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Abstract
VEGF is a potent pro-angiogenic factor whose effects are opposed by a host of anti-angiogenic
proteins, including thrombospondin-1 (TSP-1). We have previously shown that VEGF has
important extravascular roles in the ovary and that VEGF and TSP-1 are inversely expressed
throughout the ovarian cycle. To date, however, a causal interaction between TSP-1 and VEGF
has not been identified. Here, we show that TSP-1 has a direct inhibitory effect on VEGF by
binding the growth factor and internalizing it via LRP-1. Mice lacking TSP-1 are subfertile and
exhibited ovarian hypervascularization and altered ovarian morphology. Treatment of ovarian
cells with TSP-1 decreased VEGF levels and rendered the cells more susceptible to TNFα-
induced apoptosis. Knockdown of TSP-1, through RNA interference, resulted in overexpression of
VEGF and reduced cytokine-induced apoptosis. In conclusion, we demonstrate a direct inhibitory
effect of TSP-1 on VEGF in the ovary. TSP-1’s regulation of VEGF appears to be an important
mediator of ovarian angiogenesis and follicle development.

The growth of normal tissues and pathological structures such as tumors are dependent upon
the formation of blood vessels for nutrient delivery and waste removal (Folkman, 1992).
Growth of new vasculature is regulated by a balance between pro- and anti-angiogenic
factors. A potent pro-angiogenic factor is vascular endothelial growth factor (VEGF), which
is a heparin-binding glycoprotein secreted as a homodimer that stimulates endothelial cell
proliferation and migration (Bernatchez et al., 2002; Castellon et al., 2002), promotes new
vessel formation, increases vascular permeability (Ferrara, 2004), and acts as a survival
factor for endothelial cells in vitro and in vivo (Gerber et al., 1998; Jia et al., 2004). In
addition to its effects on endothelial cells, we recently reported that VEGF protects ovarian
cells from apoptosis by signaling through VEGFR-2 expressed by these cells (Greenaway et
al., 2004).

The effects of pro-angiogenic factors are balanced by anti-angiogenic factors such as
members of the thrombospondin (TSP) family, which consists of five proteins (TSP-1–5), of
which TSP-1 and -2 share structural and functional homology (Bornstein, 1992; Adams and
Lawler, 2004). TSP-1 is a secreted glycoprotein located in the extracellular matrix that has
been shown to be a potent inhibitor of angiogenesis (Lawler, 2002; Armstrong and
Bornstein, 2003;Wang et al., 2003; Cursiefen et al., 2004; Lawler and Detmar, 2004). The
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mechanisms by which the TSPs inhibit angiogenesis are not yet fully understood, although
recent work has suggested some possibilities. One mechanism may involve specific
interactions with pro-angiogenic factors to inhibit their expression and function. TSP-1 has
been shown to maintain an inverse relationship in expression with the potent pro-angiogenic
factor, VEGF, in a number of physiological and pathological systems (Detmar, 2000). In
addition, a direct interaction of VEGF with TSP-1 and with a TSP-1 type I repeat domain of
connective tissue growth factor has been reported (Gupta et al., 1999; Inoki et al., 2002).
TSP-1 is also known to bind ligands and interact with the low-density lipoprotein receptor-
related protein (LRP-1), resulting in internalization and degradation of the protein
(Mikhailenko et al., 1995; Emonard et al., 2004; Wang et al., 2004). LRP-1 is a member of
the low-density lipoprotein receptor gene family, which also includes the LDL, VLDL, and
apolipoprotein E receptor-2 (Nykjaer and Willnow, 2002; Strickland et al., 2002). These
family members are endocytic receptors that regulate the concentration of extracellular
ligand by transporting ligand through clathrin-coated pits into intracellular vesicles. LRP-1
is expressed in a host of cell types, including endothelial cells (Yamamoto et al., 1997) and
granulosa cells in the ovary (25 Moestrup et al., 1992). Since TSP-1 binds to both LRP-1
and matrix metalloproteinases, it serves to mediate the clearance of MMPs from the
extracellular space (Bein and Simons, 2000; Yang et al., 2001). A shared feature of the
members of the LDL receptor family is the inhibition of ligand interaction by a 39-kDa
receptor-associated protein (RAP). RAP acts as a molecular chaperone and is involved in the
folding of lipoprotein receptors, resulting in a conformational change that can prevent ligand
binding (Neels et al., 1999; Bu and Marzolo, 2000).

In addition to ligand-binding to pro-angiogenic factors, TSP-1 may also affect vascular
formation by inducing endothelial cell apoptosis and inhibiting endothelial cell proliferation
in part through its interaction with CD36 (Dawson et al., 1997; Guo et al., 1997; Armstrong
and Bornstein, 2003). The signaling pathway that leads to apoptosis includes recruitment of
the Src-family tyrosine kinase, p59fyn, and the activation of p38 stress kinase and caspases
(Jimenez et al., 2000; Yano et al., 2002; Sund et al., 2005). While stimulating endothelial
cell apoptosis, TSP-1 simultaneously inhibits proliferative and migratory influences of other
molecules such as estrogen (Sengupta et al., 2004).

The ovary provides a unique opportunity to study angiogenic processes, as it is one of the
few tissues in the adult that undergoes repetitive blood vessel formation, maturation, and
regression (Tsafriri, 1995). We have shown previously that TSP-1 and VEGF are inversely
expressed, with VEGF expression levels increasing throughout ovarian follicle development,
and TSP-1 levels decreasing as follicle progression occurs (Petrik et al., 2002; Greenaway et
al., 2004). This inverse relationship has been seen in other normal systems and also in
pathological conditions, such as in tumor formation, where VEGF levels are elevated and
TSP-1 expression is reduced (Doll et al., 2001; Kwak et al., 2002). In experimental tumors
in which TSP-1 expression is reduced, VEGF increases to a level where it can override the
inhibitory effect of TSP-1 on angiogenesis (Gonzalez et al., 2004; Fontana et al., 2005).
TSP-1 has also been implicated as a functional mediator of the anti-angiogenic effect of
chronic low-dose metronomic chemotherapeutic approaches (Bocci et al., 2003; Kerbel and
Kamen, 2004). Although an inverse relationship has been observed in a number of
physiological systems, a characterization of the interaction between TSP-1 and VEGF has
not been performed.

The generation of TSP-1-null mice has further illuminated the importance of this protein in
inhibiting angiogenesis. TSP-1-null mice demonstrate significantly increased retinal
vascularization (Wang et al., 2003) and display two to threefold increase in tumor growth
rates (Lawler et al., 2001; Sund et al., 2005). Interestingly, these mice also have reduced
litter size, suggesting reproductive dysfunction (Lawler et al., 1998).
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This study characterizes the ovarian morphology of TSP-1 null mice and identifies
mechanisms by which TSP-1 might directly influence VEGF levels in the ovary.

EXPERIMENTAL PROCEDURES
Cell lines and tissue collection

Spontaneously immortalized rat granulosa cells (SIGC) were a generous gift from Dr.
Robert Burghardt (Texas A&M University, College Station, TX). LRP1+ and LRP1−

Chinese hamster ovary (CHO) cells were kindly donated by Dr. David Fitzgerald (NCI,
Bethesda MD). SIGC were cultured in DMEM/F12 supplemented with 10% FBS and 2%
penicillin/streptomycin (Life Technologies, Grand Island, NY) and treated as described
below. CHO cells were maintained in DMEM supplemented with 10% FBS and 2%
penicillin/streptomycin (Life Technologies) and treated as described below. Murine
microvascular endothelial cells (ATCC Number CRL-2586) were purchased from the
American Type Culture Collection (ATCC, Manassus, VA) and maintained in DMEM
supplemented with 10% FBS and 2% penicillin/streptomycin (Life Technologies).

TSP-1-null mice were generated as described previously and backcrossed eight times to the
C57Bl-6 background (Lawler et al., 1998). Ovaries were removed via laparotomy, with one
ovary being immersed immediately in liquid nitrogen and stored at −80°C for protein
isolation, and the other ovary fixed overnight in 10% (vol/vol) neutral-buffered formalin at
4°C for immunohistochemistry/immunofluorescence experiments.

Small interfering RNA and transfection reagents
Stealth™ siRNA targeting TSP-1 (BLOCK-IT™ RNAi Express; 1299003) and negative
control siRNAs were purchased from Invitrogen. Negative controls included in this study
were vehicle control and Stealth™ RNAi Negative Control with medium GC content
(Invitrogen). Cells were transfected with siRNAs using lipofectamine 2000 (Invitrogen) in
Opti-MEM.

Transfection of small interfering RNAs
SIGC were plated in DMEM-F12 at a density of 2 × 105 cells/5 ml in 60-mm dishes or 1 ×
105 cells/2 ml DMEM-F12 on glass coverslips in six-well plates. At approximately 50%
confluence, cells were transfected with 200 nmol/L siRNA in lipofectamine 2000 reagent
according to the manufacturer’s instructions. Briefly, 20 µl lipofectamine 2000 was diluted
in 500 µl Opti-MEM and incubated for 5 min at room temperature. In a separate tube, 10 µl
of 50 µmol/L siRNA was diluted in 450 µl of Opti-MEM. Diluted oligofectamine (250 µl)
was added to the diluted siRNA and the complex was incubated for 20 min at room
temperature. Cells were washed in Opti-MEM and 1.5 ml Opti-MEM was added to each 60-
mm dish and 500 µl Opti-MEM was added to each well of the 6-well plates. siRNA + Opti-
MEM complexes (500 µl) were added to each dish/well. The final concentration of the
siRNA was 200 nmol/L. After 6 h, 2 ml of DMEM-F12 with 10% FBS was added without
removing the transfection media. Transfections were allowed to continue for 48 h.
Transfection controls included medium controls (cells in Opti-MEM), vehicle controls (20
µl lipofectamine 2000 in 500 µl Opti-MEM) and transfection with negative control siRNA
(Stealth™ RNAi Negative Control scrambled sequence with medium GC content) as
described.

Immunohistochemistry/immunofluorescence
Five micrometer-thick paraffin embedded ovarian tissue sections from TSP-1-null and wild-
type (C57BL-6) mice were incubated for 24 h at 4°C in a humidified chamber with mouse
anti-CD31 (1:500 dilution; Pharmingen, Mississauga, ON), rabbit polyclonal anti-VEGF
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(1:600 dilution; Santa Cruz Biotechnology, CA), or rabbit polyclonal anti-VEGFR-2 (1:500
dilution, Sigma, Oakville, ON). Antisera were diluted in 0.01 PBS (pH 7.5) containing 2%
(wt/vol) BSA and 0.01% (wt/vol) sodium azide (100 µl/slide). All subsequent incubations
were at room temperature. Biotinylated anti-mouse or anti-rabbit IgGs (both 1:100 dilution;
Vector Laboratories, Burlingame, CA) were diluted in the same buffer and applied for 2 h.
The slides were then washed in PBS and incubated with avidin and biotinylated horseradish
peroxidase (1:30 dilution) (Extravidin, Sigma). Peptide immunoreactivity was localized by
incubation in fresh diaminobenzidine tetrahydrochloride (DAB tablets, 10 mg, Sigma) with
0.03% (vol/vol) hydrogen peroxide for 2 min. Tissue sections were counterstained with
Carazzi’s Hematoxylin for 1 min. The percentage of immunopositive versus
immunonegative follicular cells was calculated with integrated morphometry software
(Metamorph, Universal Imaging Inc., California).

For immunofluorescence experiments, SIGC were cultured to approximately 80%
confluence on glass coverslips housed in 6-well dishes. SIGC were serum-starved and
treated with 50 ng/ml VEGF, or 100 ng/ml TSP-1, or a combination of VEGF and TSP-1,
overnight. After treatment, cells were fixed in 10% neutral buffered formalin and
permeabilized in 0.1% Triton X-100 (Sigma) for 15 min at room temperature. Cells were
blocked in PBS containing 5% (wt/vol) bovine serum albumin (BSA) and 0.01% (wt/vol)
sodium azide and then primary antibodies (VEGF, 1:600 dilution, Santa Cruz; VEGFR2,
1:500 dilution, Santa Cruz; proliferating cell nuclear antigen (PCNA), 1:600 dilution,
Sigma; Bcl-2, 1:500 dilution, Santa Cruz; Fas, 1:600 dilution, Pharmingen) were added to
slides overnight at 4°C. Secondary antibodies, conjugated to Alexa Fluor 488 or Alexa Fluor
594 dyes (Molecular Probes, Invitrogen, Burlington, ON), were added for 2 h at room
temperature, followed with application of antifade (ProLong Gold, Molecular Probes). Cells
were imaged with an inverted Olympus microscope using phase contrast to demonstrate cell
morphology. Fluorescence staining was captured, and overlay of immunofluorescence and
phase contrast images was performed using integrated morphometry software (Metamorph).

To establish specificity of staining in histology and fluorescence experiments, the primary
antiserum was substituted with non-immune serum and secondary antibody was omitted. In
each case, staining was abolished.

Detection of apoptosis
To determine the effect of TSP-1 on granulosa cell apoptosis, SIGC were cultured to 90%
confluence on coverslips, serum starved overnight and then cultured in the presence or
absence of 100 ng/ml TNFα (which we have previously shown to be an effective inducer of
apoptosis in these cells (7)), 50 ng/ml VEGF and increasing concentrations of purified
TSP-1 (10, 50, 100, 1,000 ng/ml) for 6 h. After treatment, cells were washed and fixed in
10% (vol/vol) neutral buffered formalin. To evaluate the effect of TSP-1 knockdown on
SIGC apoptosis, TSP-1 RNAi experiments were conducted as described above. Cells either
remained untreated in serum-free DMEM-F12, or were subjected to cytokine challenge (100
ng/ml TNFα) in the presence or absence of 50 ng/ml VEGF for 6 h. After treatment, cells
were fixed in 10% (vol/vol) neutral buffered formalin overnight at 4°C. Detection of
immunofluorescence in apoptotic cells was performed using a TUNEL assay according to
manufacturer’s instructions (Roche Applied Science, Laval, Quebec). Briefly, after fixation
cells were permeabilized in 0.1% (vol/vol) Triton X-100 (Sigma), washed in PBS and
incubated with the FITC-conjugated TUNEL enzyme for 60 min to detect DNA
fragmentation. Nuclei were counterstained with DAPI and imaged with an Olympus BX-61
microscope and integrated morphometry software (Metamorph). For analysis, 10 fields of
view at magnification 250× were quantified in each experiment (n = 3). Apoptosis was
quantified as the percentage of TUNEL-positive cells.
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Western blotting
Twenty microgram of total protein extracted from TSP-1-null and wild-type ovarian lysates
and from cells subjected to TSP-1 RNAi was run on an 8% SDS–PAGE separating gel.
Commercially available VEGF protein standard (Santa Cruz Biotechnology) was used as
positive control for blots probing for VEGF. The separated proteins were electro-transferred
to PVDF membrane (Millipore, Billerica, MA). Membranes were blocked overnight with
5% (wt/vol) skim milk at 4°C and then were incubated for 2 h at room temperature with
rabbit polyclonal anti-VEGF (1:600 dilution, Santa Cruz) or mouse monoclonal anti-TSP-1
(1:500 dilution, Abcam, Cambridge, MA) on a rocking platform. After washing with TTBS
(TBS, 1% (vol/vol) Tween 20) and re-blocking, blots were incubated with peroxidase-
conjugated anti-rabbit secondary antibody (1:1,000 dilution; Vector Laboratories) or anti-
mouse IgG (1:1,000 dilution, Vector Laboratories) for 1 h at room temperature on a rocking
platform. Reactive protein was detected with ECL chemiluminescence (Boehringer
Manheim, MD) and Konica medical X-ray film (Wayne, NJ). After ECL detection,
membranes were probed with α-tubulin antibody (1:1,000 dilution, Santa Cruz) and finally
stained with Coomassie Blue to ensure equal protein load.

Cell binding and internalization assays
Purified human VEGF (R&D Systems, MN) and human TSP-1 (Sigma) were fluorescently-
labeled with Alexa Fluor 488 Protein Labeling Kit (Molecular Probes) according to the
manufacturer’s instructions. After conjugation of the proteins, SIGC (approximately 90%
confluent) were cultured in the presence of labeled VEGF (50 ng/ml) or TSP-1 (100 ng/ml)
overnight in serum-free DMEM/F12. For labeled VEGF, unlabeled purified TSP-1 (100 ng/
ml) was also added to media, and for labeled TSP-1, unlabeled VEGF (50 ng/ml) was added.
Following treatment, SIGC were fixed with 10% (vol/vol) neutral buffered formalin at room
temperature for 1 h, followed by PBS washes. Immunofluorescence experiments were
performed as described above with VEGF-treated SIGC incubated overnight with a goat
polyclonal anti-TSP-1 antibody (1:500 dilution; Santa Cruz) and TSP-1-treated SIGC
incubated with a rabbit polyclonal anti-VEGF antibody (1:600 dilution, Santa Cruz). Protein
and antibody localization and co-localization was determined with laser scanning confocal
microscopy (Olympus Fluoview 500 scanning confocal microscope) and integrated
morphometric analysis (Image Pro Plus, MediaCybernetics, SanDiego, CA).

To determine whether TSP-1-mediated internalization of VEGF occurred through the
LRP-1, initial experiments were performed on LRP-1-positive and LRP-1-negative CHO
cells. To evaluate the role of LRP-1 in TSP-1-mediated VEGF internalization in granulosa
cells, the above protein labeling and internalization experiment was repeated on SIGC and
murine microvascular endothelial cells (mEC) that either remained unconditioned or were
pre-treated with 500 nM RAP. RAP is a known antagonist of LRP-1 and prevents ligand
binding to the receptor (Bu and Marzolo, 2000; Lazic et al., 2003). Human RAP was
expressed in bacteria as a fusion protein with glutathione S-transferase. The RAP-GST
fusion protein was prepared and purified as described previously (Laithwaite et al., 2001).

SIGC, mEC, and LRP-positive and -negative CHO cells were seeded into 12-well dishes
(Corning, NY) at 1 × 105 cells/well 24 h prior to the assay in DMEM/F12 at 37°C, and 5%
CO2 in air. After incubation, cells were cultured with 1 nM 125I VEGF (Amersham Life
Sciences, Oakville, ON) for the times indicated (15, 30, 60, 90, 120, 150, 300 min) in the
absence or presence of 500 nM RAP. After incubation, cells were washed in PBS and
released with trypsin (50 µg/ml) and proteinase K (50 µg/ml) in buffer (containing 5 mM
EDTA). Internalized isotope was measured with a gamma counter and corrected by
subtracting the amount of degradation products present in the absence of cells.

Greenaway et al. Page 5

J Cell Physiol. Author manuscript; available in PMC 2012 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical analysis
Results are reported as mean ± standard error of the mean (SEM). For densitometric analysis
of immunoblots, statistical differences between groups were measured with 2-way analysis
of variance (ANOVA), followed by Tukey’s post-hoc tests for individual differences when
indicated by ANOVA (α = 0.05). For in vitro experiments, data were collected from three
independent cultures for each treatment group, each in triplicate. For morphometric analysis
of histologic images, six separate follicles from TSP-1-null and wild-type mice were used
and the entire follicle was included in the analysis. One-way ANOVA, followed by
Bonferroni’s test for differences between means was used to assess statistical differences
between the percentage of immunopositive follicular and cultured cells. Data were analyzed
using SAS statistical analysis software (SAS Institute, Cary, NC). The level of significance
was set at P < 0.05.

RESULTS
Follicle and vascular morphology is altered in TSP-1-null mice

Using integrated morphometric image analysis software (MetaMorph), ovarian follicle
number and size were quantified from paraffin-embedded ovaries from wild-type and
TSP-1-null mice. TSP-1-null mice exhibited a significant (P < 0.05) increase in the number
of both pre-antral and antral follicles (Table 1). Along with the increase in follicle number,
the mean antral follicle size was reduced in TSP-1 null mice (36 ± 4 µm) compared to wild-
type controls (44 ± 6 µm) (Table 1). To determine changes in ovarian vasculature, ovaries
from wild-type and TSP-1-null mice were immunostained with an anti-mouse CD31
antibody, which specifically stains endothelial cells (Fig. 1A). Ovarian vessel density was
calculated as the area of CD31-positive blood vessels divided by the total tissue area. TSP-1-
null mice demonstrated a threefold (P < 0.05) increase in ovarian blood vessel density,
compared to controls (Fig. 1C). In addition to increased vessel density, there was a
significant increase in CD31 protein in whole ovary homogenates in TSP-1-null mice,
compared to controls (Fig. 1B).

Ovaries of TSP-1-null mice express elevated levels of VEGF
Ovaries were collected from TSP-1 null and wild-type mice and subjected to
immunohistochemistry and Western blot analysis. TSP-1 null ovaries exhibited an increase
in VEGF staining, which was primarily localized to endothelial, granulosa, and theca cells
(Fig. 2A). Western blot analysis demonstrated a significant (P < 0.05) increase in VEGF
protein in ovaries from TSP-1 null mice compared to wild-type controls (Fig. 2B).

TSP-1 reduces VEGF levels in granulosa cells and induces apoptosis
To evaluate whether TSP-1 has a direct inhibitory effect on VEGF levels, SIGC were
cultured in the absence or presence of purified TSP-1 at varying concentrations (10, 50, 100,
1,000 ng/ml). Treatment at 50 and 100 ng/ml significantly (P < 0.05) reduced VEGF protein
levels, compared to untreated cells (Fig. 3A). As our previous studies show that VEGF is a
potent cytoprotective factor for granulosa cells (Greenaway et al., 2004), we wanted to
evaluate whether the TSP-1-induced reduction in VEGF levels would make the SIGC more
vulnerable to TNFα challenge. Serum-starved, VEGF-treated SIGC were more vulnerable
(P < 0.05) to 100 ng/ml TNFα in the presence of 100 or 1,000 ng/ml TSP-1 (Fig. 3B).

TSP-1 alters the expression of proliferative and apoptotic proteins in vitro
Immunofluorescence (Fig. 4A,B) and immunoblot (Fig. 4C) experiments were performed on
untreated SIGC, and those treated either with 100 ng/ml TSP-1 alone or with 100 ng/ml
TSP-1 and 50 ng/ml VEGF. TSP-1 100 ng/ml significantly reduced the levels of VEGF and

Greenaway et al. Page 6

J Cell Physiol. Author manuscript; available in PMC 2012 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



its main signaling receptor, VEGFR2 (Fig. 4). Concomitant treatment of 100 ng/ml TSP-1
and 50 ng/ml VEGF resulted in levels of VEGF and VEGF R2 similar to that of controls.
The rate of granulosa cell proliferation, as determined by PCNA expression, was unchanged
by TSP-1 or combination treatment (Fig. 4). Expression of cytoprotective proto-oncogene
bcl-2 was reduced after treatment with TSP-1, while concurrent treatment with both TSP-1
and VEGF resulted in bcl-2 levels similar to controls (Fig. 4). Conversely, exposing SIGC to
100 ng/ml TSP-1 significantly (P < 0.05) increased expression of pro-apoptotic Fas (Fig. 4),
and this increase was reversed when cells were cultured in the presence of both TSP-1 and
VEGF.

TSP-1 binds VEGF resulting in internalization by LRP-1
The above experiments demonstrate that TSP-1 has an inhibitory influence on VEGF levels
in SIGC. TSP-1 has been shown to bind VEGF (Gupta et al., 1999) and we wanted to
determine whether a mechanism by which TSP-1 inhibited VEGF levels was through
binding and internalization via LRP-1. To evaluate whether TSP-1 acted as a molecular
linker that formed a complex with VEGF, which was in turn internalized by LRP-1, we
performed reciprocal fluorochrome labeling of TSP-1 and VEGF. Internalization was
followed in the presence or absence of the LRP-1 antagonist, RAP, and in CHO cells known
to possess or be deficient in LRP-1. In LRP-1-positive CHO cells, TSP-1 and VEGF co-
localized intracellularly following co-incubation, whereas internalization did not occur in
LRP-negative CHO cells (data not shown). In SIGC, labeled TSP-1 co-localized
intracellularly with VEGF (Fig. 5A). Reciprocal experiments showed that labeled VEGF co-
localized with TSP-1 in cultured granulosa cells (Fig. 5A). This internalization was
abolished in the presence of 500 nM RAP (Fig. 5A). In another labeling experiment, labeled
TSP-1 co-localized with VEGF in LRP-1-positive CHO cells, whereas no internalization
was visible in LRP-deficient CHO cells (data not shown). Using 125I labeled VEGF, SIGC,
mEC and LRP-1+ CHO cells accumulated maximal isotope by approximately 90 min in
culture, at which time radioactivity began to diminish (Fig. 5B). In LRP-1-deficient CHO
cells or in the presence of 500 nM RAP, however, 125I VEGF was not internalized
throughout the culture period (Fig. 5B). RNA interference of TSP-1 also inhibited 125I-
VEGF internalization (Fig. 5B), as described in more detail below.

TSP-1 knockdown increases VEGF levels and inhibits VEGF internalization
SIGC were transfected with siRNA directed against TSP-1 to specifically address whether
TSP-1 directly affected VEGF levels in granulosa cells and to evaluate the role of TSP-1 in
VEGF internalization. Figure 6A and B show immunofluorescence and Western blot
analyses of SIGC after 48 h transfection with vehicle control, RNAi control, and TSP-1
RNAi constructs. TSP-1 RNA interference resulted in approximately an 80% reduction in
protein expression by SIGC, as determined by immunofluorescence staining and integrated
morphometry analysis (data not shown). TSP-1 protein levels in cells transfected with
vehicle or RNAi control were similar to TSP-1 expression in non-transfected cells. In cells
transfected with TSP-1 siRNA, there was a significant increase in VEGF, as identified by
immunofluorescence (Fig. 6A) and by Western blot analysis (Fig. 6B). TSP-1 knockdown
resulted in a significant increase in VEGF expression. As we know that VEGF is
cytoprotective for granulosa cells, we wanted to determine the effect of TSP-1 inhibition on
SIGC’s response to cytokine-induced apoptosis. Serum starvation resulted in a basal
apoptotic rate of approximately 16 ± 5% (Fig. 6C). Exposure to 100 ng/ml TNFα caused a
significant (P < 0.05) increase in apoptosis, with 62 ± 14% of the cells dying. When VEGF
(50 ng/ml) was added, together with vehicle, and in RNAi control transfections, the
incidence of apoptosis decreased to 15 ± 7% and 14 ± 5%, respectively. There was a further
significant (P < 0.05) reduction in apoptosis (5 ± 3%) in SIGC transfected with TSP-1
siRNA (Fig. 6C). We have shown that TSP-1 binds and internalizes VEGF (Fig. 5), possibly
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contributing to the reduced VEGF expression that occurs following exposure to TSP-1 (Fig.
3). We performed labeling and internalization experiments on SIGC that had TSP-1 knocked
down through RNA interference to determine whether VEGF internalization occurred
through TSP-1 specifically. In SIGC subjected to TSP-1 RNAi, there was a reduction in
VEGF internalization of approximately 80%, compared to untreated SIGC (Fig. 5B), which
corresponded to the approximate 80% reduction in TSP-1 expression due to RNAi.

DISCUSSION
Regulation of angiogenesis requires a complex interaction between pro- and anti-angiogenic
factors. Disruption of this balance can result in vascular disorders that contribute to
pathologies such as tumor formation (Scharovsky et al., 2004; Nyberg et al., 2005). In the
ovary, follicular development and function are inherently dependent upon vascularization,
which occurs in a tightly regulated fashion. Avascular primordial follicles rely on nutrient
delivery from the stroma (Fraser and Wulff, 2001). After recruitment and initial
development of a primary follicle, a distinct thecal cell layer is formed and endothelial cells
are recruited from neighboring blood vessels in the stroma (Barboni et al., 2000). As the
follicle progresses to the antral phase, blood vessel formation continues in the thecal layer
and angiogenic growth into the avascular granulosa cell layer is prevented by its basement
membrane. As the follicle continues to grow, approximately 25%–30% of proliferating cells
are endothelial cells that are extending the vascular network within the thecal layer (Fraser
and Wulff, 2001). It is thought that the level of vascularization may be a decisive factor in
selection of the dominant follicle by increasing the supply of nutrients, growth factors, and
hormones, and therefore supporting the growth of the dominant follicle (Berisha et al., 2000;
Zimmermann et al., 2001). After ovulation occurs, the follicle wall collapses, the granulosa
cell layer involutes, and there is a disintegration of the basement membrane (Tsukada et al.,
1996). These early luteal events are accompanied by differentiation of the thecal and
granulosa cells into steroidogenically active luteal cells and an invasion of new blood
vessels that develop from pre-existing vasculature. This explosive increase in angiogenesis
continues so that by the midluteal phase, virtually every differentiated luteal cell is in
contact with the endothelium. As a result, the mature corpus luteum is reported to have the
highest blood flow of any tissue in the body (Wiltbank et al., 1988).

In addition to the known angiogenic effects of VEGF in the ovary, we have previously
demonstrated that ovarian granulosa cells express the VEGF kinase receptor VEGFR-2
(Flk-1) (Greenaway et al., 2004). Results from the current study show that the loss of the
inhibitory effect of TSP-1 in TSP-1-null mice results in increased levels of follicular VEGF.
VEGF exerts a cytoprotective effect on granulosa cells during growth and development of
the follicle and the elevated VEGF present may elicit a stronger cytoprotective effect on the
granulosa cells, inhibiting granulosa cell apoptosis which is a necessary component of
follicle atresia (Wulff et al., 2002; Manabe et al., 2004; Valdez et al., 2005). Reduced
follicle atresia may contribute to the increase in follicle number seen in the TSP-1 null mice
in the present study. In the polycystic ovarian syndrome (PCOS) there are elevated ovarian
and serum VEGF levels, and this overexpression is associated with an increase in the
number of ovarian follicles and reduced follicle atresia (Jonard et al., 2005). The expression
levels of TSP-1 in PCOS and the potential role of VEGF as a cytoprotective agent in this
disease have not yet been determined.

TSP-1 is a scavenger for fibroblast growth factor (FGF)-2 (Margosio et al., 2003) and is
known to bind VEGF (Gupta et al., 1999). Our study demonstrates that TSP-1 is internalized
via LRP. These results agree with others that have shown that TSP-1 is not degraded in cells
deficient in LRP (Godyna et al., 1995; Mikhailenko et al., 1997) and that catabolism of
TSP-1 is inhibited by RAP (Margosio et al., 2003). We determined in this study that TSP-1

Greenaway et al. Page 8

J Cell Physiol. Author manuscript; available in PMC 2012 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bound VEGF and internalized it via LRP in our granulosa and endothelial cells,
demonstrating that LRP is an essential mediator of the catabolism of the complex. These
results suggest that in the ovary, TSP-1 may have a bimodal effect. TSP-1 may exert a
classical anti-angiogenic effect by binding and internalizing VEGF in endothelial cells, but
may have an important extravascular role as well. As VEGF is a potent mitogen (Li et al.,
2005) and survival factor (Pauli et al., 2005) for endothelial cells, the reduced bioavailability
of the factor would significantly reduce the pro-angiogenic stimulus. As we have shown
previously (Greenaway et al., 2004, 2005), VEGF has a very important extravascular
cytoprotective role in granulosa cells. The anti-VEGF effect of TSP-1 in ovarian cells may
have a significant influence on ovarian morphometry and function. Our TSP-1 null mice
demonstrate elevated ovarian VEGF levels, likely due to loss of inhibitory influence of
TSP-1. Concurrent with the overexpression of VEGF, the ovaries of TSP-1 null mice had an
increase in follicle number, which is consistent with our previous findings that VEGF
inhibits granulosa cell death and follicle atresia (Greenaway et al., 2004, 2005). Reduced
atresia would be an important factor contributing to the development of a greater than
normal number of antral follicles, as is seen in PCOS. Along with its inhibitory influence on
VEGF, TSP-1 also inhibited expression of VEGFR-2 in cultured granulosa cells. Although
the mechanism for this inhibition is not yet known, the reduced VEGFR-2 expression may
be secondary to the lower levels of VEGF, as VEGF is known to regulate the expression of
VEGFR-2 in an autocrine and paracrine fashion (Vacca et al., 2003).

Knockdown of TSP-1 in vitro and in vivo resulted in an increase in VEGF levels in the
current study. The increased VEGF in the ovaries of TSP-1 null mice may be responsible for
the dramatic ovarian hypervascularization, which is similar to that seen in different tumors
associated with elevated VEGF expression. This increased blood vessel density mirrors the
hypervascularization seen in ovarian tumors that are associated with poor clinical outcome
and disease progression (Shen et al., 2000; Amis et al., 2005).

In conclusion, the present study demonstrates a significant increase in ovarian VEGF levels,
hypervascularization, and altered ovarian morphology in mice lacking the TSP-1 gene.
TSP-1 directly inhibits VEGF expression at least partly through binding to the growth factor
and cellular internalization through the LRP receptor. Other potential inhibitory mechanisms
remain to be investigated. The results from this study provide insight into regulatory
mechanisms that may be important in mediating ovarian vasculature and ovarian cell
survival.
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Fig. 1. Expression of CD31 and quantification of vessel density in ovaries from wild-type and
TSP-1-nullmice
A: Ovaries from wild-type and TSP-1 null mice were immunostained for CD31 (brown
stain). Ovaries of wild type mice demonstrated peri-follicular, thecal, and luteal
immunopositive blood vessels. TSP-1-null mice exhibited increased expression of CD31,
with the presence of large CD31-positive blood vessels. B: Western blot; there was a
significant increase in CD31 protein in ovaries from TSP-1-null versus wild-type mice. C:
Ovarian vessel density was calculated as the total area of CD31-positive blood vessels in
wild-type and TSP-1-null mice. TSP-1 null ovaries had a significantly elevated blood vessel
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density, compared to wild-type controls. For the Western blot graph, * denotes a statistical
difference in CD31 protein compared to wild-type controls (P < 0.05).
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Fig. 2. Expression of VEGF in ovaries from wild-type and TSP-1-null mice
A: Ovaries from TSP-1-null mice exhibited an increase in VEGF-positive cells (brown
stain) that were localized to the corpus luteum, granulosa/theca cells of the follicle, and
endothelial cells. B: There was a significant increase VEGF protein in TSP-1-null ovaries
compared to wild-type ovaries, as measured by Western blotting. For the Western blot
graph, * denotes a statistically significant difference in VEGF protein compared to wild-type
controls (P < 0.05).
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Fig. 3. TSP-1 treatment of SIGC inhibits VEGF protein expression and induces apoptosis
A: Western blot analysis of VEGF protein from SIGC treated for 24 h with increasing
amounts of purified TSP-1. Graph represents densitometric analysis of VEGF protein from
three different in vitro experiments (mean ± SEM). B: Percent apoptosis in granulosa cells
subjected to TNFα challenge in the absence or presence of variable concentrations of
TSP-1. All cultures were performed in serum-free media. Lane 1: No treatment; Lane 2: 100
ng/ml TNFα; Lane 3: 100 ng/ml TNFα + 50 ng/ml VEGF + 10 ng/ml TSP-1; Lane 4: 100
ng/ml TNFα + 50 ng/ml VEGF + 50 ng/ml TSP-1; Lane 5: 100 ng/ml TNFα + 50 ng/ml
VEGF + 100 ng/ml TSP-1; Lane 5: 100 ng/ml TNFα + 50 ng/ml VEGF + 1 µg/ml TSP-1. *
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denotes statistically different from serum free control (Lane 1) (P < 0.05) (n = 3
experiments).
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Fig. 4. Expression of proteins relevant to proliferation and apoptosis in response to VEGF,
TSP-1, or combination treatment
A: Relief contrast overlay immunofluorescence images of untreated granulosa cells or after
treatment with 50 ng/ml VEGF, 100 ng/ml TSP-1 or a combination of 50 ng/ml VEGF and
100 ng/ml TSP-1. B: Quantification of the percentage of immunopositive in vitro cells from
(A). Graphs represent four replicate experiments (mean ± SEM). C: Representative (of four
replicate) western blots of proteins isolated from granulosa cells treated with VEGF, TSP-1,
or both. A decrease in cytoprotective VEGF, VEGR2, and bcl-2 is observed after treatment
with 100 ng/ml TSP-1 compared to treatment with 50 ng/ml VEGF. Conversely, an increase
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in pro-apoptotic Fas occurs following treatment with TSP-1. * denotes statistically different
from serum free controls (P > 0.05).
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Fig. 5. Binding and internalization of TSP-1/VEGF by the LRP receptor
A: Immunofluorescent co-localization of TSP-1 and VEGF in the absence or presence of the
LRP-1 antagonist RAP. Cells were treated for 6 h with purified VEGF or TSP-1 labeled
with AlexaFluor 488 dye (green stain). Co-staining for TSP-1 or VEGF was performed with
an AlexaFluor 594 conjugated antibody (red stain). Reciprocal experiments are shown. A
sample containing only AlexaFluor dye (no protein) is shown as negative control. B: 125I
labeled VEGF is internalized by LRP-1-expressing Chinese hamster ovary (CHO) cells and
native murine endothelial (mEC) and granulosa cells (SIGC), but not LRP-1-deficient CHO
cells or by SIGC and mEC treated with 500 nM RAP, or by SIGC treated with TSP-1
siRNA. CHO, SIGC, and mEC were plated into 12-well dishes 24 h prior to the assay. 1
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nM125I-Labeled VEGF was added to LRP-positive and -negative CHO cells, to SIGC and
mEC in the presence or absence of 500 nM RAP, and to SIGC treated with TSP-1 siRNA.
At the indicated times, the amount of internalized radioactivity was determined. Each data
point represents the average of duplicate assays (n = 3).
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Fig. 6. TSP-1 knockdown results in increased VEGF expression and reduced apoptosis
A: Immunofluorescence for TSP-1 (green) and VEGF (red) SIGC treated with scrambled
sequence (RNAi control) or TSP-1 siRNA. Images are acquired with identical acquisition
settings. B: Western blot analysis of TSP-1 and VEGF in control and TSP-1 siRNA treated
SIGC. C: Percent apoptosis in untreated, and cyokine-challenged SIGC in the presence or
absence of controls or TSP-1 siRNA. All cultures were performed in serum free media. Lane
1: No treatment; Lane 2: 100 ng/ml TNFα; Lane 3: 100 ng/ml TNFα + 50 ng/ml VEGF +
vehicle control; Lane 4: 100 ng/ml TNFα + 50 ng/ml VEGF + RNAi control; Lane 5: 100
ng/ml TNFα + 50 ng/ml VEGF + TSP-1 RNAi. * denotes statistically different from serum
free control (Lane 1) (P < 0.05) (n = 3 experiments).
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TABLE 1

Follicle morphology of wild-type and TSP-1-null mice

Follicle number Follicle diameter (µm)

Pre-antral Antral Pre-antral Antral

Wild-type 21 ± 4 10 ± 3 31 ± 6 44 ± 6

TSP-1-null 28 ± 5* 17 ± 5* 28 ± 5 36 ± 4*

Total follicle number and follicle diameters were calculated from a minimum of 10 ovaries at the pre-antral and antral stages of development from
wild-type and TSP-1-null mice.

*
denotes statistically significant difference (P < 0.05) between TSP-1-null and wild-type group.
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