breakdown products from the
central region or the N-terminal region of the protein.
To characterize further the proteolysis of SPARC, we
tested the stability of exogenous [1251]-SPARC protein
after its application to CAM tissue. As illustrated in
Figure 7A, the proteolytic capacity of CAM tissues
increased progressively from day 9 through day 15.
Three major products of 35 kDa, 14 kDa, and >10 kDa
(dye front) were apparent (arrows). The highest levels
of 35-kDa fragment were observed in extracts from
day 11-13, with lesser amounts on day 9. Although the
samples were adjusted to reflect equal cpm, almost no
intact SPARC was detected in the extracts from day 13
(Figure 7A, lane 8). We assume that smaller degrada-
tion products, which were not retained in the fixed
SDS-PAGE gels, accounted for the total radioactivity
measured in the samples before electrophoresis. No
degradation was observed after incubation of SPARC
on CAMs of day 17 (Figure 7A, lane 11). Bovine serum
albumin, which was added as a carrier protein in some
experiments, was not degraded by the CAMs in these
experiments (unpublished experiments). Addition of
proteinase inhibitors blocked cleavage of iodinated
SPARC in all the CAMs tested (Figure 7A, lanes 4, 6, 8,
and 10). That proteolysis of exogenously supplied
SPARC occurred up to day 15 was consistent with the
conclusion that the decrease in the levels of endoge-
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Figure 4. Biosynthesis of A B
SPARC during development
of the chicken CAM. Pro- 12345678 9101112 12345678 9lOlll2lane
teins soluble in NP-40 were 5 6 7 8 9 10 11 12 13 15 16 5 6 7 8 9 10 11 12 1315l16 days
isolated from staged CAMs
and were fractionated by an- Mr
ion-exchange chromatogra- 97 -
phy. Fractions that con- _

68
, -68-

tained SPARC (fraction II) A -
were resolved by SDS-PAGE . i

and were transferred to a ni- :
trocellulose membrane. An
equal amount of protein was ~ '" t - 29
loaded in each lane. (A) To-
tal protein visualized by -18-
staining of transferred pro-
teins with amido black. (B) 14
Immunodetection of SPARC
on the same blot with an an-
ti-SPARC254-273 peptide an-
tibody. The antibody reacted
with a protein of approximately 40 kDa (arrow) that was differentially expressed during CAM development. A second band of approximately
35 kDa was also detected (days 11-15). Mr indicates the position and molecular weight (x 10-3) of standards shown in lane 1, panels A and
B. "days", indicates developmental age.

nous SPARC shown in Figure 4 was the result of
endogenous proteolytic activity.
The pattern of cleavage observed in Figure 7A

appeared similar to the profile described previously
for SPARC after digestion with plasmin, i.e., major
products of 35 kDa/30 kDa and 14 kDa (Sage et al.,
1984). Experiments were therefore conducted to de-
termine whether the degradation of SPARC by
CAM tissue was similar to that produced by plas-
min. Figure 7B shows immunoblots with three an-

A
1 2 3 4 5 6 7 8 9 101112 lane
4 5 6 7 8 9 10 11 12 13 15 17 days

pSPARC
B.... .... .....;....

_ -._T .'.._ _ _._ .
.2 28 S

Figure 5. Steady-state levels of SPARC mRNA during develop-
ment of the CAM. Total RNA was isolated from CAMs at embryonic
days 4-17. (A) Samples were subjected to electrophoresis under
denaturing conditions, transferred to nitrocellulose, and hybridized
with a chicken SPARC cDNA probe. Two transcripts of 2.2 and 1.8
kb were apparent (arrows). (B) A 28 S rRNA cDNA probe was used
to normalize for loading and transfer of samples after quantification
of signal.

tisera that recognize distinct epitopes on human
SPARC. The fragments generated after digestion of
human SPARC by plasmin and by a day 15 CAM
exhibited similar Mr on both anti-SPARC and anti-
4.2 immunoblots (Figure 7B, lanes 2 and 4). In ad-
dition, the anti-2.3 antibody identified a 29-kDa

12

10

0 2 4 6 8 10 12 14 16 18 20

Days

Figure 6. Profile of SPARC protein and mRNA during CAM de-
velopment. Levels of SPARC protein were assessed by scanning
densitometry of immunoblots from three independent experiments.
mRNA levels from four independent experiments were determined
by a phosphor image analyzer and were normalized to the 28 S
signal to correct for loading and transfer efficiency. For comparison
of both protein and mRNA, maximum values in both cases were
normalized to 10 and all other values were adjusted accordingly.
The 35-kDa cleavage product was also scanned and has been in-
cluded in this profile. Points represent the mean ± SE.
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- 97
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Table 2. Levels of plasmin during CAM development

Daya Concentrationb

5 1.3 ,ug/ml (±0.3)
6 1.4 ,ug/ml (±0.09)
7 1.86 ,ug/ml (±0.2)
8 1.8 ,ug/ml (±0.3)
9 1.8 ,tg/ml (±0.2)
10 1.6 ,ug/ml (±0.08)
11 2.1 ,tg/ml (±0.2)
13 1.8 ,ug/ml (±0.1)
15 1.8 ,tg/ml (±0.05)
17 1.5 ,tg/ml (±0.1)
19 1.3 ,ug/ml (±0.2)

- - 14

-df

B 1 2 3 4
SP SP d9 d15

1 2 3 4
SP SP d9 d15

...lu. i ur .

Anti-SPARC Anti-2.3

Figure 7. SPARC is degraded by extracel
CAM. (A) 0.5 ng of [l251]-SPARC was plac
37'C for 9 h in the presence or absence of p
After incubation, the area containing SPA]
homogenized in the presence of proteinase ii
taining equal counts were subjected to SI
autoradiography. Lanes 1 and 2, day 7 CAN
CAM; lanes 5 and 6, day 11 CAM; lanes 7 an4
9 and 10, day 15 CAM; lanes 11 and 12,
identify degradation products of 35 kDa, 14
dye front (>10 kDa). (B) SPARC immunol
SPARC incubated with plasmin (lane 2), SPA
9 CAM (lane 3), and SPARC incubated on a
Antibodies are indicated below each blot:
anti-SPARC113130 peptide; anti-4.2, anti-SPA

product after incubation with a
was not apparent in the plasmin
ment of SPARC was likely produ
protease or proteases in these tiss
To verify that plasmin was preser

we determined the levels of activ
CAM development (Table 2). Althoi
ity was apparent throughout devel(
tion was observed between the peal
days 7-15 and maximal degradatic

1 2 3 4
SP SPpd9 d15

aCAMs at specific days during development were homogenized in
f cold PBS, and insoluble material was removed by centrifugation.

Total protein concentration was assessed in each sample by a BCA
Protein Assay Reagent (Pierce). Plasmin concentration was deter-

lane mined after incubation of equal amounts of protein extract with the
samples chromogenic substrate S-2304.

bUnits of absorbance were compared to a standard curve for plas-
-97 min that was generated simultaneously with each experiment. Val-

ues represent the mean (+SE) of three independent experiments.

- 68

_m," -43
tein. Plasmin thus appears to be a candidate enzyme

- 29 for the proteolysis of SPARC in vivo.
-18 A limitation of the plasmin assays was the lack of
-14 information on the distribution of the enzyme within

- - the CAM. We therefore used an overlay assay to lo-
df calize the expression of PAs in this tissue. The assay is

dependent on the conversion of plasminogen into ac-
Anti-4.2 tive plasmin by PAs. The plasminogen is supplied in

Ilular proteases of the agar that is overlaid directly onto the CAM; the over-
ed on staged CAMs at lay contains casein as a substrate for plasmin. After 8
oroteinase inhibitors (I). h of incubation, distinct zones of caseinolysis were
RC was dissected and observed (Figure 8). Areas of lysis, indicative of PA
nhibitors. Samples con- activity, were largely concentrated in the periphery of)S-PAGE followed by the CAM in areas corresponding to region III. Activityv4; lanes 3 and 4, day 9
d 8, day 13 CAM; lanes was occasionally associated with large blood vessels
day 17 CAM. Arrows and with areas of branching throughout the CAM. At
kDa, and those in the later stages of development (after day 13), the degree
bRC incubated on a day total lysis decreased significantly, and lytic foci
l day 15 CAM (lane 4). were more discrete and observed largely near the
Anti-SPARC; anti-2.3, periphery (region III) of the CAM (Figure 8, B and C).
LRC254-273 peptide IgG. Essentially no PA activity was detected after day 16

(data not shown). Lytic activity was absent from con-
day 15 CAM that trols, which included zymography in the presence of
lay 15CA.M that several inhibitors such as amiloride or in the absence
dgest Tdhdistfragl of plasminogen (Figure 8E). These results indicate that
cued.byadtinl plasmin is present in the CAM and that the activation

hese s
of plasminogen by PAs occurs in areas in which ex-it in these extracts, pression of SPARC is enhanced.

rJ"./ncnin ALinliIt: F-ltb-ltl111UUl-ll16
ugh plasmin activ-
opment, a correla-
k of this enzyme at
Dn of SPARC pro-

Peptide Sequences of SPARC Are Angiogenic
Previous studies have shown that specific peptides
derived from SPARC increased the number of cords in
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Figure 8. Distribution of plasminogen activator activity in the
CAM. CAMs were dissected, placed onto a sterile glass surface, and
overlaid with a suspension of agarose, casein, and plasminogen. The
samples were incubated for 8 h at 37°C and were subsequently
photographed under dark illumination. Areas of casein degradation
appear more transparent i.e., as darker regions within the opaque
gel (arrows). (A) day 10; (B and C) day 13; (D and E) day 14. For
comparison, the preparations were photographed before (B and D)
and after incubation (C and E). In D and E, the overlay lacked
plasminogen. Relative transparency is not comparable between em-
bryos due to differences in tissue transparency that occur with
increased embryonic age. Bars = 100 ,im.

an assay of angiogenesis in vitro and promoted the
directional growth of CAM vessels in a methylcellu-
lose pellet assay (Lane et al., 1994). We compared
intact SPARC and several SPARC-derived peptides, in
a newly developed assay that allows a quantitative
assessment of angiogenesis. In such experiments, an-
giogenic substances are known to induce directional
growth of new vessels, perpendicular to the CAM,
into a gel of type I collagen (Nguyen et al., 1994). The

Table 3. Angiogenic potential of SPARC and SPARC peptides in
CAM assays

Protein/Peptidea Concentrationb Capillary Densityc

1. SPARC (4)d 0.1 mM 5 (±3)
2. bFGF (3) 0.01 mM 96 (±21)
3. PBS (5) 3 (±-3)
4. BSA (2) 0.1 mM 6 (±4)
5. 4-23 (2) 0.5 mM 11 (±5)
6. 54-73 (2) 0.5 mM 7 (±4)
7. 113-130 (1) 0.01 mM 22
8. 113-130 (1) 0.05 mM 54
9. 113-130 (3) 0.5 mM 36 (±12)

10. 113-130H121-R (2) 0.5 mM 12 (±3)
11. 113-130K119-A (2) 0.5 mM 25 (±4)
12. 119-122 (1) 0.01 mM 59
13. 119-122 (1) 0.05 mM 125
14. 119-122 (3) 0.5 mM 250 (±52)
15. 119-122 (1) 5 mM 275
16. 120-122 (1) 0.05 mM 59
17. 120-122 (2) 0.5 mM 73 (±15)

aPeptides and proteins were solubilized in sterile PBS.
bConcentrations of the peptides were obtained by amino acid anal-
ysis of stock solutions.
cCapillary density is defined as the number of capillaries per mm2
and is representative of the total volume of the mesh used in the
assay. An average of capillary density is provided in those cases in
which two or more experiments were quantified (+SD).
dNumber of independent experiments.

growth of blood vessels against gravity abrogates sev-
eral artifacts typically observed in other assays of an-
giogenesis. Suspensions of vitrogen (type I collagen)
containing SPARC peptides, intact SPARC, bFGF, or
BSA were placed onto the CAM for 24 h. The meshes
were subsequently sectioned (Figure 9), and quantifi-
cation of vessels that invaded the mesh was obtained
morphometrically with the OPTIMAS program. Re-
sults are shown in Table 3.
A significant influx of fibroblasts was seen in con-

trol meshes that contained either PBS alone or BSA;
however, capillaries were rare (Figure 9B). Meshes
containing intact SPARC, peptide SPARC4-23, or
SPARC54-73 showed no significant increase in the
number of capillaries in comparison to negative
controls (BSA) (Figure 9C and Table 3). In contrast,
SPARC113_130 induced capillary growth (Figure 9D
and Table 3), and the angiogenic response to this
peptide was concentration dependent. Amino acid
substitutions in SPARC113_130 at amino acids 119
and 121 diminished its activity (Figure 9E and Table
3). The sequence KGHK (SPARC119_122) was respon-
sible for most of the angiogenic response (Figure
9H). The effect of KGHK was also dose dependent,
as shown in Figure 10 and Table 3. Although KGHK
was more active than SPARC113_130 at all concentra-
tions tested, the activity of KGHK appeared compa-
rable to SPARC113_130 at concentrations below 0.05
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mM. Higher concentrations of SPARC,13-130 were
less stimulatory, possibly because of solubility prob-
lems at the higher concentrations. Substitution of
His121 with Arg markedly reduced the activity of
KGHK, whereas substitution of Lys1l9 with Ala had
little effect (Table 3). A slightly shorter peptide,

Figure 9. Effect of SPARC pep-
tides on the invasion and prolif-
eration of capillaries. Samples of
vitrogen alone or vitrogen con-

taining SPARC peptides were

prepared as described in MA-
TERIALS AND METHODS, cast
into meshes, and applied onto
CAMs. After 24 h, the prepara-
tions were removed, fixed, and
sectioned. Identification of pep-
tides and quantification of cap-
illary density are shown in Ta-
bles 1 and 3, respectively. The
asterisks in B depict transverse
sections of the mesh structure.
(A) A vitrogen gel between two
meshes placed on a CAM; (B-H)
photomicrographs of meshes that
have been sectioned (10 jum)
and stained with hematoxy-
lin and eosin; (B) PBS; (C)
SPARC4-23; (D) SPARC113_130;

; (E) SPARC11-¶13OK121lR; (F) GHK;
(G) bFGF; (H) KGHK. Bars: A =

XZ 500 ,im, B = 100,um.

GHK, was less effective than KGHK. In summary,
much of the angiogenic activity of SPARC113-130 was
attributed to the sequence KGHK (aa 119-122), a

peptide previously shown to bind copper and to be
released after treatment of SPARC with plasmin
(Lane et al., 1994).
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Figure 10. Concentration dependency of KGHK in capillary invasion. Vitrogen was cast with different concentrations of KGHK as indicated.

Transverse sections of the mesh were stained with hematoxylin and eosin. Blood vessels are indicated by arrows. (A) Vitrogen and PBS; (B)

KGHK, 0.01 mM; (C) KGHK, 0.5 mM; (D) KGHK, 5 mM. Asterisks depict openings in the nylon mesh. Bar = 100 ttm.

DISCUSSION

SPARC is one of the major secretory products of en-

dothelial cells in vitro (Sage et al., 1984) and has been

shown to bind to endothelial plasma membranes with

high affinity (Yost and Sage, 1993). Several character-

istics of SPARC expression have implicated a role for

this protein in the regulation of tissue growth and

remodeling (Sage et al., 1989b; Iruela-Arispe et al.,

1991a,b; Reed et al., 1993; Lane et al., 1994). In this

study, we provide evidence that SPARC is directly
associated with blood vessel formation in vivo, and

have identified a novel posttranslational mechanism

involved in the regulation of SPARC during this pro-

cess. Our results indicate that SPARC is expressed by
endothelial cells and demonstrate that the protein is a

substrate for plasmin, a protease implicated in the

formation of new capillaries.
SPARC mRNA and protein were detectable in the

CAM by day 5 of normal embryonic development.
The 10-fold increase in SPARC protein by day 7 ap-

peared to correlate with maximal rates ofCAM expan-

sion that were maintained through day 12 of embry-
onic growth. In contrast, induction of SPARC mRNA

appeared to lag behind protein expression by almost
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24 h. Several interpretations of these data are possible:
1) Protein synthesis might remain constant while pro-
tein degradation is decreased; elevated steady-state
levels of protein thus occur. 2) New protein is ex-
pressed from a labile pool of mRNA not detected in
total CAM extracts. 3) There is considerable ability to
increase expression of SPARC protein in the absence
of increased levels of mRNA. This last possibility is
supported by studies in vitro. SPARC protein has been
shown to increase in the absence of new RNA synthe-
sis after exposure of cells to TGF-,B (Wrana et al., 1991)
or heat shock (Sauk et al., 1991). Therefore, the induc-
tion of SPARC protein might occur in response to a
rapid change in SPARC translation from existing
RNA, or as a result of increased transcription of
SPARC mRNA.
We have also described the regulated degradation of

SPARC protein during periods of peak synthesis in
vivo. Recently, we demonstrated that proteolysis of
SPARC in solution resulted in the release of peptides
that were potent stimulators of endothelial cell growth
(Lane et al., 1994), an interesting finding because the
intact protein has been shown to inhibit endothelial
cell proliferation (Funk and Sage, 1991, 1993). Because
the function of several growth factors is controlled by
proteases (Neurath, 1989; Lyons et al., 1990; Flaumen-
haft and Rifkin, 1991, 1992), it was conceivable that
proteolytic processing of SPARC might also contribute
to the regulation of its activity. Indeed, extracellular
enzymes have been shown to promote the processing
of many extracellular matrix proteins (Neurath, 1989;
Flaumenhaft and Rifkin, 1991, 1992) and to activate
and inactivate growth factors such as TGF-,B and IL-1
(Sato and Rifkin, 1989; Lyons et al., 1990; Sleath et al.,
1990). Rapid proteolysis of SPARC would also be con-
sistent with a regulatory role for the intact protein at
sites of morphogenesis and repair (Holland et al., 1987;
Sage et al., 1989a; Reed et al., 1993).
Although SPARC is a secreted protein, its half life in

the extracellular space appears to be short. Most im-
munocytochemical analyses have revealed intracellu-
lar distributions in tissues that nevertheless exhibit
high levels of expression. Extracellular SPARC is de-
tected predominantly in newly formed bone matrix
and in Reichert's membrane, areas abundant in types
I and IV collagen, respectively. Indeed, SPARC binds
to both collagens (Termine, 1981; Sage et al., 1989b;
Mayer et al., 1991), a property that could account for its
extracellular accumulation. Because SPARC is rarely
detected in the extracellular space, it is likely that
rapid turnover or clearance occurs after secretion. In
vitro, SPARC has been shown to be susceptible to
cleavage by a number of extracellular proteases that
include cathepsins, stromelysin, neutral metallopro-
teases, elastase, and serine proteases such as trypsin
and plasmin (Sage et al., 1984; Tyree, 1989; Maurer et
al., 1992; Page et al., 1993; Lane et al., 1994). Neverthe-

less, the physiological degradation of SPARC in vivo
has not been investigated. Our experiments provide
evidence that SPARC is rapidly cleaved after secretion
in tissues displaying active angiogenesis. In a previous
study, we have shown that plasmin-mediated prote-
olysis of SPARC led to the release of bioactive pep-
tides (Lane et al., 1994). Plasmin is known to be acti-
vated in tissues undergoing angiogenesis (Rifkin et al.,
1982; Pepper and Montesano, 1990; Bacharach et al.,
1992). Moreover, the activation of plasmin by uroki-
nase and tissue-type PAs is regulated by several
growth factors that stimulate blood vessel formation
(Montesano et al., 1986, 1990). Because the production
of plasmin has been proposed as a controlling feature
of blood vessel growth, we investigated the temporal
activation of plasmin as well as the location of PAs in
the CAM. Our results indicate that plasmin levels
increase during periods of SPARC proteolysis and that
PAs are localized to regions of active vascular growth,
a distribution similar to that of SPARC. Definitive
proof that plasmin is one of the enzymes involved in
the proteolysis of SPARC in vivo is currently lacking.
However, plasmin is known to play a central role in
the activation of additional enzymes implicated in
tissue remodeling (He et al., 1989), one of which,
stromelysin, has been shown to degrade SPARC (Lane
et al., 1994).

In the past we have used synthetic peptides to iden-
tify potential activities of SPARC (Lane and Sage,
1990; Lane et al., 1992; Funk and Sage, 1991, 1993). In
many cases, peptides were able to mimic and/or com-
pete functionally with the native protein (Lane and
Sage, 1990; Yost and Sage, 1993). In other cases, how-
ever, the physiological relevance of their activity has
been difficult to establish, because these regions do not
appear to be exposed in the intact protein. This reser-
vation applies in particular to domain II of SPARC
(amino acids 53-130), a region composed of two cat-
ionic sequences that appear to have opposite effects on
the proliferation of endothelial cells. Peptides from the
first cationic region (amino acids 54-73) mimic the
inhibition of proliferation mediated by the intact pro-
tein on endothelial cells and fibroblasts (Funk and
Sage, 1991, 1993). In contrast, significantly lower con-
centrations of peptides from the second cationic re-
gion (amino acids 113-130) stimulate proliferation of
the same cells (Funk and Sage, 1993; Lane et al., 1994).
Recently, experiments with peptides from domain IV
(amino acids 254-273) have demonstrated a synergis-
tic effect in combination with a SPARC sequence from
domain II (amino acids 54-73) on the inhibition of cell
cycle progression (Sage et al., 1994). Domain IV is
normally exposed in the protein and binds to cell-
surface receptors (Yost and Sage, 1993). It is most
likely that the inhibition of the cell cycle mediated by
SPARC occurs as a result of a synergistic interaction
between these two regions.
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The proliferative activity of the second cationic frag-
ment of domain II was somewhat unexpected, because
intact SPARC exhibited an inhibitory effect on the cell
cycle (Funk and Sage, 1993). Evidence that peptides
from this region could be released after incubation
with plasmin or trypsin (Lane et al., 1994) provided a
novel interpretation of these results, i.e., this sequence
might be unmasked after proteolytic processing. Since
there was evidence for proteolytic processing in the
CAM, we reassessed the angiogenic capacity of
SPARC and SPARC-derived peptides in a newly de-
veloped quantitative assay of angiogenesis (Nguyen et
al., 1994). Both KGHK and a larger peptide from do-
main II that contains this sequence displayed signifi-
cant angiogenic activity and thus corroborate previous
data (Lane et al., 1994). Because SPARC itself was
inactive in the assay, we concluded that proteolysis
was necessary to expose angiogenic sequences. How-
ever, intact SPARC has previously been shown to
stimulate cord formation in cultured endothelial cells,
an assay thought to mimic some aspects of angiogen-
esis (Lane et al., 1994). A possible complication of these
angiogenesis assays in the CAM is the use of sub-
strates, such as collagen, that bind SPARC and thereby
prevent access to endothelial cells. For this reason, we
are unable to make further statements concerning the
angiogenic potential of native SPARC in vivo.
Plasmin can also release GHK from SPARC (Lane et

al., 1994); the effects of this peptide were similar, al-
though not as pronounced as those of KGHK. GHK,
also known as liver cell growth factor, has been stud-
ied for several years (Raju et al., 1982; Pickart, 1983;
Pickart and Lovejoy, 1987; Maquart et al., 1993). It was
originally isolated from human plasma and was
claimed to stimulate angiogenesis (Pickart and Love-
joy, 1987) and accelerate wound repair (Maquart et al.,
1993). We have proposed that SPARC is a source of
this peptide (Lane et al., 1994).
The specific mechanism by which KGHK/GHK en-

hances angiogenesis remains unclear, although our
previous studies would imply a direct stimulation of
proliferation (Funk and Sage, 1993). Both KGHK and
GHK have been shown to bind copper with high
affinity (Pickart and Lovejoy, 1987; Lane et al., 1994),
and copper availability has been correlated with an-
giogenesis. For example, copper increases systemi-
cally during inflammation and focally in areas of neo-
vascularization (Ziche et al., 1982; Apelgot et al., 1986).
Copper also influences the synthesis of several extra-
cellular matrix proteins, such as collagen and fibronec-
tin (Hannan and McAuslan, 1982; Maquart et al., 1993),
the expression of which appears to be enhanced dur-
ing angiogenesis (Risau and Lemmon, 1989). Finally,
copper-deficient animals are compromised in their re-
sponse to angiogenic factors and have a diminished
ability to vascularize tumors (Ziche et al., 1982; Brem et
al., 1990). Although it is conceivable that copper me-

diates one or more aspects of the angiogenic response,
it is important to emphasize that copper alone does
not appear to have the same effect as either KGHK or
GHK. Copper itself is not sufficient to promote an
angiogenic response (Raju et al., 1982; Lane et al., 1994)
or to accelerate wound healing (Maquart et al., 1993).
Molecular signals resulting from the exposure of cells
to KGHK/GHK are at this point unknown.
The data presented in this study support several

conclusions: 1) SPARC is expressed transiently by en-
dothelial cells involved in angiogenesis. The level of
SPARC expression is higher in small capillaries than
in large and developmentally older vessels. 2) SPARC
is degraded in the extracellular matrix during periods
of rapid vascular morphogenesis. 3) Plasmin is found
near sites of SPARC expression in the CAM. This
protease mimics the fragmentation pattern of SPARC
produced by the CAM. Plasmin might contribute to
the activation of other proteases that also degrade
SPARC. 4) Intact SPARC does not appear to mediate
an angiogenic response. 5) Regions of SPARC between
amino acids 119-122 are angiogenic and are likely
released during proteolytic cleavage of the protein.
Collectively, the observations indicate a dual role for
SPARC as a regulator of cell proliferation. A combi-
nation of negative and positive effects on endothelial
cell proliferation can be envisioned that is dependent
upon the availability of proteases and/or stabilizing
effects of the matrix. At sites where proliferation is
required, degradation of extracellular SPARC might
promote the release of bioactive peptides that stimu-
late angiogenesis. In the absence of specific proteoly-
sis, the protein remains intact, acts negatively on cell
cycle progression, and disrupts cell-matrix interac-
tions, activities thought to facilitate migration and tis-
sue remodeling (Sage et al., 1989b).
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